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Abstract

In sharp contrast to the decreasing sea ice coverage of the Arctic, in the Antarctic
the sea ice cover has, on average, expanded since the late 1970s. More specifically,
satellite passive-microwave data for the period November 1978–December 2010 re-
veal an overall positive trend in ice extents of 17 100±2300 km2 yr−1. Much of the5

increase, at 13 700±1500 km2 yr−1, has occurred in the region of the Ross Sea, with
lesser contributions from the Weddell Sea and Indian Ocean. One region, that of the
Bellingshausen/Amundsen Seas, has, like the Arctic, instead experienced significant
sea ice decreases, with an overall ice extent trend of −8200±1200 km2 yr−1. When
examined through the annual cycle over the 32-yr period 1979–2010, the Southern10

Hemisphere sea ice cover as a whole experienced positive ice extent trends in every
month, ranging in magnitude from a low of 9100±6300 km2 yr−1 in February to a high
of 24 700±10 000 km2 yr−1 in May. The Ross Sea and Indian Ocean also had positive
trends in each month, while the Bellingshausen/Amundsen Seas had negative trends
in each month, and the Weddell Sea and Western Pacific Ocean had a mixture of posi-15

tive and negative trends. Comparing ice-area results to ice-extent results, in each case
the ice-area trend has the same sign as the ice-extent trend, but differences in the mag-
nitudes of the two trends identify regions with overall increasing ice concentrations and
others with overall decreasing ice concentrations. The strong pattern of decreasing ice
coverage in the Bellingshausen/Amundsen Seas region and increasing ice coverage in20

the Ross Sea region is suggestive of changes in atmospheric circulation. This is a key
topic for future research.

1 Introduction

Sea ice spreads over millions of square kilometers of the Southern Ocean at all times
of the year and over an area larger than the Antarctic continent in the midst of the aus-25

tral winter, with February typically the month of minimum ice coverage and September
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typically the month of maximum ice coverage (Fig. 1). The ice hinders exchanges be-
tween the ocean and atmosphere, reflects solar radiation back to space, is an obstacle
to ship travel, and has numerous impacts on plant and animal species in the Southern
Ocean (e.g., Ainley et al., 2003; Parkinson, 2004). As an integral component of the
climate system, the sea ice cover both affects and reflects changes in other climate5

components, hence making it of particular interest that the Antarctic sea ice cover has
not experienced the prominent decreases witnessed over recent decades in the Arctic
sea ice cover (Parkinson and Cavalieri, 2008; Cavalieri and Parkinson, 2008).

Unfortunately, the record of sea ice is quite incomplete for any time prior to the 1970s,
due in large part to its remoteness, the harsh conditions of the polar environment, and10

the lack of convenient means for remotely sensing the ice at that time. In great contrast,
since the late 1970s, the distribution of polar sea ice is one of the best recorded of all
climate variables. The reason is the ease of distinguishing sea ice from liquid water
in satellite passive-microwave observations (e.g., Zwally et al., 1983) and the near-
continuous presence of at least one operating satellite passive-microwave instrument15

over almost the entire period since October 1978.
Through satellite passive-microwave observations, there now exists a solid record of

the distribution and extent of Arctic and Antarctic sea ice coverage and their changes
since the late 1970s. This record has allowed persuasive quantification of an overall
decreasing Arctic sea ice coverage (e.g., Parkinson et al., 1999; Meier et al., 2007),20

as expected in light of Arctic warming (ACIA, 2005), and, at a markedly lesser rate,
a less expected increasing Antarctic sea ice coverage (e.g., Stammerjohn and Smith,
1997; Zwally et al., 2002). In 2008, these trends were detailed regionally and hemi-
spherically for the period November 1978 through December 2006 by Parkinson and
Cavalieri (2008) for the Arctic and by Cavalieri and Parkinson (2008) for the Antarctic.25

With four additional years of data analyzed, we are now updating those results through
2010, doing so for the Antarctic in this paper and for the Arctic in a companion paper
(Cavalieri and Parkinson, 2012).
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2 Data

This study is based on satellite passive-microwave data from the Scanning Multichan-
nel Microwave Radiometer (SMMR) on NASA’s Nimbus 7 satellite, the Special Sensor
Microwave Imager (SSMI) on the F8, F11, and F13 satellites of the Department of
Defense’s Defense Meteorological Satellite Program (DMSP), and the Special Sen-5

sor Microwave Imager Sounder (SSMIS) on the DMSP F17 satellite. Nimbus 7 was
launched in late October 1978, and the SMMR instrument obtained data every other
day for most of the period from 26 October 1978 through 20 August 1987. The first
SSMI was launched on the DMSP F8 satellite in June 1987, and the sequence of F8,
F11, and F13 SSMIs collected data on a daily basis for most of the period from 9 July10

1987 to the end of 2007, after which the F13 SSMI began to degrade. The F17 SSMIS
was the second SSMIS in orbit and was launched in November 2006, with a daily
data record beginning in mid-December 2006. In this paper, we use SMMR data for
the period November 1978–July 1987, SSMI data for August 1987–December 2007,
and SSMIS data for January 2008–December 2010. These data are archived at and15

available from the National Snow and Ice Data Center (NSIDC) in Boulder, Colorado.
The SMMR, SSMI, and SSMIS data are used to calculate ice concentrations (percent

areal coverages of ice) with the NASA Team algorithm (Gloersen et al., 1992; Cavalieri
et al., 1995), and the ice concentrations are mapped at a grid cell size of 25 km×25 km.
These ice concentrations are then used to calculate sea ice extents (summed areas of20

all grid cells in the region of interest having at least 15 % sea ice concentration) and
sea ice areas (summed products of the grid cell areas times the ice concentrations for
all grid cells in the region of interest having at least 15 % sea ice concentration). Details
on the merging of the SMMR, F8, F11, and F13 records can be found in Cavalieri et
al. (1999), and details on the merging of the F13 and F17 records, taking advantage of25

the full year of data overlap in 2007, can be found in Cavalieri et al. (2012). Explanation
for the 15 % threshold can be found in Parkinson and Cavalieri (2008).
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Ice extents and ice areas were averaged for each day of available data, with miss-
ing data filled in by spatial and temporal interpolation, and these daily averages were
combined to monthly, seasonal, and yearly averages. To obtain long-term trends for
the monthly results, the seasonal cycle was removed by creating monthly deviations,
which were calculated by subtracting from each individual monthly average the 32-yr5

average for that month (or, in the case of November and December, the 33-yr average).
This follows the procedure in Parkinson et al. (1999) and subsequent works.

Lines of linear least squares fit were calculated for the monthly deviation data and for
the yearly, seasonal, and monthly averages. Standard deviations of the slopes of these
lines were calculated based on Taylor (1997), and a rough indication of whether the10

trends are statistically significant as non-0 was determined by calculating the ratio R of
the trend to its standard deviation, identifying a trend as significant at a 95 % confidence
level if R exceeds 2.04 and significant at a 99 % confidence level if R exceeds 2.75.
This is essentially using a two-tailed t-test with 30 degrees of freedom (2 less than the
number of years). It gives a useful suggestion of the relative significance of the slopes,15

although, like other tests of statistical significance, is imperfect in its application to the
real world (e.g., Santer et al., 2000).

As in Cavalieri and Parkinson (2008) and earlier studies, results are presented for
the following five regions of the Southern Ocean: Weddell Sea (60◦ W–20◦ E, plus the
small ocean area between the east coast of the Antarctic Peninsula and 60◦ W), Indian20

Ocean (20–90◦ E), Western Pacific Ocean (90–160◦ E), Ross Sea (160◦ E–130◦ W),
and the combined Bellingshausen and Amundsen Seas (130–60◦ W) (Fig. 2).
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3 Results

3.1 Sea ice extents

3.1.1 Southern Hemisphere total

Figure 3 presents plots of Southern Hemisphere monthly average sea ice extents and
monthly deviations for the period November 1978–December 2010 and yearly and5

seasonal averages for 1979–2010. On average over the 32-yr period, the ice extents
ranged from a minimum of 3.1×106 km2 in February to a maximum of 18.5×106 km2

in September (Fig. 3a inset).
In view of the large seasonal cycle, the plot of monthly averages is dominated by

this cycle (Fig. 3a). However, when the seasonal cycle is removed, in the monthly10

deviations, the existence of an upward trend becomes clear, with a positive slope of
17 100±2300 km2 yr−1, statistically significant at the 99 % confidence level, for the
period November 1978–December 2010 (Fig. 3b). This slope has increased from
the 11 100±2600 km2 yr−1 trend reported by Cavalieri and Parkinson (2008) for the
monthly deviations for the shorter period November 1978–December 2006, and in-15

deed the highest deviations in the 32-yr record are within the newly added last 4 yr of
the data set (Fig. 3b).

The slopes of the lines of linear least squares fit through the yearly and seasonal ice
extent values plotted in Fig. 3c, for the Southern Hemisphere total, are presented in
Table 1, as are the corresponding slopes for each of the five analysis regions. For the20

yearly averages, the Southern Hemisphere slope is 17 500±4100 km2 yr−1 (1.5±0.4
% decade−1) (Table 1), increased from a slope of 11 500±4600 km2 yr−1 for the shorter
period ending in December 2006 (Cavalieri and Parkinson, 2008) and within 3 % of the
slope for the monthly deviations, which have a somewhat smaller slope in part because
of including at the start of the record the initial months of November and December25

1978, both of which have ice extent values above the line of least squares fit (Fig. 3b).
The much higher standard deviation for the slope of the yearly averages versus the
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slope of the monthly deviations reflects the far smaller number of data points (32 yr vs.
386 months).

Seasonally, the slopes for all four seasons are positive, with the largest slope be-
ing for autumn, at 23 500±8900 km2 yr−1, and the smallest slope being for summer,
at 13 800±7700 km2 yr−1 (Table 1). For every season, the slopes have increased5

with the addition of the 2007–2010 data (Table 1 versus Cavalieri and Parkinson,
2008). On a percent per decade basis, the largest seasonal slope is for summer, at
3.6±2.0 % decade−1 (Table 1).

3.1.2 Regional results

Figure 4 presents monthly deviation plots for each of the five Antarctic sea ice regions,10

as well as for the total. For this five-part sectorization, the Western Pacific Ocean shows
no significant trend, the Weddell Sea, Indian Ocean, and Ross Sea all have positive
trends, and the Bellingshausen/Amundsen Seas region has a negative trend, with the
highest magnitude trend being the 13 700±1500 km2 yr−1 positive trend for the Ross
Sea and the second highest magnitude trend being the −8200±1200 km2 yr−1 nega-15

tive trend for the Bellingshausen/Amundsen Seas (Fig. 4). The trends for the Ross Sea,
Bellingshausen/Amundsen Seas, and Indian Ocean are all statistically significant at the
99 % confidence level, while the trend for the Weddell Sea is statistically significant at
the 95 % confidence level.

The Ross Sea has positive trends in each season, with its highest seasonal20

trend being in spring, at 17 600±5100 km2 yr−1, and its lowest seasonal trend be-
ing in summer, at 10 000±4800 km2 yr−1 (Table 1). In the opposite direction, the
Bellingshausen/Amundsen Seas region has negative trends in each season, ranging
in magnitude from −2600±4100 km2 yr−1 in winter to −14 300±2600 km2 yr−1 in sum-
mer (Table 1). Like the Ross Sea, the Indian Ocean has positive ice extent trends in25

each season, although the magnitudes are consistently lower than those in the Ross
Sea, both on a km2 yr−1 basis and on a % decade−1 basis. The Weddell Sea and West-
ern Pacific Ocean both have small, statistically insignificant negative trends in winter
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and spring and higher magnitude positive trends in summer and autumn, with positive
but statistically insignificant trends for the yearly averages (Table 1).

On a monthly basis, the Ross Sea has positive trends of at least 7000 km2 yr−1

in each month, and the Indian Ocean has positive trends in each month, al-
though consistently of lesser magnitude than those in the Ross Sea (Fig. 5). The5

Bellingshausen/Amundsen Seas region has negative trends in each month, although
much more so in summer than in winter; and the Weddell Sea has positive trends
for each month January–June and a mixture of positive and negative trends for the
rest of the year, with near-0 values in July, August, and September. The Western Pa-
cific Ocean has positive trends in the first half of the year and predominantly negative10

trends in the second half, although with no trend of magnitude as high as 5000 km2 yr−1

(Fig. 5). The net result is a Southern Hemisphere sea ice cover with positive 32-yr
sea ice extent trends in every month of the year, ranging in magnitude from a low of
9100±6300 km2 yr−1 in February to a high of 24 700±10 000 km2 yr−1 in May (Fig. 5).

3.2 Sea ice areas15

3.2.1 Southern Hemisphere total

Figures 6–8 and Table 2 present for sea ice areas the corresponding information to
what is presented in Figs. 3–5 and Table 1 for ice extents. In all instances, ice areas
are necessarily lower than or equal to ice extents, with equality only coming in cases
of no ice cover or complete, 100 % ice coverage.20

The hemispheric ice area monthly averages (Fig. 6a) show the same basic seasonal
cycle as the ice extent monthly averages (Fig. 3a), although with lower values. For the
ice areas, the 32-yr average seasonal cycle has values ranging from 2.0×106 km2 in
February to 14.6×106 km2 in September (Fig. 6a inset). The ice area monthly deviation
plot has some noticeable differences from the ice extent monthly deviation plot, and the25

slope of the ice area trend line is somewhat lower than that for the ice extents, being
14 900±2100 km2 yr−1 (Fig. 6b versus Fig. 3b), suggesting a trend toward lessened
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overall ice concentration. As is the case for ice extents, the last 4 yr of the data set
contain within them the highest monthly deviations of the entire data set, with the result
that the trend has increased over the 9600±2400 km2 yr−1 trend reported in Cavalieri
and Parkinson (2008) for November 1978–December 2006.

As with the ice extents, the sea ice area trends for the Southern Hemisphere are5

positive in each season and for the yearly average, with the highest magnitude ice
area seasonal trend being for autumn, at 25 800±8300 km2 yr−1 (Table 2). The lowest
magnitude seasonal trend for ice areas, however, is for spring rather than for summer
(Table 2). Furthermore, for summer, winter, and spring, the ice area trend has lower
magnitude than the ice extent trend, whereas for autumn the ice area trend has higher10

magnitude than the ice extent trend (Tables 1 and 2). This suggests that in summer,
winter, and spring the ice cover became less compact whereas in autumn it became
more compact, overall for the 1979–2010 period. On a % decade−1 basis, the greatest
seasonal ice area slope is for summer, at 4.6±2.4 % decade−1 (Table 2).

3.2.2 Regional results15

Regionally, the basic qualitative results remain largely the same for ice areas as
for ice extents. Specifically, the 32-yr ice area monthly deviation trends are posi-
tive for the Weddell Sea, Indian Ocean, and Ross Sea, and are negative for the
Bellingshausen/Amundsen Seas, with the highest magnitude slope being the positive
slope for the Ross Sea and the second highest magnitude slope being the negative20

slope for the Bellingshausen/Amundsen Seas (Fig. 7). One difference is that the pos-
itive slope for the ice area monthly deviations for the Western Pacific Ocean is statis-
tically significant at the 95 % level, versus the statistically insignificant positive slope
for the ice extent monthly deviations. The Western Pacific Ocean, which has by far the
lowest of the six slopes in both the ice area and ice extent cases, is the only one of the25

five regions that has a higher slope for the ice area monthly deviations than for the ice
extent monthly deviations (Figs. 4 and 7).
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Monthly trends for ice areas (Fig. 8) also show many similarities with the monthly
trends for ice extents (Fig. 5), including positive trends for every month for the In-
dian Ocean and Ross Sea and negative trends (some near 0) for every month for the
Bellingshausen/Amundsen Seas. The magnitudes differ, however, with generally lower
magnitude ice area slopes (versus ice extent slopes) in the Ross Sea, Indian Ocean,5

and Bellingshausen/Amundsen Seas, suggesting a lessening of the ice compactness
in the Ross Sea and Indian Ocean cases, with positive ice area and ice extent slopes,
but an increase of the ice compactness in the Bellingshausen/Amundsen Seas, with
negative ice area and ice extent slopes (Figs. 5 and 8). The Weddell Sea and Western
Pacific Ocean have a more mixed pattern, both in the sign of the slope and in how the10

ice area and ice extent slopes differ (Figs. 5 and 8).

4 Discussion

The upward trends in sea ice extents and areas reported here for the Southern Hemi-
sphere are in sharp contrast to the situation in the Arctic, where downward trends have
been reported since the late 1980s (Parkinson and Cavalieri, 1989) and have become15

stronger over time (Johannessen et al., 1995; Parkinson et al., 1999; Meier et al., 2007;
Comiso et al., 2008; Cavalieri and Parkinson, 2012). The sea ice decreases in the Arc-
tic are readily tied to the warming that has also been reported in the Arctic and to the
broader phenomenon of global warming (e.g., ACIA, 2005).

In the Antarctic case, the sea ice decreases in the region of the20

Bellingshausen/Amundsen Seas can also be tied to warming, as they have oc-
curred in conjunction with marked warming in the Antarctic Peninsula/Bellingshausen
Sea vicinity (Vaughn et al., 2003). The sea ice increases around much of the rest
of the continent might similarly be aligned with overall cooling in those regions (e.g.,
Vaughn et al., 2003), although this is less certain, as there is considerable uncertainty25

about temperature trends in much of the Antarctic outside of the well-documented
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Peninsula region, with recent reconstructions questioning earlier results (O’Donnell et
al., 2011).

Antarctic sea ice variability since the late 1970s is well-documented (e.g., Gloersen
et al., 1992; Zwally et al., 2002; Cavalieri and Parkinson, 2008) and has been exam-
ined in connection with other Earth-system phenomena, such as the El Niño-Southern5

Oscillation (ENSO) (e.g., Simmonds and Jacka, 1995; Watkins and Simmonds, 2000;
Rind et al., 2001; Kwok and Comiso, 2002; Yuan, 2004; Stammerjohn et al., 2008)
and the Southern Annular Mode (SAM) (e.g., Hall and Visbeck, 2002; Thompson and
Solomon 2002; Goose et al., 2008; Stammerjohn et al., 2008; Comiso et al., 2011).
Rind et al. (2001) suggest less sea ice in the Pacific and more sea ice in the Weddell10

Sea in an El Niño year, and vice versa in a La Niña year.
Of particular interest are the studies that address the observed pattern of negative

sea ice trends in the Bellingshausen Sea and positive sea ice trends in the Ross Sea
(Figs. 4 and 7). For instance, Stammerjohn et al. (2008) find that, at least over the
period of their study, 1979–2004, this pattern appears associated with decadal changes15

in the mean state of the SAM and the response of the sea ice cover to the ENSO, with
the response being particularly strong when an El Niño occurred with a negative SAM
index and when a La Niña occurred with a positive SAM index. However, intriguing as
these correspondences might be, their likely importance is weakened by the fact that
the connections between sea ice and the ENSO and SAM are “not as consistent over20

time” in the other regions of the Antarctic sea ice cover (Stammerjohn et al., 2008).
Thompson and Solomon (2002) explain the warming of the Antarctic Peninsula re-

gion and the apparent cooling of much of the rest of Antarctica by connection with a
trend toward a strengthened circumpolar flow in the summer and fall, with the tropo-
spheric trends traced to trends in the polar vortex of the lower stratosphere. As these25

latter trends are thought to be largely due to Antarctic ozone depletion, this creates a
possible connection between the pattern of sea ice changes and human-caused strato-
spheric ozone depletion (Thompson and Solomon, 2002). Shindell and Schmidt (2004)
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also connect the cooling over much of Antarctica to ozone changes and the SAM, but
they do not explicitly further connect these changes to the pattern of sea ice changes.

In a paper focused on the contrast between the sea ice decreases in the
Bellingshausen/Amundsen Seas and increases in the Ross Sea (as in Figs. 4 and
7), Turner et al. (2009) also, like Thompson and Solomon (2002), tie this pattern to5

stratospheric ozone depletion. In the Turner et al. (2009) paper, a key mechanism is
increased cyclonic atmospheric flow over the Amundsen Sea, bringing warm air from
the north over the Bellingshausen Sea and cold air from the south over the Ross Sea.
Increased cyclonic flow would indeed thereby provide a persuasive explanation of the
pattern of sea ice changes. Connecting the increased cyclonic flow to the human-10

caused ozone depletion is model-based and less certain; and the paper concludes
that “the observed sea ice increase might still be within the range of natural climate
variability” (Turner et al., 2009).

In a modeling study specifically addressing the issue of whether the ozone hole has
contributed to increased Antarctic sea ice extent, Sigmond and Fyfe (2010) conclude15

that it has not. In fact, their climate model simulates that stratospheric ozone depletion
would lead to a decrease in Antarctic sea ice, and hence they conclude that the ob-
served increase in Antarctic sea ice extent must be caused by something other than
ozone depletion.

All in all, the varied results of studies attempting to explain the sea ice changes in the20

Antarctic are intriguing but not conclusive. It remains the case that the increases in sea
ice coverage in the Antarctic (Figs. 3–8) are less readily tied to global warming than
are the decreases in the Arctic ice coverage. Nonetheless, both ice covers are part of
the climate system, and the overall changes (Figs. 3 and 6) and patterns of change
(Figs. 4, 5, 7, and 8) in the Antarctic ice cover are components of the pattern of global25

changes, just as the Arctic changes are. Hence, even though the Antarctic changes are
not yet completely understood, eventually their connections with the rest of the global
system (atmosphere, oceans, land, ice, and biosphere) should be explained, as future
studies reveal more of the details of the ongoing changes in the Earth system.
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Table 1. Slopes and standard deviations of the lines of least squares fit for the yearly and
seasonal sea ice extents in the Southern Hemisphere as a whole and in each of the five regions
delineated in Fig. 2, for the period 1979–2010. R is the ratio of the magnitude of the slope to the
standard deviation; in the R column, bold indicates statistical significance of 95 % and above,
and the combination of bold and italics indicates statistical significance of 99 % and above.

Yearly Summer Autumn
Region 103 km2 yr−1 R % decade−1 103 km2 yr−1 R % decade−1 103 km2 yr−1 R % decade−1

Southern Hemisphere 17.5±4.1 4.28 1.5±0.4 13.8±7.7 1.79 3.6±2.0 23.5±8.9 2.63 2.4±0.9
Weddell Sea 5.2±4.5 1.17 1.2±1.1 12.6±5.7 2.21 9.3±4.2 10.1±6.2 1.64 2.9±1.8
Indian Ocean 5.8±2.2 2.59 3.2±1.2 2.6±1.6 1.62 9.2±5.7 5.0±2.9 1.75 4.1±2.3
Western Pacific Ocean 0.6±1.8 0.32 0.5±1.5 2.9±2.0 1.46 6.7±4.6 3.0±2.1 1.45 2.8±1.9
Ross Sea 13.7±3.6 3.81 5.2±1.4 10.0±4.8 2.08 10.9±5.3 14.5±5.1 2.85 5.7±2.0
Bellingshausen/Amundsen Seas −7.8±2.5 3.17 −5.1±1.6 −14.3±2.6 5.57 −16.5±3.0 −9.2±3.4 2.70 −6.7±2.5

Winter Spring
Region 103 km2 yr−1 R % decade−1 103 km2 yr−1 R % decade−1

Southern Hemisphere 14.2±5.1 2.81 0.8±0.3 18.6±6.2 2.98 1.3±0.4
Weddell Sea −0.2±6.2 0.04 −0.0±1.0 −1.3±6.6 0.20 −0.2±1.2
Indian Ocean 6.5±3.9 1.66 2.1±1.3 9.1±4.1 2.24 3.5±1.6
Western Pacific Ocean −1.9±3.1 0.63 −1.1±1.7 −1.6±2.6 0.61 −1.1±1.8
Ross Sea 12.5±4.5 2.79 3.3±1.2 17.6±5.1 3.48 5.5±1.6
Bellingshausen/Amundsen Seas −2.6±4.1 0.65 −1.2±1.9 −5.2±4.6 1.12 −2.9±2.6
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Table 2. Slopes and standard deviations of the lines of least squares fit for the yearly and
seasonal sea ice areas in the Southern Hemisphere as a whole and in each of the five regions
delineated in Fig. 2, for the period 1979–2010. R is the ratio of the magnitude of the slope to the
standard deviation; in the R column, bold indicates statistical significance of 95 % and above,
and the combination of bold and italics indicates statistical significance of 99 % and above.

Yearly Summer Autumn
Region 103 km2 yr−1 R % decade−1 103 km2 yr−1 R % decade−1 103 km2 yr−1 R % decade−1

Southern Hemisphere 15.3±3.4 4.44 1.8±0.4 11.4±5.8 1.95 4.6±2.4 25.8±8.3 3.11 3.5±1.1
Weddell Sea 4.4±3.6 1.21 1.3±1.1 11.3±4.6 2.45 11.7±4.8 9.4±5.2 1.81 3.3±1.8
Indian Ocean 4.2±2.0 2.09 3.2±1.5 1.5±1.1 1.39 9.4±6.7 3.9±2.5 1.58 4.4±2.8
Western Pacific Ocean 1.4±1.3 1.09 1.8±1.7 3.0±1.5 2.00 11.9±5.9 3.6±1.7 2.07 5.1±2.4
Ross Sea 10.9±2.9 3.81 5.4±1.4 6.3±3.2 1.95 11.8±6.1 14.1±4.5 3.12 7.0±2.3
Bellingshausen/Amundsen Seas −5.6±1.9 2.97 −5.1±1.7 −10.7±2.0 5.31 −18.6±3.5 −5.3±2.6 2.03 −5.6±2.8

Winter Spring
Region 103 km2 yr−1 R % decade−1 103 km2 yr−1 R % decade−1

Southern Hemisphere 13.1±4.3 3.04 1.0±0.3 11.0±6.2 1.77 1.0±0.6
Weddell Sea −0.0±5.1 0.00 −0.0±1.0 −2.9±6.2 0.47 −0.7±1.5
Indian Ocean 5.3±3.5 1.48 2.2±1.5 6.0±3.5 1.72 3.3±1.9
Western Pacific Ocean −0.6±2.5 0.26 −0.5±2.0 −0.1±1.8 0.07 −0.1±2.0
Ross Sea 10.0±3.9 2.55 3.3±1.3 13.2±4.1 3.20 5.5±1.7
Bellingshausen/Amundsen Seas −1.5±3.2 0.47 −1.0±2.1 −5.1±3.3 1.55 −3.9±2.5
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Fig. 1. Maps of Southern Hemisphere February and September sea ice concentrations, aver-
aged over the years 1979–2010, as derived from SMMR, SSMI, and SSMIS satellite observa-
tions.
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Fig. 2. Location map, including the identification of the five regions used for the sea ice analy-
ses.
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Fig. 3. (a) Monthly average Southern Ocean sea ice extents for November 1978 through De-
cember 2010, with an inset showing the average annual cycle, calculated from SMMR, SSMI,
and SSMIS satellite data. (b) Monthly deviations for the sea ice extents of part a, with the line
of least squares fit through the data points and its slope and standard deviation. (c) Yearly
(Y) and seasonally averaged sea ice extents, 1979–2010, with the corresponding lines of least
squares fit. The summer (Su), autumn (A), winter (W), and spring (Sp) values cover the periods
January–March, April–June, July–September, and October–December, respectively.
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Fig. 4. Sea ice extent monthly deviation plots, November 1978 through December 2010, cal-
culated from SMMR, SSMI, and SSMIS satellite data, for the following regions and hemi-
spheric total: (a) Weddell Sea, (b) Indian Ocean, (c) Western Pacific Ocean, (d) Ross Sea,
(e) Bellingshausen/Amundsen Seas, and (f) Southern Hemisphere as a whole.
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Fig. 5. Monthly sea ice extent trends, 1979–2010, for the following regions and hemispheric
total: (a) Weddell Sea, (b) Indian Ocean, (c) Western Pacific Ocean, (d) Ross Sea, (e)
Bellingshausen/Amundsen Seas, and (f) Southern Hemisphere as a whole.
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Fig. 6. Same as Fig. 3 except for ice areas instead of ice extents.

954

http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/6/931/2012/tcd-6-931-2012-print.pdf
http://www.the-cryosphere-discuss.net/6/931/2012/tcd-6-931-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


TCD
6, 931–956, 2012

Antarctic sea ice
variability and trends,

1979–2010

C. L. Parkinson and
D. J. Cavalieri

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Fig. 7. Same as Fig. 4 except for ice areas instead of ice extents.
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Fig. 8. Same as Fig. 5 except for ice areas instead of ice extents.
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