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Variability of Antarctic Sea Ice and
Changes in Carbon Dioxide

H. Jay Zwally, C. L. Parkinson, J. C. Comiso

The possible consequences of a CO,-
induced warming of the atmosphere have
been examined extensively (/-6), leading
to considerable interest in detecting ear-
ly climatic changes that may be caused
by increases in CO, or other anthropo-
genic trace gases (7, 8) in the atmo-

duction in sea ice cover, and the extent
of sea ice is an important variable to
observe and analyze.

Although the sensitivity of antarctic
sea ice to a change in atmospheric tem-
perature is not well known, an empirical
analysis at one location suggests a sensi-

Summary. A definitive long-term decrease in the extent of antarctic sea ice is not
detectable from 9 years (1973 to 1981) of year-round satellite observations and
limited prior data. Regional interannual variability is large, with sea ice decreasing in
some regions while increasing in others. A significant decrease in overall ice extent
during the mid-1970’s, previously suggested to reflect warming induced by carbon
dioxide, has not been maintained. In particular, the extent of ice in the Weddell Sea
region has rebounded after a large decrease concurrent with a major oceanographic
anomaly, the Weddell polynya. Over the 9 years, the trends are nearly the same in all
seasons, but for periods of 3 to 5 years, greater winter ice maxima are associated with
lesser summer ice minima. The decrease of the mid-1970’s was preceded by an
increase in ice extent from 1966 to 1972, further indicating the presence of cyclical
components of variation that abscure any long-term trends that might be caused by a

warming induced by carbon dioxide.

sphere. Modeling studies suggest that a
COs-induced climatic change would in-
clude a polar warming several times the
global average warming (9), which has
been variously estimated to be from 1 to
4 K for a doubling in CO, (5, 9-12).
Hence, the predicted change in polar
atmospheric temperature is large and a
response to increased CO, may be no-
ticeable in the polar regions earlier than
in the tropics or mid-latitudes (I, 11).
However, there are suggestions that the
natural variability is larger in the polar
regions and the signal-to-noise ratio low-
er than in the mid-latitudes (/3). In any
event, the predicted amplification of the
atmospheric temperature response in po-
lar regions is largely dependent on the
change in albedo resulting from the re-
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tivity of the meridional ice extent as
large as 2.5 degrees of latitude per Kel-
vin (/4). This sensitivity implies that a 1
K change in surface air temperature at
high latitudes would produce a change in
sea ice area of approximately 5 x 10°
km? (a 40 percent change in mean area,
or a change in the average meridional
extent of 275 km). Although other stud-

ies suggest that the sensitivity is general- -

ly not this great (15, 16), a very large
change in the extent of sea ice should
accompany an atmospheric temperature
change of the magnitude predicted for
CO, increases.

Recently, Kukla and Gavin (I7) re-
ported a decrease in the extent of antarc-
tic sea ice in summer of about 2.5 x 10°
km? and suggested that the decrease
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might reflect a CO,-induced warming of
the atmosphere. They did not, however,
find similar changes in sea ice or snow
cover in the Northern Hemisphere.
Thompson and Schneider (/8) concluded
that the significance of these and other
results is too small to proclaim detection
of a CO,-induced warming.

Since our present knowledge of the
natural variability of sea ice cover is
limited and since there are significant
regional differences in ice variations, fur-
ther analysis of possible trends in the
data is needed. In particular, the sugges-
tion by Kukla and Gavin (/7) of a long-
term decrease in the extent of summer
ice was strongly influenced by the mid-
1970’s decrease of sea ice in the vicinity
of the Weddell polynya (around 0°E).
Their suggestion was largely based on a
comparison with ship reports from the
1930’s in the South Atlantic between
60°W and 90°E. While 85 percent of the
ship-based observations of the ice edge
between 60°W and 90°E during 1929 to
1938 were north of the 1973-1980 mean
ice edge, only 58 percent of the other ice-
edge observations around the continent
were north of the recent mean. Further-
more, the 1973-1980 mean is not neces-
sarily representative of recent ice extent,
because recent data show that the mid-
1970’s decrease in the Weddell region
was temporary. On a longer time scale, 5
of the 11 observations of ice extent from
the 18th and 19th centuries reported by
Kukla and Gavin were less than the
mean ice extent for the 1970’s and six
were greater, suggesting comparable ice
extents during the two periods. Other
evidence from limited satellite observa-
tions (/9-21) in the 7 years before 1973
indicate that the total extent of antarctic
sea ice actually increased during those
years before decreasing in the mid-
1970’s. '

Our primary concern centers on the
variability of antarctic sea ice and on
whether the available data show a defi-
nite long-term trend. Clearly, the natural
variability of the ice cover must be con-
sidered in attempts to detect any long-
term trend attributable to a CO,-induced
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Fig. 1. Average ice
concentrations for
September 1974, as
derived from Nimbus
S passive microwave
data. The Weddell po-
lynya is visible at 0°E,
67°S.

climatic warming. Observed ice fluctua-
tions could be within the natural variabil-
ity of sea ice and unrelated to changes in
CO, or other anthropogenic trace gases.
In this article we compare two sources of
sea ice data from satellite observations
for 1973 to 1976, describe the regional
and interannual variability of the antarc-
tic sea ice from 1973 through 1981 on a
seasonal basis, and examine the data for
possible trends in ice extent.

We found that a definitive decrease in
antarctic sea ice is not detectable from 9
years of year-round satellite data (1973
to 1981) and limited prior data. Regional
variability in ice extent is large, with ice
decreasing in some regions while in-
creasing in others. In general, the extent
of ice in the southern ocean did decrease
substantially from 1973 through 1977,
but this decrease was partly a relaxation
from the increases in the preceding
years, and from 1977 through 1981 the
ice cover rebounded. Regionally, the
strong decrease in sea ice from 1973 to
1977 in the Weddell Sea was concurrent
with the formation of the Weddell polyn-
ya (Fig. 1), and since 1977 the ice extent
there has recovered to the 1973 level.
Changes in total ice extent occurred in
all seasons, but the similarity among
seasons depends on the time scale of the
comparison.

Sea Ice Extent and Concentration

Sea ice extent, which is defined as the
area of ocean at least 10 to 15 percent of
which is covered by ice, is widely used in

1006

describing sea ice coverage. The per-
centage of a given area of ocean covered
by ice is called the sea ice concentration.
Although various values of minimum sea
ice concentration (such as 10, 12, or 15
percent) are used to define ice extent,
the differences are not significant be-
cause the concentration usually in-
creases from 10 percent to more than 15
percent less than 10 km from the ice
edge. Furthermore, most methods of de-
termining sea ice concentration are less
accurate than these differences in defini-
tion.

A more meaningful parameter than ice
extent is the actual ice area, which is
obtained by excluding the area of open
water due to leads and polynyas. How-
ever, reliable data on ice concentration,
which is needed to calculate ice area, are
not as extensive as the data on ice ex-
tent. Although there are short-term dif-
ferences between variations in actual ice
area and variations in ice extent, the
trends of these two parametérs over 4
years of detailed analysis are very simi-
lar (22). Therefore, the longer record of
sea ice extent is adequate for analysis
of long-term variations in sea ice cover-
age.

As with other climatic parameters,
such as atmospheric temperature, sea ice
extent exhibits substantial interannual
variations that differ from one region to
another. Furthermore, increases in ice
coverage in one region are sometimes
compensated by decreases elsewhere
(22-25), and decreases during winter are
not necessarily followed by similar de-
creases during summer (25). Although

changes in atmospheric temperature and
circulation are related to changes in sea
ice cover (24, 26-28), the interactive
physical processes are complex and the
total response of sea ice to a specific
change in atmospheric temperature is
not well determined. Also, the sea ice
response may differ substantially from
one region to another because of regional
differences in the relative importance of
changes in atmospheric temperature, cir-
culation, oceanic parameters, and radia-
tion balance. Because some models (5,
11) indicate that a warming induced by
CO, should have seasonal characteris-
tics, corresponding seasonal differences
in sea ice changes may be expected (4,
17). Another potentially important sea-
sonal factor, for example, is that a spring
decay of the ice that is early by only
several weeks would significantly in-
crease the heat absorbed by the ocean
during the period when solar insolation is
approaching its annual maximum (29).
Increased heat in the upper layers of the
ocean could affect the ice cover in subse-
quent seasons. Consequently, it is im-
portant to examine the total variability of
the antarctic sea ice on a regional and
seasonal basis in an attempt to identify
consistent overall behavior or specific
behavior that can be related to changes
in the climatic system.

Data Sources

Microwave observations. Sea ice con-
centrations have been derived from the
Nimbus 5 electrically scanning micro-
wave radiometer (ESMR) with an esti-
mated accuracy of 15 percent (22, 30).
The ability to derive ice concentration
from passive microwave imagery stems
from the sharp contrast between micro-
wave emissivities for sea ice (0.80 to
0.95) and seawater (0.40) (3/). ESMR
data on microwave emissions at a 1.55-
cm wavelength have been acquired for
much of the time since the satellite was
launched in December 1972, but the data
obtained after 1976 are complicated by
instrument degradation, and several
months of data for both 1973 and 1975
are not available. In October 1978 a
scanning multifrequency microwave ra-
diometer (SMMR) was placed in orbit on
the Nimbus 7 satellite, and some SMMR
sea ice data have been mapped since that
time. Hence, since 1973 there has been
nearly continuous global coverage by
satellite instruments, but the data are not
of uniform quality. An atlas of antarctic
sea ice conditions from 1973 through
1976 has been constructed on the basis of
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the Nimbus 5 ESMR observations (22).

Figure 1 shows an example of ice
concentrations derived from the Nimbus
S ESMR for a typical winter month (Sep-
tember 1974) during a year when the
Weddell polynya existed. The mapping
procedure and the algorithm used to de-
rive ice concentration from the ESMR
brightness temperature and NCAR (Na-

tional Center for Atmospheric Research)
climatological air temperature data are
described elsewhere (30). The ice ex-
tents were obtained by summing the ar-
eas of all map elements (each roughly 30
by 30 km) containing calculated ice con-
centrations of at least 15 percent.

The Navy-NOAA maps. Since 1973
the Navy and the National Oceanic and

Southern ocean (all sectors)

Atmospheric Administration (NOAA)
have jointly been producing weekly
maps of ice coverage (32). The maps are
less definitive than the ice concentration
images derived from calibrated ESMR
data (33), but have the advantage of
being a complete sequence from the start
of 1973. These maps incorporate infor-
mation from various sources, including
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Fig. 2. Sea ice extents in each of the five sectors and over the total southern ocean, as derived from satellite observations for 1973 to 1981.
Continuous lines show areas determined from Navy-NOAA ice maps in the middle of each month; dashed lines show monthly averages derived
from the Nimbus 5 passive microwave data for 1973 to 1976.
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uncalibrated ESMR and SMMR data
that have been available on a near-real-
time basis. Other sources for the Navy-
NOAA maps, especially during spring
and summer; include ship reports and
satellite infrared data from the NOAA §
very high resolution radiometer and visi-
ble light data from Landsat (/6). At times
when current information was unavail-
able, data from previous weeks were
used, reducing the quality of the data
during those periods. Also, the data
tended to be of lesser quality in early
1973 because of greater reliance on inter-
polation over cloud-covered regions and
lesser reliance on the microwave data,
which are unaffected by cloud cover.
The Navy-NOAA maps were the major
data source for the study of Kukla and
Gavin (17).

An ice concentration cutoff of 12 per-
cent was initially used in the Navy-
NOAA maps to define the ice edge;
recently the cutoff has been 10 percent.
This is a slightly lower cutoff than the 15
percent used for the analysis of ESMR
data. However, the ice classification
scheme used for the Navy-NOAA maps
is normally subjective, and, especially
with satellite infrared and visible light
imagery, the difference between a 10
percent cutoff and a 15 percent cutoff is
probably insignificant. The ice edge con-
tours in the Navy-NOAA maps were
digitized for this study with an HP 9874A
digitizer monitored by an HP 9845C
computer. The coordinates of points (6
mm apart) along the contour lines of the
ice edge and areas of open water and
polynyas were measured. Polynyas larg-

Table 1. Nine-year mean extent of sea ice, parameters of linear fits, and estimated precision of
the data. The standard deviation of the slope is 3, and the standard deviation of the points about

the linear fit is 3,.

Slope

B By

Esti-
Mean Per- ma,ted
ice 1 06 cent 1 06 Clissrii)-n
Season area Kkm? of Km? Per- 106 Per- of
&?2) per I:f:; per cent km? cent data
year per year (per-
year cent)
Total southern ocean
Annual 11.8 -.27 -2.3 0.08 28 0.60 S 2.9
Winter 17.4 -.27 -1.5 0.12 46 0.95 5.4 5.8
Spring 15.0 -.25 -1.7 0.14 56 1.07 7.2 5.8
Fall 10.1 -.31 -3.1 0.09 28 0.68 6.7 5.8
Summer 4.6 -.27 -59 0.09 34 0.71 15.4 5.8
Weddell Sea sector
Annual 4.10 .004 0.1 0.065 1520 0.50 12.3 4.3
Winter 6.23 .026 0.4 0.084 319 0.65 10.5 8.7
Spring 5.43 .038 0.7 0.086 228 0.67 12.3 8.7
Fall 3.21 .003 0.1 0.060 1840 0.46 14.5 8.7
Summer 1.53 —.050 -3.3 0.059 117 0.46 29.9 8.7
Bellingshausen-Amundsen sector
Annual 1.67 —.035 -2.1 0.013 38 0.10 6.2 4.3
Winter 2.33 —.049 -2.1 0.023 47 0.18 7.7 8.7
Spring 1.91 -.029 -1.5 0.027 94 0.21 11.1 8.7
Fall 1.52 —.043 -2.8 0.022 52 0.17 11.4 8.7
Summer 0.91 -.018 -2.0 0.024 132 0.19 20.4 8.7
Ross Sea sector
Annual 2.75 —.14 -5.2 0.03 24 0.27 9.7 43
Winter 391 —.11 -2.8 0.05 46 0.39 10.1 . 8.7
Spring 3.21 -.17 -5.2 0.06 36 0.46 14.4 8.7
Fall 2.75 —-.16 -5.9 0.06 35 0:44 15.9 8.7
Summer 1.12 -.13 -11.6 0.04 30 0.30 26.7 8.7
Pacific Ocean sector
Annual 1.26 —.049 -3.8 0.010 22 0.08 6.4 4.3
Winter 1.80 —.084 -4.7 0.026 31 0.20 11.3 8.7
Spring 1.53 —.018 -1.2 0.026 142 0.20 13.2 8.7
Fall 1.16 -.070 -6.0 0.009 12 0.07 5.7 8.7
Summer 0.57 -.022 -3.8 0.012 55 0.09 16.0 8.7
} Indian Ocean sector
Annual 1.99 —.052 -2.6 0.025 48 0.19 9.8 4.3
Winter 3.17 —.048 -1.5 0.037 77 0.29 9.0 8.7
Spring 2.89 —.069 2.4 0.069 58 0.31 10.8 8.7
Fall 1.42 —.040 -2.8 0.040 75 0.23 16.5 8.7
Summer 0.48 —.050 -10.5 0.017 34 0.13 27.7 8.7
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er than about 60 by 60 km were not
included in the ice areas. The contours
were then reconstructed with the same
computer and the areas were determined
by using numerical integration. Map ar-
eas were normalized at 60° latitude and
corrected for elliptical distortion.

The sea ice areas calculated from the
Navy-NOAA maps afe not identical to
those calculated from ESMR data (Figs.
2 and 3). The procedure uséd by Kukla
and Gavin (I7) to digitize the Navy-
NOAA maps was somewhat different
from that described above, also resulting
in slightly different sea ice areas (Fig. 3).
In January and February 1973, when
antarctic mapping by thé Navy was be-
gun routinely, the Navy-NOAA ice areas
(mid-month) exceeded the ESMR-de-
rived areas (monthly averages) by about
10° km?. In general, the two sets of
values now agree much better, and both
sets show essentially the same trends.
Over the 4 years, the ESMR and Navy-
NOAA ice extents for the total southern
ocean differ by 2 percent in the mean of
the monthly values, and the standard
deviation of the differénces is 10 percent.
The average of the five standard devi-
ations for the individual sectors is 15
percent. Because the precision (standard
deviation of the error) of the ESMR
monthly values is about 2 percent (30),
the precision of the Navy-NOAA values
is approximately the standard deviation
of the difference from the ESMR values.
These estimates of the precision of the
Navy-NOAA values from the monthly
standard deviations are then divided by
V12 or V3 to obtain the respective
estimates of precision for the yearly and
seasonal ice areas shown in Table 1,
under the reasonable assumption that the
measurement errors are independent
from month to month.

Analysis of Sea Ice Area, 1973 to 1981

The interannual variability of sea ice
extent includes year-to-year variations,
short-term . variations (over several
years), and possible long-term trends
(extending over a decade and longer).
The interannual variability is examined
here for each season in five regions.
Summer (January, February, and
March) is defined to be centered around
the February sea ice minimum, winter
(July, August, and September) is near
the sea ice maximum, fall (April, May,
and June) is the time of the most rapid
growth, and spring (October, November,
and December) is the time of most rapid
decay. Because the season of ice growth
is longer than the season of ice decay,
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winter is centered about 1 month before
the ice maximum, which typically is in

September.

" To examine regional behavior, we di-
vided the southern ocean into five sec-
tors (Fig. 1), each characterized by cer-
tain regional oceanographic and meteo-
rological features. For example, the
Weddell sector (60°W to 20°E) is strongly
influenced by the topographic barrier of
the Antarctic Peninsula and the ocean
gyre in the Weddell Sea. The large area
of compact sea ice remaining east of the
peninsula each summer is related to
these features, as is perhaps the occa-
sional occurrence of the Weddell polyn-
ya in winter. In the Indian Ocean sector
(20°E to 90°E) and the Pacific Ocean
sector (90°E to 160°E), the continent
extends farther from the pole and the sea
ice retreats to the coast in many loca-
tions during summer. In the Ross Sea
sector (160°E to 130°W), the ocean ex-
tends closest to the pole and the ocean
circulation away from the ice shelf signif-
icantly influences the amount of open
water within the ice pack in front of the
shelf. The sector of the Bellingshausen
and Amundsen seas (130°W to 60°W) is
influenced by the continental configura-
tion of West Antarctica and the Antarc-
tic Peninsula, and in this sector a rela-
tively large ice cover is retained in sum-
mer.

Figure 2 shows the annual cycle of
antarctic sea ice area in each sector and
over all sectors for each year from 1973
through 1981. Differences in seasonal ice
extent at times other than the winter
maxima and summer minima are difficult
to discern, but regional differences are
evident. For the southern ocean, mini-
mum ice areas are indeed lower for the
last 3 years than for earlier years, but
maximum areas have increased consid-
erably in recent years from the 17 x 10°
km? value in 1977. Relatively large
amounts of ice in a given season do not
imply anomalously high values in suc-
ceeding seasons as well (25).

The primary annual cycle of growth
and decay has some interesting ampli-
tude and phase modulations. The indi-
vidual sectors also have distinct charac-
teristics, which may be interrelated. In
the two principal sectors, the Weddell
and Ross, and in the sector of the Bel-
lingshausen and Amundsen seas, the am-
plitudes of the annual cycle are strongly
modulated, changing by about 30 per-
cent. The modulation is such that 3- to 5-
year periods of greater maximum ice
extents in winter have associated with
them lesser minimum ice extents in sum-
mer. This short-term tendency of greater
maxima near lesser minima is only par-
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tially compensatory in the annual mean
ice areas. In these three sectors the
modulation of amplitudes appears with a
relative phase shift of about 2 to 3 years
successively from the Weddell to the
Ross to the Bellingshausen and Amund-
sen seas. The modulation of the entire
southern ocean ice area is principally a
summation of the Weddell and Ross sec-
tor modulations. The Indian Ocean sec-
tor has some long-term similarities to the
adjacent Weddell sector, and only the
Pacific Ocean sector appears to have a
continued downward trend in both the
maximum and minimum ice extents over
the 9 years.

Nine annual cycles is obviously too
few to confirm that the amplitude modu-
lation of the sea ice area is a persistent
low-frequency cycle, but the data are
consistent with a modulation frequency
on the order of 10 years. It is clear,
however, even from this limited set of
data, that cyclical components of vari-
ability in the extent of antarctic sea ice
are at least as strong and as definitive as
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Fig. 3. Twelve-month running means of sea
ice extent on the southern ocean and in each
of the five sectors. Type 1 traces show areas
calculated from the Navy-NOAA maps; type
2 traces, areas for the southern ocean for 1973
to 1980, obtained from Kukla and Gavin (17);
and type 3 traces, areas for 1973 to 1976,
derived from Nimbus S passive microwave
data.

any monotonic or linear changes over
the 9 years.

Considering the year-to-year varia-
tions of the maximum and minimum ice
extents (Fig. 2), the random-like year-to-
year variations are generally smaller
than longer term changes, even in the
individual sectors. Some marked excep-
tions can be seen for which the year-to-
year changes are large compared to the
trends over several years. Examples are
the 1980 maximum in the Weddell Sea
sector, the 1976, 1979, and 1981 maxima
in the Indian Ocean sector, and the 1979
and 1980 minima in the Ross Sea sector.

The annual mean ice extent (Fig. 3) is
a highly averaged parameter analogous
to global mean temperature. The 12-
month running means for the southern
ocean include, for comparison, our read-
ing of the Navy-NOAA maps, data re-
plotted from Kukla and Gavin (/7), and
the 1973-1976 ESMR data. The total
area of sea ice generally decreased from
1973 to 1977, increased slightly over the
next 2 years, decreased from 1979 to its
lowest value in 1980, and then increased
from 1980 to 1981. The range of the
annual mean ice area is about 3 x 10°
km?, which is comparable to the change
in summer ice of 2.5 x 10° km? empha-
sized by Kukla and Gavin. Therefore it is
possible to deduce from only their annu-
al mean data that the decrease in sea ice
extent between 1973 and 1980 was not
primarily in the summer or spring.

Figure 3 shows that the initial overall
decrease of the annual mean to a tempo-
rary minimum in 1977 was almost entire-
ly due to the decrease in the Weddell Sea
sector. As the ice extent recovered in the
Weddell sector, the overall extent was
sustained at a lower level through 1980,
mainly by the 1 x 10® km? decrease in
the Ross Sea sector to a sharp minimum
in 1980. The ice extent in the Indian
Ocean and Bellingshausen-Amundsen
sectors underwent little change from
1973 to 1977, but from 1977 to 1980 the
ice extent in the Indian Ocean sector was
depressed during the 3-year interval be-
tween the Weddell and Ross minima.
Only the ice extent in the Pacific Ocean
sector appears to have a persistent
downward trend in the annual mean over
the 9 years.

A foremost consideration in evaluating
the significance of the observed varia-
tions is the short length of the data set.
Another essential consideration is the
difference between evaluating whether a
significant change occurred during a giv-
en period and whether such a change is
an indication of a long-term trend. With
these considerations in mind, variations
of ice extent on a seasonal and regional
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basis are shown in Fig. 4. The areas
derived from the Navy-NOAA maps for
the entire period are used, although the
1973 summer values from the Navy-
NOAA maps are probably too high, as
previously noted. For each season, lin-
ear least-squares fits are determined
through the nine data points.

The predominance of negative slopes,
except in the Weddell sector, might be
viewed as confirmation of a long-term
overall decrease. However, in our view
no definitive conclusion can be made
regarding long-term trends. Generally,
the variability around the linear fits is
large and includes errors in the data as
well as possible year-to-year fluctuations
and longer term cyclical components of
sea ice variation. Various parameters of

Southern ocean

the linear fits to the annual means and
seasonal averages are shown in Table 1,
along with the estimate of data precision
obtained from comparison with the
ESMR data. The standard deviation of
the points about the line, 3, is equal to
the statistical chi, which, if normalized
by the data error, goes to unity for a
perfect linear fit. The standard deviation
of the slope, 3, and o, have been calcu-
lated under the a priori assumption that
the data are randomly distributed about a
linear trend. These deviations can only
be used to assess the statistical signifi-
cance of the inferred linear component if
the cyclical components appear to be
small, which, as discussed later, is not
the case.

Two principal features of the sea ice

Weddell Sea sector
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variability can be seen from a qualitative
examination of the plots in Figs. 3 and 4
and from the quantitative parameters in
Table 1. First, the slope is essentially
zero in the Weddell sector, where the
mid-1970’s decrease was earliest and
largest, but the slope is downward in the
other sectors. One-half of the overall
decrease of the southern ocean ice from
1973 to 1981 occurred in the Ross Sea
sector, where the mid-1970’s decrease
followed the Weddell decrease by about
3 years. Second, each season has essen-
tially the same slope for the southern
ocean. In each sector the seasonal slopes
are nearly the same, except in the Pacific
Ocean sector, where the slopes for
spring and summer differ from the other
two by more than 1 standard deviation.
A similar analysis for individual months
shows that in most cases in each sector
the changes for each month over 9 years
are similar to the changes for the sea-
sons.

Overall, the linear fit indicates that the
total sea ice extent decreased during the
9 years by (0.27 = 0.08) x 10° km? per
year, or 2.3 percent per year. Obviously,
a decrease of this magnitude could not be
maintained very long, because only
about 20 years would be required to
reduce the summer ice area to zero and
the winter ice to 70 percent of its present
mean extent. Although the sea ice extent
did decrease significantly during this pe-
riod, the significance of this result as an
indicator of a long-term trend is not
shown by these parameters. The linear
component of change indicated by the
linear fit must be considered in relation
to other components of variability indi-
cated by the data.

In the Weddell sector the linear fit
shows no persistent change in ice area
over the 9-year period, which is in
marked contrast to the other sectors,
where the percentage linear decreases
are comparable to the decrease for the
southern ocean. Because various regions
may show quite different long-term
trends or responses to a CO,-induced
warming, it is possible that the Weddell
region is not typical of the overall or
long-term behavior of the sea ice cover.
However, the large regional variability
and the cyclical nature of the sea ice
variations in several regions cause a
large uncertainty in any inferences that
might be made regarding long-term
trends.

In all sectors there is significant varia-
tion of the ice area around the linear
slope that is greater than the relative data
errors. The variation is indicated by the
standard deviation of the nine points
about the line, which, expressed as a
percentage of the mean area, is generally
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larger than the estimated data error, ex-
cept that the winter values are compara-
ble in magnitude to the estimated preci-
sions.

The variation around the linear slope
does not appear to be primarily random,
as might be caused by a large year-to-
year variability or by nonsystematic er-
rors in the data. There is an apparent
year-to-year persistence in the devi-
ations from the linear fit. The persistence
for a given season from year to year
appears to be greater than the persist-
ence in successive seasons, for which
the deviations are often of opposite
signs. These characteristics of the per-
sistence of the deviations may provide
information on their possible causes and
on related atmospheric and oceanic in-
teractions.

Visual examination of the data also
suggests that there are strong cyclical
components of variation. These cyclical
components may have a period of about
10 years, with a phase that appears to
differ from region to region. Other sug-
gestions of a 10-year cycle in southern
ocean ice cover include that of Kusunoki
(16), who analyzed 20 years of ship navi-
gability near 40°E. However, no defini-
tive conclusion regarding persistent
long-term cyclical variations can be
drawn. Nevertheless, the data from 1973
to 1981 clearly exhibit substantial devi-
ations from a linear downward trend,
including a recent increase suggesting
that the overall decrease from 1973 to
1980 was temporary.

The slope of the linear component
inferred from any other 9-year data set
may be very different from the one ob-
tained for 1973 to 1981. The changes in
the Ross Sea sector appear to be lagging
behind the changes in the Weddell Sea
sector by about 3 years, so that a linear
fit to the 1976-1984 data for the Ross Sea
sector may imply no persistent change in
the extent of sea ice in that region.
Because the deviations from the linear fit
appear to include cyclical components,
the standard deviations in Table 1 should
not be used as an indication of the statis-
tical significance of any inferred linear
change in ice extent.

Certain sectors or seasons might be
more suitable for detecting climatic
change due to the influence of oceanic
and atmospheric parameters, but there is
little evidence for this. The parameter o,
is used here as an indicator of the nonlin-
ear deviations with respect to possible
linear trends. (It is recognized that oy
includes both cyclical components and
random variations.) The annual mean in
the Pacific.sector has the least variation
around the linear fit, but additional data
are needed to determine whether this is a
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Fig. 5. Areal extent of
antarctic sea ice from L
1966 to 1982. Dashed
lines show data com-
piled by Kukla (21), 18 —
Streten (20), and Sis-
sala et al. (19), which
were based mainly on
satellite visible light
and infrared data.
Continuous lines
show data derived
from the Navy-
NOAA weekly ice
maps. The data points ]
are normalized such 14~ \
that the area of the \\{/
antarctic continent is
consistently 13.97 X
10% km?.

16 —

Sea ice area (106km?) -

12 L | L |

August

long-term characteristic. In most sectors
and overall, the deviation o, (square
kilometers) is comparable for all sea-
sons, but, expressed as a percentage of
the mean area, this standard deviation
indicates that winter shows the least
variation about the linear component,
except in the Pacific Ocean sector,
where the variation is least in the fall.

As previously mentioned, some visible
light and infrared data obtained by satel-
lite before 1973 was analyzed for ice
extent (19-21) and is included in Fig. 5
along with the more recent data. The
increase in ice extent from 1967 to 1973
is approximately the same as the de-
crease between 1973 and 1980, further
indicating strong cyclical components of
variation, or at least the absence of a
definitive downward trend worthy of ex-
trapolation. Comparisons with earlier
records of ice extent for limited periods,
such as the 1929-1938 ship reports, must
take into account variations of the type
shown in Fig. 5. It should also be noted
that, while sea ice extent probably would
respond to any COj-induced climatic
change, it can also be expected to re-
spond in a similar manner to natural
changes in atmospheric temperature.
Therefore, comparisons with the 1930’s,
for example, should be made in light of
the temporarily cooler temperatures in
south polar regions reported for the late
1920’s and early 1930’s and of the anom-
alously greater winter ice duration dur-
ing that period at Scotia Bay (60.7°S,
44.7°W) (34).

Conclusions

The large variability in the extent of
antarctic sea ice is evident from the
detailed satellite record for 1973 to 1981.
Interannual variations within regions and

contrasts between regions are large. In
each region similar long-term interannual
changes are observed in all seasons. For
periods of 3 to 5 years greater winter
maximum ice extents are associated with
lesser summer minimum extents. Over
longer periods there are substantial cy-
clical components of variation in the
observed ice extent. For any given sea-
son there is a year-to-year persistence in
the deviations from a linear fit to the 9-
year data set. For successive seasons in
a year the deviations are less persistent
and often of the opposite sign.

Overall, the record of sea ice extent
from 1966 to 1981 does not support a
conclusion of a long-term downward
trend. A significant decrease in ice ex-
tent during the 1970’s has not been main-
tained, and may simply have been a
natural fluctuation caused by complex
oceanic and atmospheric interactions.
The strong regional contrasts suggest
that the observed changes are attribut-
able to changes in atmospheric or ocean-
ic circulation patterns rather than to a
global warming induced by increasing
levels of atmospheric CO,.

Cyclical components of the interan-
nual variability are large, as shown by a
modulation of the amplitude of the annu-
al cycle by about 30 percent and by the
variation around linear fits to the 9-year
data set. In the Weddell region, where
the decrease of the mid-1970’s was
strongest, the ice extent had recovered
from a 1977 minimum to the 1973 level
by 1981. The decrease in the Ross Sea
region followed the Weddell decrease by
3 years to a sharp minimum in 1980,
which was reversed in 1981.

The major observed changes in ice
extent are consistent with approximately
a 10-year period of variation, but no
conclusion can be made about the per-
sistence of such a variation. Some of the
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regional variations appear to have rela-
tive phase shifts of 2 to 3 years from one
region to another. Because the cyclical
components of variation are at least as
large as any long-term trend in the data,
additional information on their relative
magnitude is needed to determine the
existence of any long-term trends. Addi-
tional information is also needed on the
sensitivity of sea ice extent to atmo-
spheric temperature and on the response
to natural as well as CO,-induced
changes in temperature. Otherwise, it
will not be possible to evaluate the signif-
icance of any observed changes.

The duration of the observed varia-
tions in sea ice extent, their regional and
seasonal characteristics (such as the
phase shift of the modulations of the
annual cycle), and the possible cyclical
components provide insights into physi-
cal relations that exist with other
changes in the atmosphere and the
ocean. The nature of the cyclical compo-
nents and long-term trends should be
investigated as satellites extend the sea
ice data set in time.
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