
Antarctic sea ice variability and trends, 1979–2006

D. J. Cavalieri1 and C. L. Parkinson1

Received 20 September 2007; revised 6 March 2008; accepted 18 March 2008; published 1 July 2008.

[1] Analyses of 28 years (1979–2006) of Antarctic sea ice extents and areas derived
from satellite passive microwave radiometers are presented and placed in the context of
results obtained previously for the 20-year period 1979–1998. We present monthly
averaged sea ice extents and areas, monthly deviations, yearly and seasonal averages, and
their trends for the Southern Hemisphere as a whole and for each of five sectors: the
Weddell Sea, the Indian Ocean, the western Pacific Ocean, the Ross Sea, and the
Bellingshausen/Amundsen seas. The total Antarctic sea ice extent trend increased slightly,
from 0.96 ± 0.61% decade!1 to 1.0 ± 0.4% decade!1, from the 20- to 28-year period,
reflecting contrasting changes in the sector trends. The eight additional years resulted in
smaller positive yearly trends in sea ice extent for the Weddell Sea (0.80 ± 1.4%
decade!1), the western Pacific Ocean (1.4 ± 1.9% decade!1), and the Ross Sea (4.4 ±
1.7% decade!1) sectors, a lessening of the negative trend for the Bellingshausen/
Amundsen seas (!5.4 ± 1.9% decade!1) sector, and a shift from a negative trend to a
positive trend for the Indian Ocean (1.9 ± 1.4% decade!1) sector. The trends for the
Southern Hemisphere as a whole and for the Ross Sea sector are significant at the 95%
level, whereas the trend for the Bellingshausen/Amundsen seas sector is significant at the
99% level. A similar pattern of yearly trend changes for the two periods is also apparent
in the sea ice area time series.

Citation: Cavalieri, D. J., and C. L. Parkinson (2008), Antarctic sea ice variability and trends, 1979–2006, J. Geophys. Res., 113,
C07004, doi:10.1029/2007JC004564.

1. Introduction

[2] Satellite passive microwave observations of the
Earth’s polar sea ice cover have provided a wealth of
information on its regional, seasonal, and interannual var-
iabilities. A great deal of attention has been paid recently to
the decline of the Arctic sea ice cover as observed by
satellites over the past several decades [e.g., Parkinson et
al., 1999; Stroeve et al., 2005; Vinnikov et al., 2006]. In
contrast to the Arctic, the total Antarctic sea ice cover has
been gradually increasing from the mid-1970s through 2002
[Cavalieri et al., 2003]. The amplitude and period of its
interannual fluctuations have also been shown to be mark-
edly different than those of the Arctic, suggesting that
different processes are driving these changes [Cavalieri et
al., 1997]. Analyses of Arctic sea ice variability for the
period 1979–2006 are presented in a companion paper
[Parkinson and Cavalieri, 2008], whereas in this paper
we present analyses for Antarctic sea ice variability for
the same 28-year period.
[3] In this study we extend the 20-year (1979–1998) time

series presented by Zwally et al. [2002] and discuss the
differences in the Antarctic sea ice variabilities and trends

observed between the 20-year and 28-year periods. Maps
showing the average February and September sea ice
concentrations over the 28-year period are shown in
Figure 1. Much background material about Antarctic sea
ice and the characteristics of each of the five sectors used in
the analyses is given by Zwally et al. [2002] and is not
repeated here. The emphasis in this study is on the changes
that occurred from the previous 20-year time series results
to the current 28-year results. In section 2 we present a brief
description of the data sets used and the methods employed
to derive the sea ice time series. In section 3 we present the
results of our analyses for sea ice extents and sea ice areas.
In section 4, a discussion of results and conclusions are
presented.

2. Data Sources and Methods

[4] The time series presented in this study extend the
satellite passive microwave data used by Zwally et al.
[2002]. The base data set from which the ice extents and
areas are calculated consists of sea ice concentration maps
derived from the radiances obtained from the following
satellite microwave radiometers: the Nimbus 7 Scanning
Multichannel Microwave Radiometer (SMMR), which
operated from 26 October 1978 through 20 August
1987, and the Defense Meteorological Satellite Program
(DMSP) series of F8, F11, and F13 Special Sensor
Microwave Imagers (SSMI). The F8 SSMI operated from
9 July 1987 through 18 December 1991; the F11 SSMI
from 3 December 1991 through 30 September 1995; and
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the F13 SSMI from 3 May 1995 through 31 December
2006 and beyond.
[5] The problem of generating a long-term, consistent

time series of sea ice extents and areas when working with
sensors having different frequencies, different footprint
sizes, different ascending node times, and different calibra-
tions is considerable. The overall approach followed a
method of matching sea ice parameters instead of attempt-
ing to match sensor radiances. Details of the approach,
including filling data gaps, reducing land-to-ocean spillover
effects, reducing weather effects over open ocean, and
finally matching sea ice extents and areas for each pair of
overlapping sensors, are discussed by Cavalieri et al.
[1999]. Starting with the Nimbus 7 SMMR we matched
each subsequent sensor with the previous sensor using the
period of overlap to minimize the differences. While we did
not have the desired complete year of overlap for each pair
of sensors, we were able to reduce ice extent differences
during periods of sensor overlap to 0.1% or less and ice area
differences to 0.6% or less.

3. Results

[6] We present monthly averaged sea ice extents and
areas for the Southern Hemisphere as a whole and also
for each of five Southern Hemisphere sectors: the Weddell
Sea, the Indian Ocean, the western Pacific Ocean, the Ross
Sea, and the Bellingshausen/Amundsen seas (Figure 2). We
also present for each sector and for the hemisphere monthly
deviations of sea ice extents and areas, and yearly and
seasonally averaged sea ice extents and areas and their
trends.
[7] For the trends presented in this paper we calculate the

ratio (R) of the estimated trend to its standard deviation for
the purpose of providing a relative measure of the ‘‘signif-
icance’’ of all the trends. This provides a continuous
measure of ‘‘significance’’ and is less arbitrary than the
95% or 99% levels of statistical significance generally used.
Nonetheless, we do indicate these levels of significance in

the trend tables to provide a reference for comparison with
other published values. The levels of statistical significance
are obtained using the Student’s t-test with the null hypoth-
esis of a zero trend and assuming 26 (28-2) degrees of
freedom. The threshold values of R corresponding to the
95% and 99% levels of statistical significance are 2.06 and
2.78, respectively. It should be noted that the use of this
statistical significance test has been criticized both for the
use of the null hypothesis and the arbitrary levels of
significance [e.g., Nicholls, 2001] and for issues related to
the autocorrelation of the data [e.g., Santer et al., 2000]. The
use of these arbitrary levels of statistical significance in this
study is only to provide a relative measure of the robustness
of the trend to those trends with lower values of R.

Figure 1. Southern Hemisphere 28-year average ice concentration maps for February and September,
the months of average minimum and maximum sea ice extents, respectively.

Figure 2. Southern Hemisphere sector map.
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3.1. Sea Ice Extents

3.1.1. Southern Hemisphere
[8] On average, over the 28-year period, maximum sea

ice extent occurs in September, and minimum ice extent

occurs in February (Figure 3a, inset). The monthly
averages (Figure 3a) show a modest amount of variability
from year to year, contrasting with much greater year-to-
year variability within the individual sectors, shown later.

Figure 3. Time series of (a) monthly averages of sea ice extent for the Southern Hemisphere from
November 1978 through December 2006. The inset shows the annual cycle computed from the 28 years
of data, (b) monthly deviations of sea ice extent fitted with a linear least squares best fit trend line,
(c) yearly and seasonal averages of sea ice extents with linear least squares best fit trend line. Summer
averages (Su) are for January–March, autumn averages (A) are for April–June, winter averages (W) are
for July–September, and spring averages (Sp) are for October–December.
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Over the 28 years, the September ice extents range from
a maximum of 18.9 " 106 km2 in 2006 to a minimum of
17.5 " 106 km2 in 1986. The February ice extents range
from a maximum of 3.75 " 106 km2 in 2003 to a
minimum of 2.46 " 106 km2 in 1993. When the record
ran only through 1998, the maximum September extent
(18.7 " 106 km2) had been in 1998 [Zwally et al., 2002].
The 2006 September extent of 18.9 " 106 km2 is 0.19 "
106 km2 greater than the value for 1998, but is well
within one standard deviation of the 28-year mean. The
minimum February extent has not changed. Interestingly,
2006 had the third lowest February extent, in addition to
the highest September extent.
[9] The monthly deviations show large fluctuations from

year to year, but with markedly smaller amplitudes from
1989 up to 1993 (Figure 3b). The overall trend is positive
at 11,100 ± 2,600 km2 a!1 (R = 4.25) which is slightly
less than the 20-year (1979–1998) trend of 11,200 ±
4,200 km2 a!1 (R = 2.67) reported previously [Zwally et
al., 2002], but the increase in the value of R over the two
periods is considerable, resulting in a 99% level of statistical
significance for the 28-year trend.
[10] The yearly and seasonally averaged extents all show

positive trends (Figure 3c). The yearly trend in sea ice
extents is 11,500 ± 4,600 km2 a!1 (Table 1). This trend is
somewhat greater than the value 11,000 ± 7,000 km2 a!1

reported previously for the 20-year period 1978–1998
[Zwally et al., 2002] and is statistically significant at the
95% level (Table 1). On a seasonal basis autumn shows the
largest positive km2 a!1 trend followed by the winter trend.
The spring and summer trends are about half those for
autumn (Table 1).
3.1.2. Weddell Sea
[11] The Weddell Sea sector is the largest of the five

sectors and also has the largest sea ice cover. The phasing of
the annual cycle of sea ice extent is similar to that of the
Southern Hemisphere total, including minimum ice cover in
February and maximum ice cover in September. Most of the
sea ice remaining in February is found eastward of the
Antarctic Peninsula (Figure 1). There is considerable inter-
annual variability, which is particularly evident in the
annual maxima and minima (Figure 4a). The annual min-
imum Weddell Sea ice extent for the 28-year period ranged
from 0.835 " 106 km2 in February 1988 to 1.84 " 106 km2

in February 2003, whereas the annual maximum Weddell
Sea ice extent ranged from 6.00 " 106 km2 in
September 1990 to 7.60 " 106 km2 in September 1980.
[12] The Weddell Sea ice extent monthly deviations for

the 28-year period show large excursions of up to nearly
one million km2 about the trend line (Figure 4b). The trend
line itself has a positive slope at 3,300 ± 2,300 km2 a!1 but
is considerably smaller than the corresponding trend of
5,900 ± 3,600 km2 a!1 reported previously for the 20-year
period 1979–1998 [Zwally et al., 2002].
[13] The yearly trend is positive with close to the same

magnitude as the trend for the monthly deviations (Table 1
versus Figure 4b), whereas the seasonal trends differ in sign
(Figure 4c). Both the winter and spring trends are negative,
and the summer and autumn trends are positive (Table 1).
The positive summer trend is more than an order of
magnitude larger than the negative winter and spring trends.
The signs of the trends are the same as those observedT
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earlier for the 20-year period [Zwally et al., 2002]. The
largest difference between the two sets of results occurs for
the spring season, for which the negative trend for the 28-year
period is more than a factor of eight smaller in magnitude
than for the 20-year period.
3.1.3. Indian Ocean
[14] The average annual cycle for the Indian Ocean has a

winter peak in October rather than September, whereas the
summer minimum is in February, as for each of the other

sectors (Figure 5a, inset). This is true for both the 20- and
28-year periods. In comparison with the Weddell Sea, the
Indian Ocean has much less ice, with the highest October
maximum ice extent at 4.22 " 106 km2 in October 2004.
The Indian Ocean also shows less interannual variability
compared with the Weddell Sea sector and almost no ice in
summer (Figure 5a). The trend of the monthly deviations is
3,700 ± 1,200 km2 a!1 (Figure 5b). This trend contrasts
with the negative trend of –1,900 ± 1,800 km2 a!1 reported

Figure 4. Time series of sea ice extent for the Weddell Sea sector, similar to Figure 3.
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previously for the 20-year period 1979–1998 [Zwally et al.,
2002]. This reversal in sign resulted from the higher than
average October sea ice extents in the last 4 years of the
record, 2003–2006.
[15] The yearly and seasonal average trends are all

positive (Figure 5c and Table 1), whereas the 20-year results
show a negative yearly trend, negative trends for winter and
spring, and positive trends for summer and autumn [Zwally
et al., 2002].

3.1.4. Western Pacific Ocean
[16] The western Pacific Ocean sector has less ice than

the Indian Ocean sector, but has considerable interannual
variability both in its winter maxima and summer minima.
On average, the winter peak occurs in September, but is
only slightly greater than its average October value
(Figure 6a, inset). The sea ice extents for the winter months
of July, August, and September range from 1.32 " 106 km2

in July 2002 to 2.47 " 106 km2 in September 1982

Figure 5. Time series of sea ice extent for the Indian Ocean sector, similar to Figure 3.
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(Figure 6a). The ice extents for the summer months of
January, February, and March range from a low of 0.143 "
106 km2 in March 1986 to a high of 0.695 " 106 km2 in
January 1995.
[17] The monthly deviation trend of 1,400 ± 1,000 km2

a!1 (Figure 6b) is less than the 2,300 ± 1,700 km2 a!1

reported for the 20-year time series [Zwally et al., 2002]. On
a yearly basis the 28-year trend is less than half that of the
20-year trend. All of the 28-year seasonal trends are also

less than for the corresponding 20-year trends. For both the
20- and 28-year periods, the seasonal trends are positive,
except for spring.
3.1.5. Ross Sea
[18] The Ross Sea sector has a smaller overall ice

cover than the Weddell Sea sector, but a greater interan-
nual variability (Figure 7a). This is particularly noticeable
in the summer minima ice extents. The Ross Sea exhibits
a rather sharp minimum in February and a broader

Figure 6. Time series of sea ice extent for the western Pacific Ocean sector, similar to Figure 3.
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autumn and winter maximum extent (Figure 7a, inset)
than the overall annual cycle for the entire Southern
Hemisphere. The February extents range from 0.237 "
106 km2 in 1979 to 1.05 " 106 km2 in 2003. The
September extents range from 3.55 " 106 km2 in 1986
to 4.53 " 106 km2 in 2000, although the 28-year maxi-
mum sea ice extent of 4.63 " 106 km2 occurs in October
1999 (Figure 7a).

[19] The 28-year monthly deviation trend (11,500 ±
1,900 km2 a!1) is more than 3 times that (3,300 ±
2,300 km2 a!1) for the Weddell Sea (Figure 4b), but is
smaller than the corresponding 20-year trend (18,400 ±
3,000 km2 a!1) reported by Zwally et al. [2002]. For both
the 20-year and 28-year periods, the seasonal trends are
positive, but all are smaller for the 28-year period. The
28-year trend for spring is about half that of the 20-year

Figure 7. Time series of sea ice extent for the Ross Sea sector, similar to Figure 3.
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trend. Nonetheless, the yearly and spring trends for the
28-year record are both statistically significant at the 95%
level (Table 1).
3.1.6. Bellingshausen/Amundsen Seas
[20] Since 1990 the amplitude of the seasonal sea ice

cover in the Bellingshausen/Amundsen seas sector
appears to have increased on average as a result of the
smaller summer ice cover (Figure 8a). The maximum ice

extent during the three summer months occurred in
January 1979, whereas the minimum extent occurred in
February 1992.
[21] The overall trend of the monthly deviations is

!8,800 ± 1,400 km2 a!1 (Figure 8b) which is considerably
less than the trend (!14,100 ± 2,200 km2 a!1) obtained
previously for the 20-year time series [Zwally et al., 2002].
The Bellingshausen/Amundsen seas sector is now the only

Figure 8. Time series of sea ice extent for the Bellingshausen/Amundsen seas sector, similar to
Figure 3.

C07004 CAVALIERI AND PARKINSON: ANTARCTIC SEA ICE VARIABILITY AND TRENDS

9 of 19

C07004

Eli Tziperman


Eli Tziperman




sector with a negative monthly deviation trend, versus the
20-year record, for which the Indian Ocean also had a
negative trend. The yearly and seasonal trends obtained here
for the Bellingshausen/Amundsen seas (Figure 8c and
Table 1) are less negative, except for winter, than the
corresponding trends obtained for the 20-year time series
[Zwally et al., 2002]. Summer has the most negative trend,
while winter has the least negative trend (Figure 8c). The
20-year trends show the same seasonal pattern. The Bel-
lingshausen/Amundsen seas sector exhibits the two largest
R values. These occur for the yearly trend (R = 2.86) and
the summer trend (R = 3.91). Both are significant at the
99% level (Table 1).
3.1.7. Sea Ice Extent Trends by Month for All Regions
[22] Sea ice extent trends by month based on the 28-

year record for all five sectors and for the Southern
Hemisphere as a whole are presented in Figure 9. The
most striking feature of Figure 9 is how different the monthly
trend patterns are for each of the five sectors. The Weddell
Sea and western Pacific Ocean sectors have mostly positive
trends with the largest positive values occurring during the
first half of the year. In contrast, the Indian Ocean sector,
which also has mostly positive trends, has its largest values
during the last half of the year. The Ross Sea sector has
positive trends for all 12 months of the year and for most
months exhibits the largest positive trends of all five sectors.
The Bellingshausen/Amundsen seas sector has negative
trends for each of the 12 months, with the largest negative
trend occurring in December and the next two largest
negative trends occurring in February and January. For the

Southern Hemisphere as a whole all 12 months exhibit
positive trends, with the smallest trend occurring in Decem-
ber and the largest trend occurring in May.

3.2. Sea Ice Areas

[23] The sea ice area for a given region is defined as
the sum of the products of ice concentration and pixel
area for each pixel within the region of interest. The sea
ice area time series are generally similar to those of sea
ice extent except that the ice area magnitudes are always
smaller (Figures 10–15). For the Southern Hemisphere
as a whole the month of minimum ice area is February
whereas the month of maximum ice area is September
(Figure 10a, inset), both identical to the phasing for ice
extent. The Southern Hemisphere monthly deviation
trend for ice area (Figure 10b) is smaller than that for
the ice extent (Figure 3b). The 28-year monthly deviation
trend for ice area of 9,600 ± 2,400 km2 a!1 is less than
the corresponding 20-year trend of 10,900 ± 3,700 km2 a!1

[Zwally et al., 2002]. Seasonally, the ice area trends are
smaller than the ice extent trends for winter and spring, but
the area trend is larger for autumn (Tables 1 and 2).
[24] Regionally, the yearly ice area trends in km2 a!1 all

have the same sign as the ice extent trends, but are smaller
in magnitude, except for the western Pacific Ocean sector
(Tables 1 and 2). This implies that the ice cover of this
sector is becoming more compact, whereas the ice covers
of the other sectors with positive trends are becoming less
compact.

Figure 9. Twenty-eight-year sea ice extent trends by month for all five sectors and for the Southern
Hemisphere.
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[25] On a seasonal basis, the signs of the ice area trends
match those of the ice extents, but are not consistently
smaller than the ice extent trends. The Weddell Sea sector
ice area trends are larger in magnitude than the ice extent

trends in winter and spring, whereas the western Pacific
Ocean sector has larger ice area than ice extent trends for
winter, summer, and autumn (Tables 1 and 2).

Figure 10. Time series of (a) monthly averages of sea ice area for the Southern Hemisphere from
November 1978 through December 2006. The inset shows the annual cycle computed from the 28 years
of data. (b) Monthly deviations of sea ice area fitted with a linear least squares best fit trend line. (c)
Yearly and seasonal averages of sea ice areas with linear least squares best fit trend line. Summer
averages (Su) are for January–March, autumn averages (A) are for April–June, winter averages (W) are
for July–September, and spring averages (Sp) are for October–December.
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[26] The seasonal pattern of ice area trends is similar to
that of the ice extent trends, but the ice area trends are
mostly smaller in magnitude (Figures 9 and 16). Other
differences include negative ice area trends for the Weddell
Sea sector August through December instead of just for
September and December and a very small positive ice area
trend in June for the Bellingshausen/Amundsen seas sector.
For the Southern Hemisphere as a whole, the ice area trend

is negative for November in contrast to the 12 months of
positive ice extent trends.
[27] Comparison of the 20-year and 28-year monthly

deviation ice area trends reveals that for the Southern
Hemisphere as a whole and for each sector except for the
Indian Ocean the ice area trends are smaller for the 28-year
period and of the same sign. The Indian Ocean sector trend

Figure 11. Time series of sea ice area for the Weddell Sea sector, similar to Figure 10.
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reverses sign from !2,600 ± 1,500 km2 a!1 for the 20-year
period to 2,300 ± 1,000 km2 a!1 for the 28-year period. A
similar reversal in sign also occurred for the ice extent trend
for this sector.

4. Discussion and Conclusions

[28] This study extends the analyses of the sea ice time
series reported by Zwally et al. [2002] from 20 years
(1979–1998) to 28 years (1979–2006). A summary of the

yearly trends of sea ice extent for both the 20- and 28-year
periods is presented in Table 3. The eight additional years
have revealed some significant changes. The total Antarc-
tic sea ice extent increased its yearly trend during the two
periods from 11,000 ± 7,000 km2 a!1 (0.96 ± 0.61%
decade!1) to 11,500 ± 4,600 km2 a!1 (1.0 ± 0.4%
decade!1) and is statistically significant at a level of
95%. This increase reflects contrasting changes in the
sector trends.

Figure 12. Time series of sea ice area for the Indian Ocean sector, similar to Figure 10.
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[29] For the Weddell Sea, western Pacific Ocean, and
Ross Sea sectors there are now smaller positive yearly
trends of sea ice extents than for the 20-year record,
whereas for the Bellingshausen/Amundsen seas sector
there is a weakening of its negative trend, but with an
increase in its level of statistical significance (Table 3). In
contrast, the Indian Ocean sector shows a shift from a
negative trend to a positive trend between the two periods,
but neither trend is statistically significant. A somewhat

similar pattern of yearly trend changes between the two
periods is apparent in the sea ice area time series with the
exception that there is now, for the 28-year record, a
slightly smaller trend for the Southern Hemisphere as a
whole and a slightly larger trend for the Weddell Sea
sector (Table 3).
[30] On a seasonal basis, going from the 20- to 28-year

period, there was a lessening of the negative sea ice extent
trend for the Bellingshausen/Amundsen seas sector for

Figure 13. Time series of sea ice area for the western Pacific Ocean sector, similar to Figure 10.
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summer and autumn, whereas the sign reversal for the
Indian Ocean sector trends occurred in winter and spring
only. For the Weddell Sea, western Pacific Ocean, and Ross
Sea sectors there was a reduction in the magnitude of the
trends in all seasons, although the sign of the trend differed
with season.
[31] An examination of Table 3 shows that the only two

sectors exhibiting statistically significant trends in the
yearly averages both for the 20-year and 28-year periods

are the Ross Sea and the Bellingshausen/Amundsen seas
sectors. The eight additional years do not produce any new
sectors with trends significant at the 95% level, although the
R values for the Weddell and Indian sector trends increased
and the western Pacific R value decreased. On a %
decade!1 basis, the Ross Sea positive ice extent trend
decreased from 6.5 ± 2.8% decade!1 to 4.4 ± 1.7%
decade!1, and the Bellingshausen/Amundsen seas negative
trend also decreased in magnitude from !9.2 ± 3.6%

Figure 14. Time series of sea ice area for the Ross Sea sector, similar to Figure 10.
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decade!1 to !5.4 ± 1.9% decade!1. None of the other
sectors exhibit significant ice extent trends (R values are all
less than 1.4) for either period.
[32] The weakening of the positive trends for the Weddell,

western Pacific, and Ross Sea sectors, the corresponding
weakening of the negative trend in the Bellingshausen/
Amundsen seas sector, and the reversal from a negative to
positive trend in the Indian Ocean sector suggest that changes

might have occurred in the large-scale atmospheric forcing
over the intervening 8-year period. What atmospheric
changes could have resulted in the observed change in
trends?
[33] Previous studies have demonstrated an association

between ENSO and the retreat of the ice cover in the
Bellingshausen/Amundsen seas sector. In particular, Kwok
and Comiso [2002] showed a strong association during each

Figure 15. Time series of sea ice area for the Bellingshausen/Amundsen seas sector, similar to
Figure 10.
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of the four episodes of negative Southern Oscillation
Index (SOI) and the retreat of the ice cover for the
period 1982–1998. Since 1998 the SOI has been in a
more neutral phase (average index !0.04 for the period
1999–2006 versus !0.4 for the period 1982–1998)
which may help explain the reduction in the rate of sea
ice retreat in the Bellingshausen/Amundsen seas sector
and the lessening of the positive trend in the Weddell Sea
sector, but not the lessening of the positive trend in the
Ross Sea sector.
[34] The opposing changes in the Bellingshausen/

Amundsen seas and Indian Ocean sectors relative to the
other sectors suggest the possible influence of an atmo-
spheric zonal wave 2 pattern. Whether these changes have
resulted from the action of the Antarctic Circumpolar Wave
(ACW) [White and Peterson, 1996] is not obvious given
that the propagation pattern of the ACW has a period of
about 8 years and is discontinuous in the Indian Ocean
sector [Yuan and Martinson, 2000]. Thus, the atmospheric
influence may involve another mode of variability or a
combination of modes.
[35] In a study of low-frequency variability in Southern

Hemisphere atmospheric circulation, Carleton [2003]
finds several dominant modes of variability. There is a
zonally symmetric mode, the Antarctic Oscillation, but
also zonally asymmetric modes represented by zonal
wave numbers 1, 2, and 3. The wave 1 mode appears
as an oscillation in pressure between the Weddell and east
Antarctic sectors, whereas the wave 2 mode is strongest
in the Pacific and southwest Atlantic sectors, which may
be the result of the influence of ENSO [Carleton, 2003],
and manifests itself as the ACW observed in the ice-
ocean-atmosphere system [White and Peterson, 1996]. It
has also been argued that the ACW may be a combina-
tion of zonal wave numbers 2 and 3 each having different
spatial and temporal characteristics [Venegas, 2003]. The
importance of the ACW in Antarctic atmospheric and
oceanic interannual variability has also been questioned.
An analysis of climate variables found that the eastward
propagating wave explained only about 25% of the
variability, its amplitude rapidly dissipated, and it was
unable to complete its entire circumpolar journey [Park et
al., 2004].
[36] More recently, the influence of atmospheric zonal

wave 3 on Antarctic sea ice variability has been examined
[Raphael, 2007]. The sectors that show a positive correla-
tion between wave 3 and sea ice variability are the Ross and
Weddell seas and north of the Amery ice shelf (middle of
our Indian Ocean sector) particularly during the autumn and
winter months. Unfortunately, there is no clear wave 3
pattern in the changes observed here in either the ice extent
trends or the changes observed in the trends between the 20-
and 28-year periods.
[37] The fact that the ice extent trends for the Weddell,

Indian, and western Pacific sectors are not particularly
significant (none have R values greater than 1.35) may
explain why the zonal wave patterns do not provide a
consistent explanation. The degree to which trend signifi-
cance plays a role here is unknown, but one would expect
that the stronger the signal the easier it would be to find an
association.
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[38] Finally, the question of why the Southern Ocean as a
whole has an increasing ice cover under warming atmo-
spheric and oceanic conditions has been addressed by
Zhang [2007] on the basis of a modeling study. The
suggested mechanism involves reduced convective over-
turning in the ocean beneath the ice and hence reduced
ocean heat flux available to melt ice, resulting in an overall
increase in ice extent and volume. This, though, does not
explain the regional differences observed, and thus the
question of what is driving the observed changes remains

unanswered, and the physical mechanisms explaining these
changes remain to be determined.
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Figure 16. Twenty-eight-year sea ice area trends by month for all five sectors and for the Southern
Hemisphere.

Table 3. Yearly Trends of Sea Ice Extent and Sea Ice Area for Both the 20-Year Period Previously Studied [Zwally et al., 2002] and the
28-Year Period Reported Herea

Sector

Sea Ice Extent 20-Year Trend Sea Ice Extent 28-Year Trend Sea Ice Area 20-Year Trend Sea Ice Area 28-Year Trend

103 km2 a!1 (R)
Percent
Decade!1 103 km2 a!1 (R)

Percent
Decade!1 103 km2 a!1 (R)

Percent
Decade!1 103 km2 a!1 (R)

Percent
Decade!1

SH 10.95 ± 6.95 (1.58) 0.96 ± 0.61 11.5 ± 4.6 (2.50) 1.0 ± 0.4 10.4 ± 6.4 (1.63) 1.2 ± 0.7 10.0 ± 4.0 (2.50) 1.2 ± 0.5
Weddell 3.9 ± 9.20 (0.42) 0.92 ± 2.19 3.3 ± 5.6 (0.59) 0.8 ± 1.4 1.6 ± 7.4 (0.22) 1.0 ± 2.2 2.1 ± 4.5 (0.47) 0.6 ± 1.4
Indian !0.52 ± 4.51 (0.12) !0.28 ± 2.45 3.5 ± 2.6 (1.35) 1.9 ± 1.4 !1.3 ± 3.9 (0.33) !9.4 ± 2.9 2.2 ± 2.3 (0.96) 1.7 ± 1.7
W. Pacific 3.30 ± 3.68 (0.90) 3.13 ± 3.14 1.6 ± 2.2 (0.73) 1.4 ± 1.9 4.7 ± 2.7 (1.74) 5.9 ± 3.3 2.4 ± 1.7 (1.41) 3.1 ± 2.1
Ross 17.60 ± 7.56 (2.33) 6.45 ± 2.77 11.4 ± 4.6 (2.48) 4.4 ± 1.7 14.4 ± 6.1 (2.36) 6.9 ± 2.9 8.9 ± 3.6 (2.47) 4.4 ± 1.8
Bellingshausen/
Amundsen

!13.29 ± 5.26 (2.53) !9.18 ± 3.63 !8.3 ± 2.9 (2.86) !5.4 ± 1.9 !9.0 ± 4.1 (2.20) !8.8 ± 4.0 !5.6 ± 2.2 (2.55) !5.2 ± 2.1

aBoth are given as 103 km2 a!1 and as % decade!1. R is the ratio of the absolute value of the trend to its standard deviation. Assuming a null hypothesis
of zero trend and 26 degrees of freedom, R values in bold indicate a statistical significance of 95%; values in italicized bold indicate a significance level
of 99%.
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