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Abstract. In sharp contrast to the decreasing sea ice cov-l Introduction
erage of the Arctic, in the Antarctic the sea ice cover has,
on average, expanded since the late 1970s. More specifi- . - :
cally, satellite passive-microwave data for the period Novem-sea ice spreads over millions of square kilometers of the

ber 1978-December 2010 reveal an overall positive trenqSOUthern Ocean at aI_I tlme§ of the year .and over an area
in ice extents of 17 100+ 2300 Kyr—L. Much of the in- arger than the Antarctic continent in the midst of the austral

crease, at 13700+ 1500 Kyr—1, has occurred in the re- winter, with February typically the month of minimum ice

gion of the Ross Sea, with lesser contributions from theCOVerage and September typically the month of maximum
! é;ce coverage (Fig. 1). The ice hinders exchanges between the

Weddell Sea and Indian Ocean. One region, that of th L
Bellingshausen/Amundsen Seas, has (like the Arctic) in.ocean and atmosphere, reflects solar radiation back to space,

stead experienced significant sea ice decreases, with an ovdr- " obstac[e to ship Fravgl, and has numerous |mpacts.on
all ice extent trend 0f-8200+ 1200 krdyr—1. When exam- plant and animal species in the Southern Ocean (e.g., Ain-

ined through the annual cycle over the 32-yr period 1979_Iey et al., 2003; Parkinson, 2004). As an integral component

2010, the Southern Hemisphere sea ice cover as a whole e%—f the climate system, the sea ice cover both affects and re-

perienced positive ice extent trends in every month, rang- ects changes in other climate components, hence making it
ing in magnitude from a low of 9100+ 6300 Ryr—? in of particular interest that the Antarctic sea ice cover has not

February to a high of 24700 + 10000 Ryr—1 in May. The experienced the prominent decreases witnessed over recent

Ross Sea and Indian Ocean also had positive trends in eaé:Hecades in the Arctic sea ice cover (Parkinson and Cavalieri,

month, while the Bellingshausen/Amundsen Seas had negaz-oo& Cavalieri and Parkinson, 2008.)' . o

tive trends in each month, and the Weddell Sea and wester Unfort_unately, the record of sea Ice 1S quite mcor_nplete
Pacific Ocean had a mixture of positive and negative trends.ortany t|m;ahprr|10r tﬁ the dl??Os, ?;f n Ilarge pgrt o |tst re—d
Comparing ice-area results to ice-extent results, in each ca 0 (lenekss,f € hars! csn ! |onsfo N potalrenqunm?rr: »an
the ice-area trend has the same sign as the ice-extent tren € lack of convenient means Tor remotely sensing the ice

but the magnitudes of the two trends differ, and in some casegﬁbth?t t'mfe' Irr great gont_rast, smtf:(ihtheblatte 1970ds’ (;[hef d'ﬁ"
these differences allow inferences about the correspondin foution of polar sea ICe 1S one of the best recorded of a
limate variables. The reason is the ease of distinguishing

changes in sea ice concentrations. The strong pattern of de-" " f liquid water i tellit . . b
creasing ice coverage in the Bellingshausen/Amundsen Seatd |ct_e rom quIZ Wﬁ ertlnlsalg8|3e pajia/e-mlcrowa;{e 0b-
region and increasing ice coverage in the Ross Sea region pervations (e.9., Zwally etal., ) and the near-continuous

suggestive of changes in atmospheric circulation. This is Jresence of at least one operating satellite passive-microwave
key topic for future research Instrument 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 Arc-
tic 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., Parkin-
son et al., 1999; Meier et al., 2007), as expected in light
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cell size of 25¢25 km. These ice concentrations are then used
S NN to calculate sea ice extents (summed areas of all grid cells in
7y the region of interest having at least 15 % sea ice concen-
tration) and sea ice areas (summed products of the grid cell
. areas times the ice concentrations for all grid cells in the re-
\ gion of interest having at least 15 % sea ice concentration).
7 Details on the merging of the SMMR and SSMI records can
— be found in Cavalieri et al. (1999), and details on the merg-
’ 5 ing of the SSMI and SSMIS records, taking advantage of the
full year of data overlap in 2007, can be found in Cavalieri et
Fig. 1. Maps of Southern Hemisphere February and September seal. (2012). Explanation for the 15 % threshold can be found
ice concentrations, averaged over the years 1979-2010, as derivéd Parkinson and Cavalieri (2008).
from SMMR, SSMI, and SSMIS satellite observations. Ice extents and ice areas were averaged for each day of
available data, with missing data filled in by spatial and tem-

of Arctic warming (ACIA, 2005), and, at a markedly lesser poral interpolation, and these daily averages were combined
7 - L ; to monthly, seasonal, and yearly averages. To obtain long-
rate, a less expected increasing Antarctic sea ice coverage
(e.g., Stammerjohn and Smith, 1997: Zwally et al., 2002). In erm trends for the monthly results, the seasonal cycle was
2008, these trends were detailed regionally and hemispherilr-aetr:;(;vbe d sf)l}/b(t:rraegti?g ]:”rn o?;]tzgcﬂei\ggit\l/?gjélw rzg::tx\ll eraeVZ?:;u(;
cally for the period November 1978 through December 2006 y 9 y 9

by Parkinson and Cavalieri (2008) for the Arctic and by Cav- Lheer ﬁgg@éﬁ%ﬁrfotLthta_m?g:/her(gr’;)n :[I'hheisC:)slli vc\)/; I:lhog/errr:)-_
alieri and Parkinson (2008) for the Antarctic. With four ad- ’ y 9€)- P

" : cedure in Parkinson et al. (1999) and subsequent works.
ditional years of data analyzed, we are now updating those | . . i
results through 2010, doing so for the Antarctic in this pa- Lines of Imegr least squares fit were calculated for the
O . o monthly deviation data and for the yearly, seasonal, and
per and for the Arctic in a companion paper (Cavalieri and L
Parkinson, 2012). monthly averages. Standard deviations of the slopes of thgse
! lines were calculated based on Taylor (1997), and a rough in-
dication of whether the trends are statistically significant as
2 Data non-0 was determined by calculating the rakiof the trend
to its standard deviation, identifying a trend as significant at
This study is based on satellite passive-microwave data frona 95 % confidence level iR exceeds 2.04 and significant at
the Scanning Multichannel Microwave Radiometer (SMMR) a 99 % confidence level R exceeds 2.75. This is essentially
on NASA's Nimbus 7 satellite, the Special Sensor Microwave using a two-tailed t-test with 30 degrees of freedom (2 less
Imager (SSMI) on the F8, F11, and F13 satellites of the De-than the number of years). It gives a useful suggestion of the
partment of Defense’s Defense Meteorological Satellite Pro+elative significance of the slopes, although, like other tests
gram (DMSP), and the Special Sensor Microwave Imagerof statistical significance, is imperfect in its application to the
Sounder (SSMIS) on the DMSP F17 satellite. Nimbus 7 wasreal world (e.g., Santer et al., 2000), where the assumptions
launched in late October 1978, and the SMMR instrumentunderlying the tests are rarely satisfied in full.
obtained data every other day for most of the period from As in Cavalieri and Parkinson (2008) and earlier studies,
26 October 1978 through 20 August 1987. The first SSMiresults are presented for the following five regions of the
was launched on the DMSP F8 satellite in June 1987, andouthern Ocean: Weddell Sea (60° W-20° E, plus the small
the sequence of F8, F11, and F13 SSMils collected data oncean area between the east coast of the Antarctic Peninsula
a daily basis for most of the period from 9 July 1987 to the and 60° W), Indian Ocean (20—90° E), western Pacific Ocean
end of 2007, after which the F13 SSMI began to degrade(90-160° E), Ross Sea (160° E-130° W), and the combined
The F17 SSMIS was the second SSMIS in orbit and wasBellingshausen and Amundsen Seas (130-60° W) (Fig. 2).
launched in November 2006, with a daily data record begin-
ning in mid-December 2006. In this paper, we use SMMR
data for the period November 1978-July 1987, SSMl datafor3 Results
August 1987-December 2007, and SSMIS data for January
2008-December 2010. These data are archived at and avat-1 Sea ice extents
able from the National Snow and Ice Data Center (NSIDC)
in Boulder, Colorado. 3.1.1 Southern Hemisphere total
The SMMR, SSMI, and SSMIS data are used to calcu-
late ice concentrations (percent areal coverages of ice) witlrigure 3 presents plots of Southern Hemisphere monthly av-
the NASA Team algorithm (Gloersen et al., 1992; Cavalieri erage sea ice extents and monthly deviations for the period
et al., 1995), and the ice concentrations are mapped at a gridovember 1978-December 2010 and yearly and seasonal

<12%
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In view of the large seasonal cycle, the plot of monthly av- Fig. 3. (a) Monthly average Southern Ocean sea ice extents for
erages is dominated by this cycle (Fig. 3a). However, wherNovember 1978 through December 2010, with an inset showing the
the seasonal cycle is removed, in the monthly deviationsaverage annual cycle, calculated from SMMR, SSMI, and SSMIS
the existence of an upward trend becomes clear, with a possatellite data(b) Monthly deviations for the sea ice extents of part
itive slope of 17100+ 2300 kFryrfl statistically signifi- a, with the line of least squares fit through the data points and its
cant at the 99 % confidence level, for the period NovemberS/0P€ and standard deviatioft) Yearly () and seasonally aver-
1978-December 2010 (Fig. 3b) ,This slope has increase ged sea ice extents, 1979-2010, with the corresponding lines of

1 east squares fit. The summer (Su), autumn (A), winter (W), and
from the 1110042600 k?nyr trend reported by Cava- spring (Sp) values cover the periods January—March, April-June,

lieri and Parkinson (2008) for the monthly deviations for July—September, and October-December, respectively.

the shorter period November 1978—December 2006, and in-

deed the highest deviations in the 32-yr record are within the

newly added last 4 yr of the data set (Fig. 3b). much higher standard deviation for the slope of the yearly av-
The slopes of the lines of linear least squares fit througherages versus the slope of the monthly deviations reflects the

the yearly and seasonal ice extent values plotted in Fig. 3cfar smaller number of data points (32 yr versus 386 months).

for the Southern Hemisphere total, are presented in Table 1,

as are the corresponding slopes for each of the five analysis Seasonally, the slopes for all four seasons are pos-

regions. For the yearly averages, the Southern Hemisphergive, with the largest slope being for autumn, at

slope is 17500+ 4100kfyr—! (1.5+£0.4 % decade") (Ta-  23500+8900 krAyr—1, and the smallest slope being for

ble 1), increased from a slope of 11500 +460Gkmr! for ~ summer, at 13800+ 7700 Kyr—1 (Table 1). For every sea-

the shorter period ending in December 2006 (Cavalieri andson, the slopes have increased with the addition of the 2007—

Parkinson, 2008) and within 3 % of the slope for the monthly 2010 data (Table 1 versus Cavalieri and Parkinson, 2008).

deviations, which have a somewhat smaller slope in part beOn a percent per decade basis, the largest seasonal slope is

cause of including at the start of the record the initial monthsfor summer, at 3.6 +2.0 % decadle(Table 1).

of November and December 1978, both of which have ice

extent values above the line of least squares fit (Fig. 3b). The
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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 Hemispher
as a whole and in each of the five regions delineated in Fig. 2, for the period 1979-R @l €he ratio of the magnitude of the slope to

the standard deviation; in thR 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 18 km2yr—1 R  %decade? 103km2yr—1 R  %decade? 103km2yr—1 R %decadel
Southern Hemisphere 17.5+4.14.28 15+04 13.8+7.7 1.79 3.6+2.0 23.5+£8.92.63 2.4+0.9
Weddell Sea 52+45 117 12+1.1 12.6+£5.2.21 9.3%+4.2 10.1+6.2 1.64 29+18
Indian Ocean 5.8+2.2 2.59 3.2x1.2 26+x16 162 9.2+57 50+x29 175 41+23
Western Pacific Ocean 06+1.8 0.32 0.5+15 29+2.0 146 6.7+4.6 3.0+2.1 145 28x1.9
Ross Sea 13.7+3.6 3.81 52x14 10.0+4.8 2.08 10.9+5.3 145+5.1 2.85 5.7+2.0
Bellingshausen /Amundsen Seas —-7.8+2.5 3.17 —-51+16 —143+26 557 -16.5+3.0 —-9.2+34 2.70 —6.7+25
Winter Spring

Region 1 km2yr—1 R  %decade? 103km2yr-1 R  %decade?

Southern Hemisphere 14.2+5.12.81 0.8+0.3 18.6+6.2 2.98 1.3+04

Weddell Sea -0.2+6.2 0.04 -0.0t1.0 —-13+6.6 020 -0.2+1.2

Indian Ocean 6.5+3.9 1.66 21+13 9.1+4.12.24 3.5%16

Western Pacific Ocean —-19+31 063 -1.1%x17 —-16+26 061 -1.1+18

Ross Sea 12.5+45 2.79 3.3x1.2 17.6+5.1 3.48 55+16

Bellingshausen/Amundsen Seas -2.6+4.1 0.65 -1.2+1.9 —52+46 112 -29+26

3.1.2 Regional results On a monthly basis, the Ross Sea has positive trends of

at least 7000 krhyr—1 in each month, and the Indian Ocean
Figure 4 presents monthly deviation plots for each of has positive trends in each month, although consistently of
the five Antarctic sea ice analysis regions of Fig. 2, as|esser magnitude than those in the Ross Sea (Fig. 5). The
well as for the total. For this five-part regional sectoring, Bellingshausen/Amundsen Seas region has negative trends
the western Pacific Ocean shows no Significant trend, then each month, a|th0ugh much more so in summer than in
Weddell Sea, Indian Ocean, and Ross Sea all have posyinter; the Weddell Sea has positive trends for each month
itive trends, and the Bellingshausen/Amundsen Seas rejanuary—June and a mixture of positive and negative trends
gion has a negative trend, with the highest magnitudefor the rest of the year, with near-0 values in July, August, and
trend being the 13700+1500 Kyr—* positive trend for  September. The western Pacific Ocean has positive trends in
the Ross Sea and the second highest magnitude trenghe first half of the year and predominantly negative trends
being the —8200+1200kmyr—! negative trend for the in the second half, although with no trend of magnitude as
Bellingshausen/Amundsen Seas (Fig. 4). The trends for th@jigh as 5000 kryr—! (Fig. 5). The net result is a South-
Ross Sea, Bellingshausen/Amundsen Seas, and Indian Oceafh Hemisphere sea ice cover with positive 32-yr sea ice ex-
are all statistically significant at the 99 % confidence level, tent trends in every month of the year, ranging in magnitude
while the trend for the Weddell Sea is statistically significant from a low of 9100 + 6300 krhyr— in February to a high of

at the 95 % confidence level. 24700+ 10000 krayr—1in May (Fig. 5).
The Ross Sea has positive trends in each season,

with its highest seasonal trend being in spring, at3.2 Seaice areas

17600 +5100krAyr—1, and its lowest seasonal trend be-

ing in summer, at 10000+4800Kwr—! (Table 1). 3.2.1 Southern Hemisphere total

In the opposite direction, the Bellingshausen/Amundsen

Seas region has negative trends in each season, rangingjgureS 6—8 and Table 2 present for sea ice areas the corre-
in magnitude from—2600+4100krAyr—1 in winter to sponding information to what is presented in Figs. 3-5 and
—14:300 + 2600 krAyr—1 in summer (Table 1). Like the Ross Table 1 for ice extents. In all instances, ice areas are neces-
Sea, the Indian Ocean has positive ice extent trends in each@rily lower than or equal to ice extents, with equality only
season, although the magnitudes are consistently lower tha#Pming in cases of no ice cover or complete, 100 % ice cov-
those in the Ross Sea, both on a3y ! basis and on €rage.

a%decade! basis. The Weddell Sea and western Pacific 1he hemispheric ice area monthly averages (Fig. 6a) show
Ocean both have small, statistically insignificant negativethe same basic seasonal cycle as the ice extent monthly av-
trends in winter and spring and higher magnitude positive€rages (Fig. 3a), although with lower values. For the ice
trends in summer and autumn, with positive but statisticallyareas, the 32-yr average seasonal cycle has values rang-

insignificant trends for the yearly averages (Table 1). ing from 20 ><_106 km_z in February to 14 x 10° km? in
September (Fig. 6a inset). The ice area monthly deviation

The Cryosphere, 6, 871880, 2012 www.the-cryosphere.net/6/871/2012/
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Fig. 4. Sea ice extent monthly deviation plots, November 1978 through December 2010, calculated from SMMR, SSMI, and SSMIS satellite
data, for the following regions and hemispheric tofal) Weddell Sea(b) Indian Ocean(c) western Pacific Ocearfd) Ross Sea(e)
Bellingshausen/Amundsen Seas, &)douthern Hemisphere as a whole.

plot has some visually noticeable differences from the ice3.2.2 Regional results
extent monthly deviation plot, and the slope of the ice area
trend line is somewhat lower than that for the ice extents, beRegionally, the basic qualitative results remain largely the
ing 14 900 + 2100 krhyr— (Fig. 6b versus Fig. 3b). Asisthe same for ice areas as for ice extents. Specifically, the 32-yr
case for ice extents, the last 4 yr of the data set contain withince area monthly deviation trends are positive for the Wed-
them the highest monthly deviations of the entire data setde|| Sea, Indian Ocean, and Ross Sea, and are negative for
with the result that the ice area trend has increased over thghe Bellingshausen/Amundsen Seas, with the highest magni-
9600 + 2400 kmyr~* trend reported in Cavalieri and Parkin- tude slope being the positive slope for the Ross Sea and the
son (2008) for November 1978—-December 2006. second highest magnitude slope being the negative slope for
As with the ice extents, the sea ice area trends for thehe Bellingshausen/Amundsen Seas (Fig. 7). One difference
Southern Hemisphere are positive in each season and for thjg that the positive slope for the ice area monthly deviations
yearly average, with the highest magnitude ice area seasongr the western Pacific Ocean is statistically significant at the
trend being for autumn, at 25800+ 8300%yn—* (Table 2). 959 level, versus the statistically insignificant positive slope
The lowest magnitude seasonal trend for ice areas, howevefyr the ice extent monthly deviations. The western Pacific
is for spring rather than for summer (Table 2 versus Table 1) Ocean, which has by far the lowest of the six slopes in both
Furthermore, for summer, winter, and spring, the ice areahe ice area and ice extent cases, is the only one of the five
trend has lower magnitude than the ice extent trend, whereaggions that has a higher slope for the ice area monthly de-
for autumn the ice area trend has higher magnitude than thejations than for the ice extent monthly deviations (Figs. 4
ice extent trend (Tables 1 and 2). The autumn situation, withand 7).
ice area increasing faster than ice extent, implies that the au- Monthly trends for ice areas (Fig. 8) also show many sim-
tumn ice cover had a trend toward increasing ice concenilarities with the monthly trends for ice extents (Fig. 5), in-
tration overall for the 1979-2010 period. On a % decdde cluding positive trends for every month for the Indian Ocean
basis, the greatest seasonal ice area slope is for summer, atd Ross Sea and negative trends (some near 0) for every
4.6 +2.4% decade' (Table 2). month for the Bellingshausen/Amundsen Seas. The magni-
tudes differ, however, with generally lower magnitude ice
area slopes (versus ice extent slopes) in the Ross Sea, Indian

www.the-cryosphere.net/6/871/2012/ The Cryosphere, 6, 8886, 2012
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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 Hemispher
as a whole and in each of the five regions delineated in Fig. 2, for the period 1979-R@lthe ratio of the magnitude of the slope to

the standard deviation; in th 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 16 km2yr-1 R  %decade! 103km2yr—1 R  %decade!l 103km2yr—1 R  %decade?
Southern Hemisphere 15.3+3.44.44 1.8+0.4 11.4+58 1.95 46+2.4 25.8+8.33.11 35+1.1
Weddell Sea 44+36 121 1.3+1.1 11.3+4.8@.45 11.7+4.8 9.4+52 181 3.3+1.8
Indian Ocean 4.2+2.0 2.09 3.2+15 15+1.1 1.39 9.4+6.7 3.9+25 1.58 4.4+28
Western Pacific Ocean 14+1.3 1.09 1.8+1.7 3.0+15 2.00 11.9+5.9 3.6+2.07 5.1+24
Ross Sea 10.9+2.9 3.81 54+1.4 6.3+3.2 1.95 11.8+6.1 14.1+4.53.12 7.0+2.3
Bellingshausen/Amundsen Seas —-5.6+1.9 2.97 -51+1.7 —-10.7+2.0 531 -18.6+35 —-5.3+2.6 203 -56+28
Winter Spring

Region 16 km2yr—1 R %decadel 103km2yr-1 R %decadel

Southern Hemisphere 13.1+4.33.04 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 —-29+6.2 047 -0.7%15

Indian Ocean 53+35 1.48 2.2+15 6.0+35 1.72 3.3+1.9

Western Pacific Ocean —-0.6+25 026 -05+20 -0.1+18 0.07 -0.1+2.0

Ross Sea 10.0+3.9 2.55 3.3+1.3 13.2+4.1 3.20 55+1.7

Bellingshausen /Amundsen Seas —1.5+3.2 047 —-1.0%2.1 -5.1+33 155 —-3.9+25

The Cryosphere, 6, 871880, 2012 www.the-cryosphere.net/6/871/2012/
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Ocean, and Bellingshausen/Amundsen Seas. The WeddeW
Sea and western Pacific Ocean have a more mixed pattern,
both in the sign of the slope and in how the ice area and ice
extent slopes differ (Figs. 5 and 8). In the western Pacific
Ocean, the yearly, summer, and autumn slopes are positi
with higher slopes for the ice area than the ice extent. Thi
suggests increased ice concentration in the summer, autum
and on a yearly average basis, although without a high leve

of statistical significance (Tables 1 and 2).

4 Discussion

Vi
S

has also been reported in the Arctic and to the broader phe-
nomenon of global warming (e.g., ACIA, 2005).

In the Antarctic case, the sea ice decreases in the region of
the Bellingshausen/Amundsen Seas can also be tied to warm-
ing, as they have occurred in conjunction with marked warm-
ing in the Antarctic Peninsula/Bellingshausen Sea vicinity,
likely caused (at least in part) by large-scale atmospheric cir-
culation changes (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 con-
siderable uncertainty about temperature trends in much of
the Antarctic outside of the well-documented Peninsula re-
gion, 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 examined in
connection with other Earth-system phenomena, such as the
El Nifio-Southern 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 Weddell Sea in an El flb year, and vice versain a
La Nifha 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),
is pattern appears associated with decadal changes 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 Nio occurred with a negative SAM in-
dex and when a La Na occurred with a positive SAM in-
Sex. Notably, however, the connections between sea ice and
hhe ENSO and SAM are “not as consistent over time” in the
Pther regions of the Antarctic sea ice cover (Stammerjohn et
al., 2008).

Thompson and Solomon (2002) explain the warming of
the Antarctic Peninsula region and the apparent cooling
of much of the rest of Antarctica by connection with a
trend toward a strengthened circumpolar flow in the sum-
mer and fall, with the tropospheric trends traced to trends

The upward trends in sea ice extents and areas reported heire the polar vortex of the lower stratosphere. As these lat-
for the Southern Hemisphere are in sharp contrast to the sitter trends are thought to be largely due to Antarctic ozone
uation in the Arctic, where downward trends have been re-depletion, this creates a possible connection between the
ported since the late 1980s (Parkinson and Cavalieri, 1989pattern of sea ice changes and human-caused stratospheric
and have become stronger over time (Johannessen et abzone depletion (Thompson and Solomon, 2002). Shindell
1995; Parkinson et al., 1999; Meier et al., 2007; Comiso etand Schmidt (2004) also connect the cooling over much of
al., 2008; Cavalieri and Parkinson, 2012). The sea ice deAntarctica to ozone changes and the SAM, but they do not

creases in the Arctic are readily tied to the warming that
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explicitly further connect these changes to the pattern of se®eferences
ice changes.
In a paper focused on the contrast between the sea ice de- o .
creases in the Bellingshausen/Amundsen Seas and increasg§/A: Arctic Climate Impact Assessment, Cambridge, UK, Cam-
in the Ross Sea (as in Figs. 4 and 7), Turner et al. (2009) also, . bridge University Press, 1042 pp., 2005,

. . . Ainley, D. G., Tynan, C. T., and Stirling, I.: Sea ice: A critical habi-
like Thompson and Solomon (2002), tie this pattern to strato- tat for polar marine mammals and birds, in: Sea Ice: An Intro-

spheric ozone dgp!euon. In the Turner etal. (200_9) Paper, & qyction to Its Physics, Chemistry, Biology, and Geology, edited
key mechanism is increased cyclonic atmospheric flow over . Thomas, D. N. and Dieckmann, G. S., Oxford, Blackwell
the Amundsen Sea, bringing warm air from the north overthe  gcjence, 240-266, 2003.

Bellingshausen Sea and cold air from the south over the Rossavalieri, D. J. and Parkinson, C. L.: Antarctic sea ice variabil-
Sea. Increased cyclonic flow would indeed thereby provide ity and trends, 1979-2006, J. Geophys. Res., 113, C07004,
a persuasive explanation of the pattern of sea ice changes. doi:10.1029/2007JC004562008.

Connecting the increased Cyc|0nic flow to the human_cause@:ava”eri, D. J. and Parkinson, C. L.: Arctic sea ice variability and
ozone depletion is model-based and less certain. The paper rénds, 1979-2010, The Cryosphere, 6, 881-88810.5194/tc-
concludes that “the observed sea ice increase might still be 6-881-20122012.

within the range of natural climate variability” (Turner et al., Cavalieri, D. J., St_‘ Germain, K". and SW'ft.' C. T REdUC.t'cm c.)f
2000) weather effects in the calculation of sea ice concentration with

deli d ificall dd . he i the DMSP SSM/I, J. Glaciol., 44, 455-464, 1995.
In a modeling study specifically addressing the issue OfCavaIieri, D. J., Parkinson, C. L., Gloersen, P., Comiso, J. C., and

whether the ozone hole has contributed to increased Antarc- zyqly, H. J.: Deriving long-term time series of sea ice cover
tic sea ice extent, Sigmond and Fyfe (2010) conclude that from satellite passive-microwave multisensor data sets, J. Geo-
it has not. In fact, their climate model simulates that strato- phys. Res., 104, 15803-15814, 1999.
spheric ozone depletion would lead to a decrease in Antarcti€avalieri, D. J., Parkinson, C. L., DiGirolamo, N., and Ivanoff, A.:
seaice, and hence they conclude that the observed increase inintersensor calibration between F13 SSMI and F17 SSMIS for
Antarctic sea ice extent must be caused by something other global sea ice data records, IEEE Geosci. Remote Sensing Lett.,
than ozone depletion. 9, 233-236, 2012.

In sum, while the changes in sea ice extent and area iiFomiso, J. C Rarkmson,_C. L., C_;ersten, R., and Stock, L.: Acceler-
the Antarctic since the late 1970s are well documented, both ated declln_e In the Arctic sea ice cover, Geophys. Res. Lett,, 35,

. . . . . L01703,d0i:10.1029/2007GL031972008.

hemispherically (Figs. 3 and 6) and regionally (Figs. 4, 5, 7,C

d h h I b . hei omiso, J. C., Kwok, R., Martin, S., and Gordon, A. L.: Variability
and 8), through satellite observations, their causes are not yet and trends in sea ice extent and ice production in the Ross Sea, J.

fully understood. The Earth’s climate system is notably com- Geophys. Res., 116, C04021ni:10.1029/2010JC006392011.

plex, with numerous nonlinear feedbacks; and hence climates|oersen, P., Campbell, W. J., Cavalieri, D. J., Comiso, J. C., Parkin-
change is continually inducing varied responses in different son, C. L., and Zwally, H. J.: Arctic and Antarctic Sea Ice, 1978—
regions. Fortunately, the observational data base continues to 1987: Satellite Passive-Microwave Observations and Analysis,
grow, and models and data analyses continue to mature, so Washington, DC, National Aeronautics and Space Administra-
that eventually the connections between the changes in the tion, 290 pp., 1992.

Antarctic sea ice coverage and the changes in the rest of th€00sse, H., Lefebvre, W., de Montety, A,, Crespin, E., and Orsi, A.
global system (atmosphere, oceans, land, ice, and biosphere)_"": Consistent past half_-century trends _|n the atmosphere, the sea
should be explained, as future studies reveal more of the de- '¢¢ @nd the ocean at high southern latitudes, Clim. Dynam., 33,

tails of the ongoing Earth-system changes and their intercons, 225 +0+6A0i:10.1007/500382-008-0500-2008.
nections going y 9 Hall, A. and Visbeck, M.: Synchronous variability in the Southern

Hemisphere atmosphere, sea ice, and ocean resulting from the
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