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ABSTRACT

In this study, we used daily sea-ice concentration data from the National Snow
and Ice Data Center from 1988 to 2017 to investigate the spatial distribution of Ant-
arctic sea ice by calculating the annual mean sea-ice concentration and multi-year sea
ice in five sub-regions of Antarctica. Variations in these parameters were analyzed
for three individual 10-year increments (1988 - 1997, 1998 - 2007, and 2008 - 2017)
as well as for the entire 30-year period, and spatial comparisons of both were made
for the sub-regions. Results showed that the mean sea-ice concentration for the entire
Antarctic region over the 30-year period was 0.506. From 2008 to 2017, the sea-ice
concentration decreased at a rate of -0.28% yr'. The Weddell Sea was found to have
the largest area of multi-year sea ice, whereas the Indian Ocean and the Pacific Ocean
had the least. Spatially, the multi-year sea ice area increased mainly in the Weddell
Sea, whereas the Bellingshausen Sea, Amundsen Sea, and Ross Sea experienced de-
creasing sea ice areas. In conclusion, regional differences in the spatial distribution
of the Antarctic sea ice were observed. The temporal trend and range of the sea-ice
concentration differed between the five sub-regions, as did the spatial distribution
and temporal trend of multi-year sea ice.

1. INTRODUCTION

The Antarctic region reflects general changes in global
sea ice; therefore, any changes in ice found on the continent
are a main issue of concern to the international community
(Comiso 2000; Cook et al. 2005; Screen et al. 2018). As
one of the main sources of cold air on Earth, Antarctica has
a profound impact on global climate (Massom and Stam-
merjohn 2010). Sea ice is one of the most important envi-
ronmental factors in Antarctica, and changes in sea ice play
an important role in regulating the global climate. The area
covered by Antarctic sea ice accounts for approximately
5.3% of the global ocean area and is generally distributed
along the periphery of the Antarctic continent.

Passive microwave remote sensing technology is
scarcely affected by weather, and the sea-ice concentration
data can be directly obtained from the passive microwave
sensor. Therefore, this approach has become the main means
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of monitoring the sea ice area (SIA). Parkinson (2004) found
that the sea ice extent (SIE) in the Antarctic during 1979 -
1998 increased by 11180 +4190 km? yr'. Cavalieri and Par-
kinson (2008) showed that the Antarctic SIE increased by
1.0 £ 04% yr' from 1979 to 2006. The Antarctic SIE and
sea surface temperature propagate from west to east on an
El Nifo timescale (Simmonds and Jacka 1995; White et al.
2004; White and Simmonds 2006). Cavalieri et al. (2003)
determined that the Antarctic SIE decreased significantly
from 1973 to 1977 before gradually increasing again from
1977 to 2002. Between 1979 and 2013, the annual mean to-
tal Antarctic SIE increased at a rate of 195 x 103 km? dec!
(1.6% dec) (Simmonds 2015). The largest regional positive
trend in annual mean SIE has been reported to be 119 x 10°
km? dec! (4.0% dec) in the Ross Sea (RS) sector for the
period 1979 - 2013 (Turner et al. 2016). Trends in satellite-
derived Antarctic sea-ice concentrations (1979 - 2002) ex-
hibited a pronounced increase (decrease) + of 4 - 10% dec!
in the central Pacific sector (Bellingshausen/western Wed-
dell sector) (Liu et al. 2004). Zwally et al. (2002) reported
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that from 1979 to 1996, the total Antarctic SIE and SIA in-
creased by 11180 +4190 km? yr' and 10860 + 3720 km? yr',
respectively. Regionally, trends were positive in the Pacific
Ocean (PO), RS, and Weddell Sea (WS), and negative in the
Indian Ocean (IO), Bellingshausen Sea, and Amundsen Sea.
From 2002 to 2011, the Antarctic SIE and SIA increased by
3.64 and 3.8%, respectively (Shen et al. 2017).

Thus far, studies on the Antarctic sea ice have primar-
ily focused on the SIE and SIA. The existing research per-
taining to the spatial distribution of sea ice, based on the
annual average sea-ice concentrations and multi-year ice,
is inadequate; further, the length of the investigation peri-
ods considered is also insufficient. In the present study, the
spatial distribution of Antarctic sea ice between 1988 and
2017 was investigated using two sea-ice parameters: sea-
ice concentration and multi-year ice. Analysis of the spatial
distribution of the sea-ice concentration can provide a clear
indication of the distribution patterns of sea-ice, which are
essentially the ‘root-causes’ and more useful than solely
considering STA changes. Multi-year ice is maintained on a
relatively stable basis; hence, such data can more accurately
reflect the spatial distribution of sea ice and variations in
spatial changes. The variation in Antarctic sea ice differs
from that of the sea ice at the Antarctic continental margin.
Therefore, it is important to study the changes in the seas of
the Antarctic continental margin to deepen our understand-
ing of the overall variations in the Antarctic sea ice change.

2. DATASET AND METHODS

The data used in this study were derived from the Na-
tional Snow and Ice Data Center (NSIDC). The data provide
daily and monthly mean sea-ice concentration images for
Antarctica from November 1978 to the present. The daily
data were used here. Images were obtained via polar stereo-
graphic projection, which covers the region from 50°S to
the south pole, with a 25 km pixel™ resolution grid (Maslan-
ik and Stroeve 2016). The data were sourced using satel-
lite microwave radiation, including a scanning multichannel
microwave radiometer (SMMR) on the Nimbus-7 satellite,
the special sensor microwave imagers (SSM/I) on F8, F11,
and F13 of the Defense Meteorological Satellite Program
(DMSP), and the special sensor microwave imager sounder
(SSMIS) on F17 and F18 (Cavalieri and Parkinson 2012).

The sea-ice concentration was calculated using the
NASA Team algorithm proposed by the Sea Ice Division
of NASA’s Goddard Space Flight Center Hydrological Sci-
ences Laboratory (Swift and Cavalieri 1985). The NSIDC’s
daily sea-ice concentrations were used to calculate the SIE.
We only used NSIDC’s data from 1988 to 2017 because
not all data for the period from 1979 to 1987 are as avail-
able in the form of daily concentrations, and there are also
instances of missing data. The daily data were further used
to calculate mean annual concentrations.

The multi-year SIA and SIE were determined using the
daily mean sea-ice concentratins provided by the NSIDC.
The daily SIE data were pre-processed prior to the calcu-
lation of the multi-year SIA. Firstly, the daily mean total
SIE was calculated and the results for each day in each year
were obtained. Generally, multi-year ice refers to the sea
ice that still exists after melting for at least one summer. In
the present study also, we considered the sea ice existing
after the melting season as the multi-year ice of that year
(Lange et al. 2019; Bi et al. 2020). Hence, by determining
the minimum sea-ice range for each year from 1987 to 2017,
the annual average ice distribution during 1988 - 2017 was
obtained. The multi-year ice for the entire 30-year period
was then calculated. In the sea-ice concentration images, if
a pixel showed the presence of the multi-year ice for only
two years, the ice age was defined as two years. Similarly,
if a pixel showed the presence of the multi-year ice for 30
years, the ice age was defined as 30 years.

3.RESULTS AND ANALYSIS

3.1 Spatial Distribution of the Sea-Ice Concentration
Between 1988 and 2017

By referring to previous studies on Antarctic sea ice
(Zwally et al. 2002; Parkinson and Cavalieri 2012), we di-
vided the entire Antarctic region into five sub-regions: the
10 (20 - 90°E), PO (90 - 160°E), RS (160°E - 130°W), Bell-
ingshausen Sea and Amundsen Sea (collectively BS) (130
- 60°W), and WS (60°W - 20°E) (Fig. 1). As mentioned, we
used the daily mean sea-ice concentration data obtained from
the NSIDC for the period from 1988 to 2017. The 30-year
mean sea-ice concentration for the entire Antarctic region
(0.506) and the spatial distribution amongst the five sub-
regions between 1988 and 2017 were determined (Fig. 2).
As can be seen from Fig. 2, the sea ice was mainly distrib-
uted in the area south of 55°S during this 30-year period. The
30-year mean amount and concentration of sea ice differed
between the five sub-regions. The sea ice in the O - 180°W
region covered an obviously greater area than that in the
0 - 180°E region. Sea ice was mainly concentrated in the
WS and RS, which accounted for ~68% of the total area of
Antarctic sea ice. Moreover, these sub-regions were largely
characterized by a high concentration of sea ice (i.e.,>0.9),
with the other high concentration areas being scattered in the
marginal waters adjacent to the Antarctic continent.

As a means of obtaining more quantitative results, we
divided the sea-ice concentration into eight ranges at inter-
vals of 0.1. Most studies regard sea ice with a concentration
of <0.15 to be seawater; hence, we took 0.15 - 0.3 as the first
concentration range. The SIA is the sum of the grid cell ar-
eas multiplied by the sea-ice concentration for all cells with
a concentration of at least 15%. The 15% threshold is used
for both SIE and SIA calculations (Parkinson et al. 1999;
Heinrichs et al. 2006). The SIA of each concentration range
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was calculated. The results are presented in Table 1; it is
evident that the largest SIA corresponded to a concentration
range of 0.6 - 0.7 and accounted for an estimated 20.673%
of the total Antarctic SIA. The SIA that was associated with
a concentration range of 0.8 - 0.9 covered 0.609 x 10° km?
(6.922% of the total Antarctic STA). The smallest SIA corre-
sponded to a concentration range of 0.9 - 1.0 and accounted
for an estimated 6.826% of the total Antarctic SIA. Areas
with a sea-ice concentration of > 0.9 were largely distrib-
uted in the WS, whereas the sea-ice concentration in the PO
was found to be relatively low and the SIA was the lowest.

3.2 Spatial Variation in Antarctic Sea-Ice
Concentration

3.2.1 Entire Antarctic Region

Annual mean sea-ice concentrations were calculated
from the daily mean sea-ice concentrations for the entire
Antarctic region. The annual mean sea-ice concentration
varied relatively little between 1988 and 1997, whereas it
varied significantly between 2008 - 2017. Therefore, we se-
lected a 10-year interval to compare the trends and regular-
ity of the spatial distribution of the sea-ice concentration.
The spatial variation in the annual mean sea-ice concentra-
tion for the entire Antarctic region for three separate 10-
year intervals (1988 - 1997; 1998 - 2007; 2008 - 2017) was
analyzed using linear regression analysis (Fig. 3); regions
indicated in black represent a significance level of p < 0.05.
The green (purple) pixels indicate an increasing (decreas-
ing) rate of change of the mean annual sea-ice concentra-
tion during each of the three 10-year intervals. Temporally,
trends in sea-ice concentrations for the five sub-regions of
Antarctica were significant and different; spatially, the rates
of change of the sea-ice concentration for each of the three
10-year intervals were also considerably different (Fig. 3).
From 1998 to 2007, a decreasing trend was evident for most
of the Antarctic region except for the Amundsen Sea, RS,
and parts of the western PO, which exhibited a trend of in-
creasing sea-ice concentration. In addition, the sea-ice con-
centration in the Amundsen Sea and RS showed a signifi-
cant downward trend over the 30-year study period.

Liu (2016) studied the spatial rate of change of the
sea-ice concentration in Antarctica from 1979 to 2014.
The author found that the rate of change of sea-ice density
ranged between -1.4 and 1.03% during this period. Due to
the differences between the study period considered by Liu
(2016) and that used in this study, different rates of change
were determined. However, a common factor in both stud-
ies is that they observed considerable regional differences
in the variation of sea-ice concentration in Antarctica were
observed. The sea-ice concentration in the BS and RS obvi-
ously reduced, whereas that in the WS increased.

Table 2 and Fig. 4 present a comparison of temporal
and spatial variables of the Antarctic sea-ice concentration

over the three separate decade intervals. Between 1988 and
1997, the total Antarctic sea-ice concentration increased by
55.404% , whereas it was 60.848% between 1998 and 2007,
and 34.895% between 2008 and 2017. During the first two
decades, the annual rate of change of the sea-ice concentra-
tion increased, but in the latter 10-year interval, a decrease
of -0.283% yr' was observed (Table 2). The change rates of
sea-ice concentration in 1988 - 1997, 1998 - 2007, 2008 -
2017 were significant at p < 0.01.

3.2.2 Sub-Regions

1988 - 1997: The spatial distribution of the sea-ice con-
centration in the five sub-regions (Fig. 1) from 1988 to 1997
was analyzed using linear regression. The results are pro-
vided in Table 3, whereby the data in the two right-hand col-
umns were plotted as a histogram in Fig. 5. The sea-ice con-
centration increased at a relatively slow rate of 0.077% yr'
over the Antarctic region during this period. The sea-ice
concentration increased in all sub-regions except the 10. The
western PO sub-region showed the most rapid increase in
sea-ice concentration (0.503% yr'), and the SIA that showed
an increase in the sea-ice concentration accounted for
85.347% of the total Antarctic STA. An estimated 51.146%
of the area experienced an increase in sea-ice concentration
in the RS, while 48.854% are experienced a decline; thus the
difference between the two was slight. The sea-ice concen-
tration in the BS and WS both exhibited weak growth trends.
There was a significant difference between the mean sea-ice
concentration and the annual rate of change in the different
sub-regions, except for IO, for which the change rate of sea
ice concentration was significant at p < 0.01.

1998 - 2007: The results of the linear regression of the
sea-ice concentration in the five sub-regions from 1998 to
2007 are shown in Table 4 and Fig. 6. The results showed
that the sea-ice concentration increased at a relatively slow
rate of 0.015% yr' over the entire Antarctic region during
this period. An estimated 51.822% of the sea-ice concen-
tration in the IO increased, while 48.178% decreased. The
sea-ice concentration in the WS increased significantly over
time at a rate of 0.536% yr'', and 88.632% of its area showed
an increase in the sea-ice concentration. The PO, RS, and
BS all exhibited decreasing trends in sea-ice concentration.
All of the sub-regions (except for the WS) showed opposite
trends to those observed during 1988 - 1997. The changes
in the PO between the 10-year intervals were obvious in
that the sea-ice concentration presented a clear, increasing
trend during 1988 - 1997 but a decreasing trend during 1998
- 2007. The sea-ice concentration in the WS increased more
during 1998 - 2007 in comparison to that in the preced-
ing decade. There was a significant difference between the
mean sea-ice concentration and the annual rate of change in
the five sub-regions. The change rate of sea-ice concentra-
tion in IO and WS were significant at p < 0.01.
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Fig. 2. Mean Antarctic sea-ice concentration for the period from 1988

Fig. 1. Distribution of the five sub-regions of Antarctica. {02017,

Table 1. Sea-ice area (SIA) for different concentration ranges during 1988 - 2017.

Concentration range | 0.15-03 03-04 04-05 05-06 06-07 07-08 08-09 09-1.0
Mean concentration 0.224 0.352 0.449 0.551 0.648 0.749 0.847 0.935
SIA (10°km?) 0.732 0919 1.248 1.551 1.819 1.322 0.609 0.601
Proportion (%) 8.318 10451 14.174 17.615 20.673 15.021 6.922 6.826

-2.22% 0 2.82% -4.01% 0 3.39% -3.07% 0 4.04%

Fig. 3. Spatial distribution of the Antarctic sea-ice concentration rate of change (green: increase; purple: decrease) during three 10-year intervals:
1988 - 1997 (left); 1998 - 2007 (middle); 2008 - 2017 (right), regions indicated in black represent a significance level of p < 0.05.
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Table 2. Spatial and temporal variations in the Antarctic sea-ice concentration during the three 10-year intervals.

Mean rate of Minimum rate of Maximum rate of Extent of increase Extent of decrease Proportion of Proportion of

change (% yr') change (% yr') change (% yr') (10°km?) (10°km?) increase (%) decrease (%)
1988 - 1997 0.077** -2.219 2.818 13.797 11.106 55.404 44.596
1998 - 2007 0.015%* -4.004 3.388%* 15.091 9.71 60.848 39.152
2008 - 2017 -0.283%* -3.069%* 4038 8.716 16.261 34.895 65.105

Note: *p < 0.05; ** p < 0.01.

T0.00%

60.00%

30.00%
40.00%
30.00%
2000%
10.00%

0.00%

1988-1997 1998-2007 2008-2017

Prorortion (%)

I Proportion of Increase in Concentration
W Proportion of Decrease in Concentration

Fig. 4. Comparison of Antarctic sea ice concentration in 1988 - 1997 (left), 1998 - 2007 (middle), and 2008 - 2017 (right).

Table 3. Sea-ice concentration changes in the five Antarctic sub-regions during 1988 - 1997.10: Indian Ocean; PO:
Pacific Ocean; RS: Ross Sea; BS: Bellingshausen Sea and Amundsen Sea; WS: Weddell Sea.

Mean sea-ice Mean rate of Mean rate of Mean rate of Proportion of Proportion of
concentration change (% yr') increase (% yr') decrease (% yr') increase (%) decrease (%)
10 0.409 -0.321 0313 -0.614 31.583 68417
PO 0.469 0.503%* 0.616 -0.154 85.347 14.653
RS 0.547 0.032%* 0.667 -0.633 51.146 48.854
BS 0.505 0.225%* 0.706 -0.469 59.089 40911
WS 0.522 0.131%* 0.572 -0.529 59.966 40.034

Note: * p < 0.05; **p < 0.01.

50
30
20
. m
0

Region 1 Region 2 Region 3 Region 4 Region 5
W Proportion of Increase in Concentration
W Proportion of Decrease in Concentration

Proportion (%)
&

Fig. 5. Statistical results of sea-ice concentration changes in the five Antarctic sub-regions from 1988 to 1997 (blue: proportion of sea ice with an
increasing trend of concentration; orange: proportion of sea ice with a decreasing trend of concentration).
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Table 4. Sea-ice concentration changes in the five Antarctic sub-regions during 1998 - 2007. IO: Indian Ocean; PO: Pacific
Ocean; RS: Ross Sea; BS: Bellingshausen Sea and Amundsen Sea; WS: Weddell Sea.

Mean sea-ice Mean rate of

Mean rate of
increase (% yr™')

Mean rate of
decrease (% yr)

Proportion of
increase (%)

Proportion of
decrease (%)

concentration change (% yr)
10 0408 0.0289%*
PO 0455 -0.368
RS 0.553 -0451
BS 0.512 -0.398
WS 0.517 0.536%*
Entire Antarctica 0.502 0.015%%*

0.398
0.557
0.623
0.406
0.632
0.571

-0.368 51.822 48.178
-0.745 29.002 70.998
-1.273 43.324 56.676
-1.207 50.191 49.809
-0.219 88.632 11.368
-0.847 60.849 39.151

Note: * p < 0.05; ¥ p < 0.01.

Proportion (%)

]
o o

Region 1 Region 2

Region 3

Region 4 Region 5

M Proportion of Increase in Concentration

M Proportion of Decrease in Concenfration

Fig. 6. Statistical results of sea ice concentration changes in the five Antarctic sub-regions from 1998 to 2007 (blue: proportion of sea ice with an
increasing trend of concentration; orange: proportion of sea ice with a decreasing trend of concentration).

2008 - 2017: The results of the linear regression of the
spatial distribution of the sea-ice concentration from 2008
to 2017 are displayed in Table 5 and Fig. 7. The sea-ice
concentration decreased at a rate of -0.283% yr! for the
entire Antarctic region during 2008 to 2017. The sea-ice
concentration for both the PO and BS showed increasing
trends (the increase for PO was more obvious), whereas the
10, RS, and WS exhibited decreasing trends (the trend for
RS being the most obvious). The sea-ice concentration in
the RS decreased at a rate of 0.819% yr!, and in 87.862%
of the area, a decline in the sea-ice concentration was ob-
served. Compared with 1998 - 2007, only the RS showed
the same trend during 2008 - 2017. The changes in the WS
were the most significant, and the trend during 2008 - 2017
was opposite to that during 1998 - 2007. Comparison of the
changes over the three 10-year intervals revealed that the
sea-ice concentration in all sub-regions changed during all
intervals. There was a degree of alternation in the changes
of the various sub-regions over time, and the changes in the
sea-ice concentration were regular, which may be related to
ocean circulation and the monsoon. A significant difference
between the mean sea-ice concentration and the annual rate
of change in the five sub-regions was observed. The change

rate of sea-ice concentration in 10, RS, and WS was found
to be highly significant (p < 0.01).

3.3 Spatial Distribution of Antarctic Multi-Year Ice
3.3.1 Entire Antarctic Region

Multi-year ice is more stable than first-year ice, and it
is important to obtain a more accurate quantification of the
former through the use of data obtained during the mini-
mum SIE. This is because the first-year sea-ice cover has
mostly melted at this time, and sea ice that still exists after
the melting season is the multi-year ice (Comiso 1990). Ac-
cording to the methods described in section 2, the distri-
bution of Antarctic multi-year ice during 1988 - 2017 was
obtained and used to plot Fig. 8: proportions and areas are
shown in Table 6.

Figure 8 illustrates that the multi-year ice was mainly
distributed in the region adjacent to the continental margin
of Antarctica, and that the amount of multi-year ice varied
greatly in different sub-regions. The WS had the largest
amount of multi-year ice, and the ice that existed for more
than 25 years in the 30-year study period was predominantly
distributed in this area. Table 6 shows that during the 30-year
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Table 5. Sea-ice concentration changes in the five Antarctic sub-regions during 2008 - 2017. 1O: Indian Ocean; PO: Pacific
Ocean; RS: Ross Sea; BS: Bellingshausen Sea and Amundsen Sea; WS: Weddell Sea.

Mean sea-ice Mean rate of Mean rate of Mean rate of Proportion of Proportion of
concentration change (% yr') increase (% yr') decrease (% yr') increase (%) decrease (%)
10 0419 -0.579%* 0213 -0.711 14224 85.776
PO 0478 0.512 0.778 -0.277 74.758 25.242
RS 0.555 -0.819%* 0.223 -0.963 12.138 87.862
BS 0512 0.064 0.766 -0.727 52984 47016
WS 0.545 -0.169%* 0479 -0.582 38916 61.084
Entire Antarctica 0513 -0.283%* 0.539 -0.724 34.896 65.104

Note: * p < 0.05; ** p < 0.01.

60
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M Proportion of Increase in Concentration
M Proportion of Decrease in Concentration

Fig. 7. Statistical results of sea ice concentration changes in the five Antarctic sub-regions from 2008 to 2017 (blue: proportion of sea ice with an
increasing trend of concentration; orange: proportion of sea ice with a decreasing trend of concentration).

Fig. 8. Temporal and spatial distribution of Antarctic multi-year ice in 1988 - 2017.

Table 6. Multi-year ice areas for different periods during 1988 - 2017.

Time interval (year) | 1-5 6-10 11-15 16-20 21-25 26-29 30
Area (10°km?) 2312 0.821 0497 0422 0476 0646 0.324
Proportion (%) 4206 1492 9.04 7.67 8.67 11.75 5.89
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study period, the largest amount of multi-year ice was that
associated with a duration of < 5 years, which accounted for
42.06%, thus suggesting that Antarctic ice has changed great-
ly over the years. The amount of multi-year ice that existed
for at least 26 years was 17.46%, which indicates that there
is a considerable amount of long-term multi-year ice in Ant-
arctica. The 30-year-old multi-year ice cover was estimated
to cover approximately 0.324 x 10° km? (mainly in the WS),
which accounted for 5.89% of the total multi-year ice.

3.3.2 Sub-Regions

We performed statistical analyses for each sub-region
(Fig. 1) to compare the distributional differences in the
multi-year ice. We divided the multi-year ice area of Ant-
arctica from 1988 to 2017 into 1988 - 1992, 1993 - 1997,
1998 - 2002, 2003 - 2007, 2008 - 2012, and 2013 - 2017,
and then divided the multi-year ice area of different periods
into six regions according to Fig. 1 to compare the Antarctic
multi-year ice (Table 7, Fig. 9). In all of the sub-regions,
the 1988 - 1992 multi-year ice accounted for the majority.
Multi-year ice that endured the period from 2013 to 2017
was mainly found in the WS and accounted for 54.38% of
the total multi-year ice area in the Antarctic region. The 10
had the smallest 2013 - 2017 multi-year ice area (0.301 x
10° km?), accounting for only 8.53% of the total area.

We divided the 30-year period from 1988 to 2017 into
six 5-year successive intervals (Fig. 10) as a means of as-
sessing dynamic changes to the ice area and the distribu-
tional differences in each sub-region. Figure 10 illustrates
that the area of multi-year ice both in the IO and PO was
relatively small, whereas that in the WS was the largest. A
significant downward trend was observed in the RS, and the
multi-year ice in the BS changed only slightly during the six

5-year periods. The multi-year ice area in the WS increased
obviously over the six 5-year periods, whereas it increased
weakly in the IO and decreased in the other sub-regions,
especially the RS.

Shu (2019) carried out relevant research on the Ant-
arctic multi-year ice change and regional distribution from
2011 to 2018; the study results showed that in the five sea
areas around the Antarctic continent, except the WS, the
multi-year ice area presented an increasing trend. In con-
trast, due to the difference between the study years consid-
ered by Shu (2019) and those undertaken in our study, a
clear increasing trend of multi-year ice in the WS was ob-
served. Additionally, the temporal trends in the PO and RS
were greater than that in the entire Antarctic region, while
the trends in the WS, IO, and BS were smaller than that in
the entire Antarctic region.

3.4 Spatial Variation in Antarctic Multi-Year Ice
Concentration

Based on the Antarctic multi-year sea-ice concentra-
tion, the mean annual sea-ice concentration was obtained.
It can be seen from Fig. 11 that the spatial variation in the
sea-ice concentration over 30 years varied greatly, but the
spatial variation rate was relatively stable when compared
with the overall sea-ice concentration (regions indicated in
black represent a significance level of p < 0.05).

The increasing area of the spatial distribution of the
multi-year sea-ice concentration over the years was mainly
concentrated in the WS, and the decreasing area was largely
concentrated in the BS and RS. The temporal trend of the
Antarctic multi-year sea-ice concentration was assessed us-
ing the data in Table 8. Between 1988 and 2017, the Ant-
arctic multi-year sea-ice concentration exhibited an overall

Table 7. Multi-year ice areas for different sub-regions from 1988 to 2017 (where the area is in 10°km?). IO: In-
dian Ocean; PO: Pacific Ocean; RS: Ross Sea; BS: Bellingshausen Sea and Amundsen Sea; WS: Weddell Sea.

Region/Time interval | 1988 -1992 1993-1997 1998 -2002 2003 -2007 2008 -2012 2013 - 2017
Area 0.273 0.241 0.245 0.184 0418 0.301
10 Proportion 7.14% 7.59% 7.58% 4.98% 12.49% 8.53%
Area 0.261 0.326 0.269 0.297 0.258 0.37
ko Proportion 6.84% 10.26% 8.35% 8.01% 7.69% 10.51%
Area 1.115 0.746 0.99 0.969 0.716 0.586
RS Proportion 29.26% 23.45% 30.64% 26.14% 21.39% 16.64%
Area 0.635 0.44875 0.537 0.536 0.449 0.351
Bs Proportion 16.67% 14.07% 16.59% 14.51% 13.40% 9.94%
Area 1.528 1419 1.19 1.718 1.508 1916
WS Proportion 40.09% 44.63% 36.84% 46.36% 45.03% 54.38%
Area 3.812 3.181 3.231 3.704 3.349 3.524
Antarctic
Proportion 100% 100% 100% 100% 100% 100%
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Fig. 9. Percentage of Antarctic multi-year ice sea ice in each sub-region during six 5-year periods from 1988 to 2017 (six 5-year intervals: 1988 -
1992, 1993 - 1997, 1998 - 2002, 2003 - 2007, 2008 - 2012, 2013 - 2017; WPO: western Pacific Ocean; RS: Ross Sea; WS: Weddell Sea; 10: Indian
Ocean; BS: Bellingshausen Sea and Amundsen Sea).
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Fig. 10. Variation and distribution of multi-year ice areas in each sub-region during six 5-year periods from 1988 - 2017 (six 5-year intervals: 1988
- 1992, 1993 - 1997, 1998 - 2002, 2003 - 2007, 2008 - 2012, 2013 - 2017).
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Fig. 11. Spatial distribution of the Antarctic multi-year concentration linear trend. regions indicated in black represent a significance level of p <
0.05.
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Table 8. Spatial and temporal variations of the sea-ice concentration in the five sub-regions of the Ant-
arctic. 10: Indian Ocean; PO: Pacific Ocean; RS: Ross Sea; BS: Bellingshausen Sea and Amundsen Sea;

WS: Weddell Sea.

Region Mean rate of' Extent of increase Extent of decrease l.’roportion of Proportion of
change (% yr™) (10°km?) (10°km?) increase (%)  decrease (%)
Antarctic 0.136 3.259 2.139 100 100
10 0.084 0.291 0.152 8.95 732
PO 0.055 0271 0213 8.34 9.96
RS -0.2% 0.619 1.005 18.99 47.15
BS -0.438* 0.141 0.598 434 28.12
WS 0.623 1.935 0.157 59.38 745

Note: *p < 0.05; **p < 0.01.

increasing trend. In the entire Antarctic region, the pixel
proportion of the multi-year sea-ice concentration increased
by 66.67%, and the maximum growth rate was 2.231% yr'.
The proportion of pixels with a decreasing multi-year sea-
ice concentration was 33.33%, and the maximum negative
growth rate was -2.23% yr'. The rate of change of the multi-
year sea-ice concentration over the entire Antarctic region
presented an increasing trend of 0.136% yr'. Within this,
the RS and BS showed significant downward trends; the
most obvious decrease in the BS was -0.438% yr', which
accounted for 47.15% of the total reduction in the area
of Antarctica sea-ice. Of the five sub-regions, the rate of
change of the sea-ice concentration in WS increased most
obviously (0.623% yr') and accounted for 59.38% of the
total growth area of the entire Antarctic sea ice. The 10 and
PO also showed increasing trends; however, but the rates
of change were smaller than that of the entire Antarctic re-
gion. The change rate of sea-ice concentration in RS and BS
passed was significance at p < 0.05.

The spatial distribution characteristics of the multi-
year sea-ice concentration are obvious; a decreasing trend
was observed for the RS, Berengskein Sea, and Amundsen
Sea, whereas an increasing trend was observed for the other
sea areas (the changes noted for the Weddell Sea area were
the most obvious). On the whole, the sea areas of the Ant-
arctic sea ice are remarkably different. The sea-ice decrease
in the southwest pole is more serious, which has a certain
relationship with the intrinsic instability in the nature of the
southwest pole (Bamber et al. 2009; Xu 2014), which in
turn, is influenced by various factors such as atmospheric
climate, iceberg ice shelf, atmospheric pressure and pre-
cipitation (Curran et al. 2003). Current research shows that
the causes of the Antarctic sea ice change are as follows.
Firstly, the ice shelf on the edge of Antarctic ice sheet has
broken, collapsed, and melted in recent years due to climate
warming. The fresh water from melting is beneficial to the
formation of the Antarctic sea ice. Secondly, global warm-
ing increases the salinity of the sea surface, which is also
conducive to the formation of new ice. Further, the amount

of snowfall has increased, and thus, the reflectivity of the
sea ice covered by snow is higher, leading to a reduction
in the melting of the sea ice. Thirdly, the ozone hole over
Antarctica enhances the offshore wind speed on the surface,
resulting in an increase in the amount of sea ice floating off
the coast of the continent, which will lead to the increase of
sea-ice range (Curran et al. 2003; Qin et al. 2017).

4. CONCLUSION

Based on the sea-ice concentration data from 1988 to
2017, the spatial distribution and variation in Antarctic sea
ice over the past 30 years were studied and analyzed using
two sea-ice parameters: sea-ice concentration and multi-
year sea ice. The temporal variations in these parameters
were studied through the analysis of the 30-year dataset as a
means of comparing the changes and trends in the Antarctic
sea ice. Spatially, the entire Antarctic region was divided
into five sub-regions: the IO, PO, RS, BS, and WS. With re-
gard to the spatial variation in the rate of change of the sea-
ice concentration over time, the conclusions are as follows:
(1) From 1988 to 2017, the mean sea-ice concentration for

the entire Antarctic region was 0.506. The SIA with a
concentration of 0.6 - 0.7 was the largest, accounting
for ~20.673% of the total Antarctic sea ice. The mean
sea-ice concentration was the highest in the RS (0.552)
and lowest in the IO (0.412). The temporal trends in the
sea-ice concentration over the 30-year period differed
between the sub-regions; whereby the decrease of the
sea-ice concentration in the PO was the most obvious,
and the increase in the WS was the most significant.

(2) Linear regression was applied to annual average sea-ice
concentration data. The spatial variation in the sea-ice
concentration over the entire Antarctic region was ana-
lyzed, and the spatial distribution of the three 10-year
trends in the mean sea-ice concentration was obtained.
The results indicated clear spatial differences in the lin-
ear trends. The sea-ice concentration in the IO and BS
both increased and decreased alternately over the three
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decades. The sea-ice concentration in the PO and RS
for the period 1988 - 1997 was positive, but exhibited a
downward trend during the latter two 10-year intervals.
The sea-ice concentration in the WS increased during
1988 - 1997 and 1998 - 2007, but decreased consider-
ably during 2008 - 2017.

(3) Statistical analysis of the Antarctic multi-year sea-ice
from 1988 to 2017 demonstrated that multi-year ice was
mainly distributed in the region adjacent to the continen-
tal margin of Antarctica, and that the amount of multi-
year ice varied greatly in different sub-regions. The
duration of multi-year ice was divided into six 5-year
periods. The amount of multi-year ice in the WS was
found to be the largest, and the ice that has existed for
more than 25 years during the entire 30-year period was
mainly distributed in the WS. The results showed that
during the 30-year study period, the largest proportion
of multi-year ice existed for 1 - 5 years. The multi-year
ice areas of the IO and WS exhibited continuous growth
trends over the 30-year period. The RS multi-year ice
data displayed a significant downward trend, and the
changes in the multi-year ice in the PO were small.

(4) Based on Antarctic multi-year sea-ice concentration, the
mean annual sea-ice concentration for the entire Antarc-
tic region was obtained. The areas where the multi-year
ice concentration increased (decreased) were mainly
concentrated in the WS (BS and RS). The RS and BS
presented significant downward trends. The largest de-
creasing trend for the BS data was -0.438% yr!, which
accounted for 47.15% of the total reduction in the area
of Antarctic sea ice. The strongest increasing trend was
observed for the WS (0.623% yr'), whereby the growth
accounted for an estimated 59.38% of the total increase
in the Antarctic SIA. The 10 and PO also showed in-
creasing trends, although the rates of change were small-
er than that of the entire Antarctic region.
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