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show ice concentration increases (Plate 2a), the ice-free areas
within the ice pack also increased (Table 3), a result, in this
case, of the increased ice extent (Table 1) and hence the larger
area over which the ice-free areas within the ice pack were
summed.

In spring the largest-magnitude ice concentration trends are
the negative trends in the eastern Barents Sea (Plate 2b),
where they are also statistically significant (Plate 3b). These
negative trends coincide with decreases in ice extent, ice area,
and ice-free area within the ice pack (Tables 1-3), indicating a
much reduced ice cover. In summer the largest-magnitude
trends are the negative trends in the East Siberian Sea (70-
76°N, 155-175°E) and in smaller areas north of Asia and the
positive trends off the west coast of Greenland in northeastern
Baffin Bay and in the eastern Beaufort Sea at about 130°W
and 72°N (Plate 2c). In each of these cases the corresponding
regions of section 3 are too large for ready comparisons,
although, in general, there is a high significance level, with a
ratio of trend to estimated standard deviation exceeding 3
(Plate 3c). In autumn also, the East Siberian Sea has negative
ice concentration trends, northeastern Baffin Bay has positive
ice concentration trends, and the eastern Beaufort Sea has
positive ice concentration trends (Plate 2d), but in each of
these cases the magnitude is reduced from that of the summer
trends (Plate 2c). In autumn the highest-magnitude trends are
the negative trends in the southern Kara Sea and off the coast
of northern Alaska at about 165°W (Plate 2d). Once again, the
highest-magnitude trend values exceed 3 estimated standard
deviations (Plate 3d).

6. Discussion

As shown in section 3 and by Cavalieri et al. [1997],
monthly averaged passive-microwave data from the SMMR
and SSMI instruments over the period November 1978
through December 1996 reveal an overall negative trend in
ice extents for the Northern Hemisphere. This result agrees
with results previously found by Johannessen et al. [1995]
and Bjgrgo et al. [1997] for slightly shorter periods. As also
shown in section 3, the negative trend comes regionally
mostly from the Kara and Barents Seas and the next two
major regional contributors to the negative slope are the Seas

- of Okhotsk and Japan and the Arctic Ocean. Lesser
contributions come from the Greenland Sea, Hudson Bay, and
the Canadian Archipelago (Table 1). The remaining three
regions, the Bering Sea, Baffin Bay/Labrador Sea, and the
Gulf of St. Lawrence, exhibit slight, positive trends over the
SMMR/SSMI period, with the largest positive trend being for
the region of Baffin Bay/Labrador Sea but the only statis-
tically significant positive trend (at a 95% confidence level or
above) being for the Gulf of St. Lawrence (Table 1).

For most regions and the total, changes from one year to
another often far exceed the rate of change indicated in the
long-term trend, and adjustment by a few years of the starting
and/or ending times of the trend calculation would, in some
instances, change the sign of the slope. Hence we caution
against extrapolating the trend lines and slopes given here to
times prior to the November 1978 start of the data set or
subsequent to the December 1996 end of the data set. The
results presented provide specific, quantified information
about Arctic sea ice extents over an 18.2-year period, showing
considerable regional and interannual variability but no trends
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that can be clearly identified as long-term climate trends
appropriate for extrapolation beyond the 18.2 years. In fact,
an analysis of Arctic sea ice fluctuations over the 25 years
1953-1977, prior to the SMMR/SSMI time period, reveals a
slight (3140 km?yr) but statistically significant positive trend
in 1953-1977 ice extents [Walsh and Johnson, 1979]. The
negative trend (-34,000 km®/yr) reported here for the yearly
averages in the Northern Hemisphere as a whole over the 18-
year period 1979-1996 is an order of magnitude greater than
the 1953-1977 positive trend but is for a shorter period.

To confirm that the ice extent trends of Figures 1-10 and
Table 1 are robust in terms of not being dramatically depen-
dent on the choice of 15% as the ice concentration cutoff used
in the definition of ice extent, the calculations were redone
using 20% and then 30% as the ice concentration cutoff. (For
instance, in the 20% case, ice extent is defined as the
cumulative area of all grid cells, in the region of interest,
having calculated sea ice concentrations of at least 20%.)
Figure 14 presents the yearly average results for each region
having statistical significance in the yearly averaged trend
(Table 1) and additionally the seasonal results for the North-
ern Hemisphere totals. This selection is a good sampling of
the results for all of the regions and seasons, showing the near
but not perfect parallelism of the 15%, 20%, and 30% curves.
In each case the sign of the slope of the line of linear least
squares fit is the same, irrespective of which ice concentration
cutoff is used; and although the magnitudes of the slopes are
generally different for the different cutoffs, in each case the
level of statistical significance (95%, 99%, or none) remains
the same (Table 4). Furthermore, in all cases except one, the
slopes of the 20% and 30% ice extents are within 1 standard
deviation of the 15% ice extent slope.

The smaller percent interannual variability in the Northern
Hemisphere total than in many of the regions (Figure la
versus the regional monthly average plots) reflects the
compensating changes that often occur, many times as a result
of atmospheric pressure systems that tend to lessen ice
coverage in one region while increasing it in another.
Examples include the occasional out-of-phase nature of the
ice coverages of the Bering Sea and the Sea of Okhotsk
[Cavalieri and Parkinson, 1987] and of other pairs of adjacent
seas separated by a geographical boundary. The particularly
strong interannual variability found in the ice extents of the
Greenland Sea and the Kara and Barents Seas (Figures 7a and
8a) is likely related to the influence of North Atlantic storm
systems. In fact, the strongest winter cyclones in the north
polar region tend to be over the Iceland and Norwegian Seas,
with the highest cyclone frequencies being just south of
Iceland and high frequencies also occurring between Svalbard
and Scandinavia and over the Norwegian and Kara Seas
[Serreze et al., 1993]. Central cyclonic pressures in these
regions are frequently below 970 mbar [Serreze et al., 1993],
generating winds that will, depending upon the precise
positioning of the cyclone, sometimes decrease ice extents in
the Greenland Sea by pushing the ice toward the Greenland
coast and other times increase ice extents in the Greenland
Sea by spreading ice southward. Similarly, they will some-
times decrease and sometimes increase the ice coverage in the
Kara and Barents Seas. Shuchman et al. [1998] provide more
details specifically for the Odden feature in the Greenland Sea
ice cover, showing, through comparisons between ice and
atmospheric data, the importance of temperature and wind
conditions to the Odden growth, maintenance, and decay.
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Figure 14. Selection of yearly and seasonal ice extent values and trend lines plotted for three choices of ice
concentration cutoff used in the definition of ice extent. In each case the top curve uses a 15% ice
concentration cutoff, as in Figures 1-10, whereas the middle curve uses a 20% cutoff and the bottom curve
uses a 30% cutoff. Yearly values are plotted for the Northern Hemisphere, the Seas of Okhotsk and Japan,
the Gulf of St. Lawrence, and the Kara and Barents Seas; and seasonal values are plotted for the Northern

Hemisphere.
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Table 4. Slopes, and Their Estimated Standard Deviations, of the Lines of Linear Least Squares Fit
Through 1979-1996 Yearly Sea Ice Extents for Regions With Statistically Significant Yearly

Slopes in Table 1 and Seasonal Sea Ice Extents for the Northern Hemisphere

Region

Type 15% Cutoff 20% Cutoff 30% Cutoff

10°km¥yr S 10°km%yr S 10°km¥%yr S
Northern Hemisphere yearly -340+83 99 -356+8.4 99 -358+84 99
Seas of Okhotsk and Japan yearly 97+23 99 -103+£23 99 -10.8+2.3 99
Gulf of St. Lawrence yearly 20+£04 99 1.8+£0.4 99 1.4£05 99
Kara and Barents Seas yearly -152+44 99 -152+45 99 -149+45 99
Northern Hemisphere winter -33.6+£9.2 99 -343+9.2 99 -340+£9.2 99
Northern Hemisphere spring -428+75 99 -455+7.7 99 -47.6+8.1 99
Northern Hemisphere summer -383+17.6 95 -40.0+17.5 95 -40.0+17.3 95
Northern Hemisphere autumn -21.5+£11.9 -22.7+12.0 21.7+£12.2

Slopes are provided for three choices (15%, 20%, and 30%) of ice concentration cutoff in the definition of ice
extent. S indicates statistical significance and identifies those cases in which the null hypothesis of a 0 slope is
rejected with a 95% confidence level (95) and a 99% confidence level (99), using a standard F test with 16

degrees of freedom.
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The ice increases in Baffin Bay/Labrador Sea and the Gulf
of St. Lawrence (Figures 5-6) contrasted with the decreases in
the Greenland Sea, Kara and Barents Seas, and Arctic Ocean
(Figures 7-9) are likely tied to the large-scale atmospheric
patterns of the North Atlantic Oscillation. The NAO,
calculated as the normalized atmospheric pressure at Lisbon,
Portugal, minus that at Stykkisholmur, Iceland, has been
above average since 1980, with a strong Azores High and,
most importantly for the sea ice cover, a strong Icelandic Low
[Hurrell, 1995; Dickson et al., 1996]. The result includes
strong southwesterlies across the North Atlantic, with
anomalously high temperatures over northern Europe and
Asia, and strong north winds over Baffin Bay and the
Labrador Sea, with consequent anomalously low temperatures
in those regions [Hurrell, 1995; Hurrell and van Loon, 1997].
In addition to an intensified Icelandic Low, atmospheric
pressures have also decreased over the Arctic Ocean, as
revealed from data of the Arctic Ocean Buoy Program for
1979-1994 [Walsh et al., 1996]. This has decreased the
anticyclonic wind forcing on the Arctic Ocean sea ice and
decreased the atmospheric forcing of the Transpolar Drift
Stream across the Arctic Basin, through Fram Strait, and into
the Greenland Sea [Walsh et al., 1996]. Decreased southward
flow into the Greenland Sea is consistent with the decreasing
sea ice extents found for the Greenland Sea (Figure 7, Table
1). The sea ice trends determined for these regions from the
1978-1996 SMMR and SSMI data (Figures 5-9, Table 1) can
thus be viewed as a part of the larger-scale happenings within
the climate system, in this case particularly the NAO in
atmospheric pressures between Iceland and Portugal and the
decreases in Arctic atmospheric pressures. The NAO
influence also extends well below the ocean surface, with the
rise in the NAO index since the 1960s being believed to have
contributed to the decreasing deep convection in the
Greenland Sea and the increasing deep convection in the
Labrador Sea [Dickson et al., 1996]. This, in turn, has led to
warming of the deep water of the Greenland Sea and cooling
of the deep water of the Labrador Sea [Dickson et al., 1996].

On longer timescales many studies have found an expected
negative correlation between sea ice coverage and atmos-
pheric temperatures. For instance, such correlations were
found by Rogers [1978] in the Beaufort Sea, by Walsh and
Johnson [1979] for the Arctic as a whole, and by Manak and
Mysak [1989] for the Beaufort Sea, Hudson Bay, and Baffin
Bay/Labrador Sea. Using a 30-year record from 1961 to 1990,
Chapman and Walsh [1993] found Arctic sea ice variations to
be consistent with the corresponding air temperature changes,
the latter showing an overall warming in the Arctic, although
a cooling over Baffin Bay, the Labrador Sea, and the southern
Greenland Sea (conducive to ice extent decreases in the
Arctic and increases in Baffin Bay/Labrador Sea, as in
Figures 5 and 9 and Table 1). Seasonally, the 1961-1990
warming was strongest in winter and spring, whereas the sea
ice decreases were highest in spring and summer [Chapman
and Walsh, 1993]. (Relatedly, the Intergovernmental Panel on
Climate Change (IPCC) found warming from 1955-1974 to
1975-1994 over much of the Arctic periphery but cooling
over Baffin Bay, the Labrador Sea, and the southern
Greenland Sea [Nicholls et al., 1996]. However, in a separate
study an overall warming was not detectable in the lower
troposphere over the Arctic Ocean over the period 1950-1990
[Kahl et al., 1993]. Temperature data for the Arctic have been
notoriously sparse, although improved data sets from 1979
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onward are now being generated through combining buoy
data from the International Arctic Buoy Program with ship
reports and data from drifting ice stations and coastal weather
stations [Martin and Munoz, 1997].) Looking more specif-
ically at anomalous years, Mysak et al. [1996] find unusually
heavy ice.coverages in Hudson Bay, Baffin Bay, and the
Labrador Sea in each of the three periods, 1972/1973,
1982/1983, and 1991/1992, with simultaneous strong North
Atlantic Oscillation and El Nifio-Southern Oscillation epi-
sodes, in each case finding a link with low surface air
temperature anomalies lasting for several seasons. The heavy
ice coverages are consistent with the finding by Mysak [1986]
of low sea surface temperatures in the northwest North
Atlantic during El Nifio episodes. These specific cases show
connections between the ice cover and other elements of the
climate system. As the records lengthen, the connections
should be further clarified and the climate system more fully
understood.
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