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ABSTRACT. Variability of the sea-ice cover (extent) in the Northern Hemisphere
(Arctic and subpolar regions) associated with the Arctic Oscillation (AO) is investigated
using historical data from 1901 to 1997. A principal-component analysis (empirical orthogonal
functions (EOFs)) was applied to sea-ice area (SIA) anomalies for the period 1953-95. The
leading EOF mode for the SIA anomaly shows an in-phase fluctuation in response to the AO
and is called the Arctic sea-ice oscillation (ASIO). Arctic sea ice experiences seasonal vari-
ations that differ in timing and magnitude. Four types of seasonal variation are identified in
the Arctic sea ice, and are superimposed on long-term interannual to decadal variability.
Consistent with the total Arctic STA anomaly, eight regional SIA anomalies have shown
significant in-phase decrease (downward trend) since 1970, possibly part of a very long-term
(century) cycle. Thus, it is recommended that STA anomalies in the sensitive seasons be used
to better capture interannual, interdecadal and longer (century) variability. Major decadal
and interdecadal time-scales of SIA anomalies are found at 12-14 and 17-20 years. In the
Sea of Okhotsk, a century time-scale is evident. The reduction rate (negative trend) of the
total Arctic sea-ice cover in the last three decades is —4.5% per decade, with the summer
rate being the highest (—10.2% per decade). The contribution to this total reduction varies
from region to region, with sea-ice cover in the Greenland and Norwegian Seas experien-

cing the highest reduction rate of —20.2% per decade.

1. INTRODUCTION

The Arctic Oscillation (AO) is the dominant mode of atmos-
pheric variability in the Northern Hemisphere (Kerr, 1999).
This has become increasingly evident since 1990 (Baldwin
and others, 1994; Kitoh and others, 1996; Kodera and others,
1996). Since 1989, a decrease in sea-level pressure (SLP) has
been observed in the central Arctic (Walsh and others, 1996).
Based on Kitoh and others (1996) and Thompson and Wallace
(1998; TW98 hereafter), the AO, which is associated with the
polar vortex aloft, might include the North Atlantic Oscillation
(NAO) (Van Loon and Rogers, 1978; Hurrel and Van Loon,
1997) as a subset, depending on the domain being considered.

The Arctic climate system 1s hypothesized to be a feed-
back loop of the atmosphere—ice—ocean decadal oscillation
(Mysak and others, 1990; Mysak and Venegas, 1998 (MV98
hereafter)), based on the singular value decomposition
(SVD) complex empirical orthogonal function (EOF)
analysis of SLP and sea-ice concentration (SIC) data from
1953-92. Arctic sea-ice variability is investigated in the con-
text of recent atmospheric circulation trends (Slonosky and
others, 1997, Deser and others, 2000). The winter sea-ice vari-
ability has a dipolar structure between the Baffin Bay—Davis
Strait—Labrador Sea region and the Greenland—Norwegian
seas (Wang and others, 1994; Mysak and others, 1996), while
the summer sea-ice anomaly has a relatively uniform struc-
ture in space (Deser and others, 2000), indicating an in-phase
variability (Wang and Ikeda, 2000; WI0O hereafter).

The Arctic sea-ice oscillation (ASIO) is defined as an in-
phase fluctuation of the Arctic sea-ice area (SIA) anomalies

(WI00) in response to the AQ, i.e. the AO-related surface
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air temperature (SAT) and SLP anomalies. The in-phase
(or spatially uniform) decline of Arctic sea-ice cover in the
last three decades is the major feature of the ASIO. The
ASIO can be discretely described as hypersensitive decadal
oscillations in the Arctic/subarctic climate (atmosphere—
ice—ocean) system, triggered by the enhanced atmosphere—
ocean interaction (or positive feedback) due to reduced ice
thickness in the Arctic (Ikeda and others, 2001). The remark-
able decadal oscillations of the Arctic sea-ice cover in the
last 30 years are attributable to a persistent reduction of
sea-ice thickness (and/or sea-ice cover) in the Arctic (Ikeda
and others, 2001). Therefore, the Arctic sea-ice cover anom-
aly should not be regarded as a passive player in the Arctic
climate system (Wu and others, 1999).

This study aims to identify the regional signatures of the
ASIO by providing a regional perspective on the SIA
anomalies, and will also investigate the following questions:

(I) What are the regional character and seasonality of sea-
ice extent in different regions?

(2) Which seasons better reflect interannual variability and
decadal oscillations in different regions?

(3) What are the decline rates in sea-ice cover in the last
three decades in different seasons and different regions
which may trigger the ASIO?

(4) What are the major cycles of SIA anomalies?

The data analyzed are briefly described in section 2.
Four types of seasonality, their variability (standard devi-
ation) and the interannual variability of the Arctic sea-ice
cover are investigated in section 3. We present the results of
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Fig. 1. The Arctic and subpolar region divided into the eight
regions used in this study.

Table 1. Names of eight regions shown in Figure 1

Region Name

Bering Sea

Beaufort and Chukchi Seas and Canadian Archipelago
Hudson Bay

Baffin Bay/Davis Strait and Labrador Sea

Greenland and Norwegian Seas

Barents and Kara Seas

East Siberian and Laptev Seas and central Arctic

Sea of Okhotsk

RO O O 0N~

spatial and temporal patterns of the leading EOF modes of
SIA anomalies and SAT using data from 1953-95 in section
4. Section 5 presents some statistics of 93 year data and
trends of the last three decades in both seasonal and annual
views. Section 6 summarizes our findings and refers to pos-
sible future research.

2. THE DATA

The monthly SIC data that were analyzed, as described by
Walsh and Johnson (1979), are similar to those used in Wang
and others (1994, 1995). The data sources and processing tech-
niques are further summarized by Chapman and Walsh
(1993). This study uses sea-ice data updated by the U.S.
National Snow and Ice Data Center (NSIDC, 1998) using
NASA-derived Scanning Multichannel Microwave Radi-
ometer (SMMR)/Special Sensor Microwave/Imager (SSM/
I) sources from October 1978 (Cavalieri and others, 1997,
Parkinson and others, 1999). This dataset has been updated to
March 1995 and covers the Arctic Ocean and the adjacent
seas with a 1° by 1° latitude-latitude grid. The monthly SLP
data were obtained directly from the U.S. National Center for
Atmospheric Research (NCAR) for the period 1899-1997,
archived on 5° by 5° global grids. The SAT data were from
the period 18501997 (Jones, 1994). The SIC data from the
periods 1933-95 and 1901-95 were used in this study. The
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EOF analysis results show that both periods produce similar
spatial and temporal patterns, although data before 1953 may
contain some uncertainty. Thus, the EOF analysis results for
the period 1953-95 are presented in this study in comparison
to the EOF analysis using data for the period 1901-95 (WI00).

The Arctic SIC grids (Walsh and Johnson, 1979; Mysak
and Manak, 1989) are divided into eight regions (see Fig. I;
Table 1) following Wang and others (1995). The reason for
using STA time series as well as SIC time series is that many
statistical methods require that a variable be random and
independent, and SIA is a random variable, while the SIC
(1-10) 1is not.

3. RESULTS: REGIONAL CHARACTERISTICS,
SEASONALITY, INTERANNUAL AND INTER-
DECADAL VARIABILITY

Monthly time series of SIAs in the eight regions are shown in
Figure 2, with the interannual variability (using a 25 month
moving average) superimposed in each region for the period
1901-95. The seasonal (or annual) cycle is a major phenom-
enon, but its effect differs according to region. For example,
the boundary constraint (Wang and others, 1994) during
winter is found in regions 2, 3 and 7, while summer ice-free
conditions are found in regions 1 and 8.

The climatology of the seasonal cycle (Fig. 3) is computed
based on the 1901-95 data (Fig. 2) for the eight regions. We
observe four types of seasonality and interannual variability
(Fig. 2, thick curves) in the SIA in the eight regions (Table 2).
Type 1 (Bering Sea, Sea of Okhotsk) is characterized by no
upper limit (of ice extent), but by a lower limit (i.e. ice-free
conditions). By contrast, type 2 (Beaufort and Chukchi Seas,
East Siberian and Laptev Seas) has an upper limit (due to
boundary constraint) and no lower limit (because of summer
ice or multi-year ice). Type 3 (Baffin Bay, Davis Strait and
Labrador Sea, Greenland and Norwegian Seas, Barents and
Kara Seas) has neither upper nor lower limit (no boundary
constraint with multi-year ice) because of the open ocean.
Type 4 (Hudson Bay) has both upper limit (boundary con-
straint) and lower limit (ice-free conditions) (Wang and
others, 1994).

The corresponding monthly variations (standard devi-
ations (STDs)) are also shown in Figure 3. The months with
the largest STDs are those sensitive to atmospheric forcing
and whose records are best for detecting interannual and
decadal variability. For example, the largest STDs (Table 7,
column titled 95 year STDs) occur in spring in regions I
(16.14), 4 (13.23), 5 (12.22),6 (19.49) and 8 (9.21), and in summer
in regions 2 (23.88) and 7 (29.89). In region 4 (Hudson Bay),
the STDs in spring, summer and autumn are comparable.
In regions 4—6, the STDs for all four seasons are comparable
(see Table 7, column titled 95 year STDs).

To clearly observe the interannual variability, the time
series of SIA anomalies are calculated by removing the
monthly climatology (Fig. 3) for each region (Fig. 4). SIA
anomalies in all eight regions show a significant negative
trend since the 1970s. This indicates that the sea-ice extent
in most Arctic regions has been decreasing since then,
although with a slightly different timing and magnitude for
each region. The negative trend is associated with the inten-
sifying positive phase of the AO (Thompson and others,
2000). Decadal oscillation is most pronounced in regions
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Fig. 2. Monthly time series of SIAs of the eight regions for the period 1901-95. The solid lines are the 25 month running means.
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Fig. 3. The SIA monthly climatology with standard deviations (ST Ds ) in the eight regions for the period 1901-95.

3-5 of the Atlantic sector (Hakkinen, 2000), and a century
time-scale 1s most evident in region 8 (Sea of Okhotsk).
Considering the Arctic as a whole, the seasonal cycle
and SIA and its anomaly (Fig. 5) show a similar trend of
decreasing SIA since the 1970s. SIA reaches its maximum
value of 1195 x 110 km? in winter and its minimum value of
642 x 110 km? in summer (with an annual mean of 964 x 110”
km?). The largest variation occurs in summer (Fig 5a;
bottom row of Table 7), indicating that summer ice cover
(or anomaly) can capture major interannual and decadal
variability. These updated results indicate significant
climate variability occurring in the Arctic region in the con-
text of atmospheric circulation anomalies (Rogers, 1990;

Table 2. Four types of seasonality and their characteristics and
implication/indicator (by STDs) of long-term climate

variability
Regions  Characteristics Variability /indicator

Typel 1,8 No upper limit; STDs are higher in winter and
lower limit spring

Type2 2,7 Upper limit; no lower STDs are higher in summer
limit (multi-year ice)

Type 3 4,5,6 Neither upper nor STDs are comparable year-
lower limit round, and ocean plays a big role

Type 4 3 Both upper and lower STDs are higher in spring, early

limit

summer and early fall. Break-up/
freezing dates are good indicators

Note: Upper limit means land-boundary constraint in winter, and lower limit

means ice-free conditions in summer.
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Chapman and Walsh, 1993; Slonosky and others, 1997
MV98; TWI8; Deser and others, 2000; Thompson and
others, 2000; WIO00).

4. SPATIAL AND TEMPORAL PATTERNS OF ASIO

The same unrotated EOF analysis package of Wang and
others (1995) was applied to the demeaned, normalized SLP,
SATand SIA for the period 1901-97 (sea ice only up to August
1995; see WIO0) and for the period 1953-97. The principal
modes of SIA and SAT anomalies are only discussed based
on data from 1953-97.

The leading sea-ice mode (Fig. 6) accounts for 34% of
the total variance. Sea-ice anomalies in the eight regions
fluctuate in phase in response to the AO, which has the same
pattern as the STA mode 1 derived from the data from 1901—
95 (WIO00). This ASIO pattern is consistent with the first
SAT mode (Fig. 7), which shows a slight warming in most
Arctic regions, particularly in northern Europe. From 1953
to 1977, the Arctic sea ice had positive anomalies, while it
experienced a decreasing phase during 1978-95. The time
series obviously indicates a decrease in SIA since the 1970s,
which is consistent with the total Arctic ice anomaly (Fig.
5c). It 1s noted that superimposed on the long-term trend
since the 1970s are the decadal oscillations. The total Arctic
ice-anomaly time series and the mode 1 temporal pattern
are closely correlated (see the quantitative discussion
below). Thus, this ASIO pattern that can be derived from
the data of 195395 is similar to the results using data from
1901-95 (WI00).

The SIA anomaly mode 2 (Fig. 8) captures a dipolar or see-
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Fig. 4. Monthly SIA anomalies with the seasonal cycle ( Fig. 3) removed. The 25 month running mean is applied.
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temporal patterns of the anomalies of the mode can be recon-
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saw pattern shown by the opposite sign (out of phase) between
regions 3 and 4 (Hudson Bay and Baffin Bay—Labrador Sea)
and regions 5 and 6 (Greenland and Norwegian Seas, and
Barents and Kara Seas). This see-saw pattern is a reflection of
the AO/NAO-related SATanomaly pattern (Wang and others,
1994; Mysak and others, 1996; Deser and others, 2000).

To quantitatively understand the two SIA patterns in the
context of atmospheric circulation anomalies, we performed
Monte Carlo simulations (Wang and others, 1994) of the SLP,
SAT and SIA anomalies for the period 1953-97. Discussions
are limited to those with a correlation of >95% significance
level (S.L.. The leading SLP mode (AO) correlates to SAT
over all four seasons (Table 3, upper pair), indicating that
the AO operates differently from the NAO, whose index cor-
relates to the SATanomaly only in winter, spring and autumn
(Mysak and others, 1996). Furthermore, the leading SAT
mode (associated with the AO) correlates to the leading STA
mode (i.e. ASIO) over all four seasons (Table 3, middle pair).
The significant correlation between the summer SLP and STA
(Table 3, lower pair) occurs only in spring (r = 0.36) and
summer (7 = 0.26), implying that wind (an AO-related SLP
anomaly) driving of the SIA (through advection, conver-
gence and divergence) 1s most effective in spring and summer,
when there are open waters, resulting in sea-ice thickness re-
distribution and sea-ice flux out of the Arctic Ocean (Kwok
and Rothrock, 1999; Rothrock and others, 1999). The correla-
tion coefficients (Table 3) are generally larger than those
using the longer dataset (WI00).

To reveal the features of SIA mode 2, the leading SAT-
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SIA anomalies.

and SLP-mode time series were linearly regressed to the SIA
mode 2 time series (Table 4). It is clear that SAT mode 1 ne-
gatively correlates SIA anomalies in both winter (r = —0.57)
and spring (r = —0.44), although the positive correlation in
summer may not be physically meaningful. Similarly, the
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Table 3. Simultaneous and lagged correlation coefficients (1,
with 95% S.L. derwed from a Monte Carlo simulation)
between the annual SLP (the leading/AO) mode and the
SAT mode (upper pair; for the period 1953-97); between the
annual SATand SIA ( ASIO ) (leading ) modes (middle pair;
1953-95); and between the annual SLP and SIA (leading)
modes (lower pair; 1953-95)

Winter Spring Summer Autumn Annual

Annual SLP and SAT (mode 1)

r -0.68 -0.64 -0.50 -0.51 -0.77

95% S.L. 025 0.25 0.25 0.25 0.25
Annual SATand SIA (mode 1)

r -0.49 -0.59 -0.54 -0.37 -0.56

95% S.L. 027 0.28 0.27 0.26 0.27
Annual SLP and SIA (mode 1)

r 0.24 0.36 0.26 0.18 0.29

95% S.L. 026 0.25 0.25 0.25 0.25

Note: The coeflicients over 95% S.L. are boldfaced.

Table 4. Same asTable 3, except the leading SAT mode (upper
pair) and leading SLP mode (lower pair) linearly regress to
SIA mode 2

Winter Spring Summer Autumn Annual

Annual SAT (mode 1) and SIA (mode 2)
r -0.57 -0.44 0.31 0.20 -0.37
95% S.L. 027 0.27 0.25 0.25 0.25

Annual SLP (mode 1) and SIA (mode 2)
r 0.40 0.31 -0.04 0.13 0.30
95% S.L. 026 0.25 0.25 0.25 0.25

Note: The coefficients (r) over 95% S.L. (using a Monte Carlo simulation)

are boldfaced.

Table 5. Same as Table 3, except that the leading SIA mode
(upper pair ), leading SAT mode (middle pair) and leading
SLP mode (lower pair) linearly regress to the total Arctic
SIA anomaly (SIAA)

Winter Spring Summer Autumn Annual

Annual SIA mode 1 and STAA

r 0.83 0.83 0.81 0.88 0.90

95% S.L. 044 0.43 0.42 042 0.44
Annual SAT mode 1 and STA A

r -0.38 -0.54 -0.43 -0.42 -0.48

95% S.L. 0.27 0.28 0.27 0.26 0.27
Winter SLP mode 1 and SIA A

r 0.18 0.31 0.22 0.26 0.26

95% S.L. 0.27 0.25 0.26 0.26 0.25

Note: The coefficients (1) over 95% S.L. (using a Monte Carlo simulation)

are boldfaced.

leading SLP mode positively correlates to the SIA anomaly
in both winter (r = 040) and spring (r = 0.31), while the
other seasons are not significant (Mysak and others, 1996).
This clearly indicates an AO/NAO-related SAT see-saw pat-
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tern (Wang and others, 1994; Mysak and others, 1996; Deser
and others, 2000).

Further linearly regressing the leading SIA, SATand SLP
modes to the total Arctic STA anomaly (Table 5) results in
correlation coefficients between the leading SIA mode and
SIA anomaly all above 0.8 (Table 5, upper pair). The correla-
tions between the leading SAT mode and SIA anomaly are
also high (middle pair). However, only the winter time series
of the leading SLP mode significantly correlates to the
spring—summer—autumn SIA anomalies (r = 0.3, 0.22, 0.26,
respectively). The summer correlation (r =0.22) is not signif-
icant but is close to the 95% significance level of 0.26.

Finally, the leading SIA-mode (ASIO) time series was lin-
early regressed to the SIA anomaly of each region (Table 6,
upper pair). SIA anomalies in all regions are significantly
correlated to the leading SIA mode, except region 4 (Baffin
Bay, Davis Strait and the Labrador Sea). However, the SIA
anomaly for region 4 does exhibit a close correlation (0.32
compared to its 95% significance level of 0.35) with the lead-
ing SIA mode. Similarly, the second SIA-mode time series
was linearly regressed to the SIA anomaly of each region
(Table 6, lower pair). A dipolar or see-saw pattern can be cap-
tured between regions 3 and 4 and regions 5 and 6, consistent
with the composite analysis of the SAT see-saw pattern of the
NAO (Wang and others, 1994).

In summary, two major modes for the Arctic SIA anomaly
can be extracted using the EOF analysis. The leading SIA
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mode is the AO-intensifying-trend-related mode, which has
an in-phase (or spatially uniform) structure (Deser and
others, 2000; Hikkinen, 2000; WIO00; Tkeda and others, 2001).
The second SIA mode shows a dipolar or see-saw structure in
the Atlantic sector, which is also AO/NAO-related (Hékkinen
and Geiger, 2000) like the winter sea-ice variation pattern of
Deser and others (2000). Significant evidence for the AO
mode can be found in the oceanographic data. Steele and
Boyd (1998) found that the cold halocline layer in the Arctic
Ocean retreated from the decade 1979-87 to the decade 1988—
96, indicating the significant effect of the AO on the ocean

Table 6. Annual leading SIA mode (upper pair) and second
SIA mode (lower pair) linearly regress to the total Arctic SIA
anomaly (SIAA) and all eight regions

SIA_A Reg 1 Reg2 Reg 3 Reg4 Reg) Reg 6 Reg 7 Reg 8

r 090 053 070 054 032 088 070 0.84 0.76
95% S.L. 044 038 041 031 035 046 037 042 045
r -042 025 -017 020 040 -0.66 —-0.71 -0.34 -0.46
95% S.L. 028 027 028 025 025 028 028 027 027

Note: The coefficients (1) over 95% S.L. (using a Monte Carlo simulation)

are boldfaced.
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thermodynamics. Also, during 1979-87, the sea-ice anticyclonic
circulation (i.e. the Beaufort Gyre) was much stronger than its
counterpart during 1988-96, because the decreasing SLP
(cyclonic anomaly) during the 1990s weakened the Beaufort
High, which in turn was caused by the intensifying positive
phase of the AO.

Next, we examine the spectral characteristics of the
95 year SIA time series from the four types of regions (Fig. 9).
There are three major time-scales in the Bering Sea (type 1):
about 12.5 years, 20 years and >50/>70 years (Minobe, 1997,
Zhang and others, 1997). In the East Siberian and Laptev Seas
(type 2), two major time-scales are 14—18 years and >70 years.
In the Greenland and Norwegian Seas (type 3), there are
18 year (Ikeda, 1990; Mysak and others, 1990) and >50 year
periods (Delworth and others, 1997). In Hudson Bay (type 4),
major time-scales include an 18 year period and another
period of >50years. Regions 3 and 4 are correspondingly
correlated in the see-saw regions (Wang and others, 1994;
Mysak and others, 1996).

Overall, there are three major time-scales: 12—14 years
(Hakkinen, 2000; Hilmer and Lemke, 2000), 17—20 years and
>50/>70 years (which is probably the century time-scale).
The >50year (probably 100 years and longer) time-scales
are evident from the time series of the total Arctic SIA anom-
aly, as well as from the time series of SIAs in the eight regions
(see Figs 4 and 5). In particular, a century time-scale 1s evi-
dent in the Sea of Okhotsk (if the records are as good in the
first half of the 20th century as in the second half). Longer
time series or their proxies are needed to verify this >50/
>70 year time-scale of sea-ice anomalies in the Arctic.
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5. STATISTICS AND ANNUAL AND SEASONAL SIA
TRENDS IN THE LAST THREE DECADES

ASIO may consist of two variations in response to AO. One
responds to an AO-intensifying trend (Thompson and
others, 2000), and the other to AO/NAO-related atmos-
phere—ice—ocean interactions (positive feedback triggered
by reduced ice thickness in the Arctic) over the Atlantic
sector (Ikeda, 1990; Wang and others, 1994; Mysak and
others, 1996; Ikeda and others, 2001). In this section, we
examine the SIA trends (Vinnikov and others, 1999; Vinje,
2001) over the last three decades in terms of annual and
seasonal characteristics in both regional (all eight regions)
and global (total Arctic sea-ice cover character) views.

Figure 10 shows annual time series of the most sensitive
seasons (spring and summer) for all eight regions and the
total Arctic seas. The trends since 1970 are remarkable,
varying from region to region, with the interannual and
decadal variability superimposed.

Table 7 shows the seasonal statistics and trends from 1970
to 1994. High STDs usually occur in either spring or summer,
as do the negative trends. Note that although summer nega-
tive trends in some regions (regions 3, 4, 6, 8) are large, their
seasonal contributions to the annual trends may be relatively
small, because their summer means are smaller than the
means of other seasons. Their relative contribution to the
annual SIA anomalies can be obtained (Table 7, rightmost
column) by multiplying a factor, F' = a;/ >, a; (where i =
1,2, 3 and 4, representing four seasons, and a is the SIA).

Table 8 depicts the annual statistics, trends and relative
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Table 7. Seasonal statistics of 95 year SIA data, trends from 1970 to 1994, and the relative seasonal contribution (rightmost
column ) to the annual trend of each region ( Table 8, rightmost column ). Units are 110° km®

Region/Seasons 95 year mean, x; 95 year STDs SIA_A_1970 SIA_A_1994 Trend decade ' F = ;)" Tt =1,..8 F x Trend decade !
I W 51.29 773 397 —-12.76 —-13.0% 54.73% =7.15%
S 2728 16.14 -8.21 —1248 -6.3% 29.11% -1.83%
S 018 048 -0.18 -0.18 0.0% 0.19% 0.00%
A 14.96 3.92 —3.53 244 16.0% 15.96% 2.55%
2 W 236.33 1.34 -1.99 -0.68 0.2% 27.31% 0.05%
S 228.53 9.38 —12.33 1143 02% 26.41% 0.05%
S 173.33 23.88 —-1.26 —29.30 —6.5% 20.03% -1.30%
A 22703 4.77 6.27 -2.50 -1.5% 26.24% -0.39%
3 W 114.44 8.59 0.5 -0.77 —04% 39.53% —0.16%
S 9715 13.23 1.19 1345 -6.0% 33.55% —2.01%
S 12.79 875 —3.22 -10.25 —2.2% 442% —0.97%
A 65.15 5.81 13.51 —12.65 -16.1% 22.50% -3.62%
4 W 109.39 8.59 224 1.04 -04% 41.94% -0.17%
S 79.5 13.23 5.6 21.64 13.7% 3048% -4.18%
S 14.79 8.75 5.38 —11.99 -47.0% 567% —267%
A 57.12 5.81 6.75 —4.79 —8.1% 21.90% —L77%
5 W 7371 10.69 2042 —26.11 —253% 3246% —8.21%
S 64.44 12.22 393 —24.77 -34.1% 28.38% -9.68%
S 3371 8.69 12.89 -9.21 ~26.2% 14.84% -3.89%
A 55.24 8.74 10.32 6.84 12.4% 24.32% 3.02%
6 W 161.28 847 012 0.65 01% 33.06% 0.03%
S 145.82 19.49 —6.62 —34.79 =77% 29.89% -2.30%
S 56.49 1793 1.67 -30.19 —22.6% 11.58% —2.62%
A 124.27 793 746 -8.87 -53% 2547% -1.35%
7 W 404.64 143 0.19 0.03 0.0% 25.97% 0.00%
S 400.58 7.88 0.82 —-14.88 -1.6% 25.71% —041%
S 350.54 29.89 12.96 —44.54 —-6.6% 22.50% -1.48%
A 402.50 341 247 044 -0.2% 25.83% -0.05%
8 W 43.26 478 —4.12 -3.09 1.0% 59.90% 0.60%
S 16.02 9.21 1.51 -5.12 -16.6% 22.18% -3.68%
S 044 0.67 -0.14 0 12.7% 0.61% 0.08%
A 12.50 3.01 1.57 3.10 14.9% 17.31% 2.58%
Td W 1194.3 23.74 21.33 —41.70 —21% 30.98% -0.65%
S 1059.32 69.53 —14.12 —138.55 —4.7% 2748% -1.29%
S 642.27 78.97 28.09 —135.67 -10.2% 16.66% -1.70%
A 958.78 25.54 44.82 —35.88 -34% 24.87% -0.85%

Notes: Winter (W), spring (S), summer (S) and autumn (A) months are January—March, April-June, July—September and October—December, respectively.
Maximum values in the region are boldfaced.

regional contributions to the total Arctic sea-ice change. In
the last three decades (1970-94), the negative trend of the
total Arctic sea-ice extent is —4.5% per decade. This can be

simulated by a coupled ice—ocean model (—4% per decade;

Hilmer and Lemke, 2000). The negative trends vary from
region to region. The relative regional contributions to the
total Arctic trend can be listed as follows, in order of magni-
tude (Table 8, rightmost two columns): regions 5

Table 8. Annual statistics of 95 year SIA data, trends from 1970 to 1994, and the relative regional contribution (sixth and last
columns ) to the total Arctic sea-ice trend of —4.5% per decade. Units are 110°km*

Region 95 year mean, x; 95 year STDs SIA_A_1970 SIA_A_1994 Trend decade ' F=ua/>,z,1=1,.8 F x Trend decade ’

1 2343 572 -1.99 =575 -13.2% 243% -0.22%

2 216.31 8.84 -2.33 -10.98 -1.6% 22.45% -043%

3 72.38 3.98 299 -9.28 —6.8% 751% -0.51%

4 65.20 6.77 499 -943 -8.8% 6.77% -0.60%

5 56.78 8.89 11.89 -16.73 -20.2% 5.89% -1.19%

6 121.97 11.30 0.66 18.30 6.2% 12.66% 0.78%

7 389.56 9.74 4.11 —14.74 -1.9% 40.42% -0.77%

8 18.05 371 -0.29 -2.83 -5.6% 1.87% -0.10%
Total 963.68 46.03 20.03 -87.95 —4.5%

Note: Maximum values in the column are boldfaced.

490

https://doi.org/10.3189/172756401781818626 Published online by Cambridge University Press


https://doi.org/10.3189/172756401781818626

(—119%/-202%), 6 (-0.78%/-6.2%), 7 (—0.77%[-1.9%), 3
(—0.51%/-6.8%), and 2 (—0.43%/-1.2%), in terms of rela-
tive/absolute reduction rate (percentage per decade),
although the large absolute reduction rate occurs in regions
1 (-18.2%) and 8 (—=5.6%) (see Table 8, sixth column). The
regional reduction rate of —20.0% per decade is largest in
the Greenland and Norwegian Seas (region J).

6. CONCLUSION AND DISCUSSION

Four types of seasonality of sea-ice variations were categor-
ized (Table 2). Type 1 (Bering Sea, Sea of Okhotsk) has nearly
zero variability (standard deviation) in summer and large
variability in winter, with no boundary limit of the SIA. Type
2 (Beaufort and Chukchi Seas, East Siberian and Laptev
Seas) has the largest variability in summer without any limit
and has the smallest variability in winter with SIA limited by
the land-boundary constraint. Type 3 (Baffin Bay—Labrador
Sea, Greenland and Norwegian Seas, Barents and Kara
Seas) has comparable year-round variability, with summer
ice STD being largest and without land-boundary constraint.
The ocean circulation and its heat transport have the stron-
gest impact on the sea-ice pattern in these regions. Type 4
(Hudson Bay) has nearly zero ice area in summer and the
strongest land-boundary constraint in winter, so variability
is stronger in spring and autumn. Therefore, investigation of
spring break-up time and fall freezing dates will help predict
the summer and winter ice conditions in Hudson Bay. Sea-ice
thickness must be used to detect the wintertime ice conditions
and ice volume in those regions with land constraint, such as
regions 2, 3 (Wang and others, 1994) and 7.

Arctic sea-ice extent has experienced a negative trend
since the 1970s (—4.5% per decade), with the largest trend
occurring in summer (—102% per decade). This corres-
ponds to the intensifying AO events that result in a warming
of northern Europe and the central Arctic (Thompson and
others, 2000; WI00). All eight regions experience deduction
rates ranging from —1.6% to —20.2% per decade (Table 8,
sixth column), with those in region 5 (the Greenland and
Norwegian Seas) being the highest (—20.2% per decade).

In terms of SIA anomaly, two major EOF modes were ex-
tracted, which physically correspond to the AO/NAO. The
ASIO shows the in-phase decrease in sea-ice thickness/ice
cover, superimposed by the decadal oscillations in response
to the intensifying AO-related SAT pattern (WI00; Ikeda
and others, 2001). The other pattern has a dipolar structure
(the see-saw regions) between regions 3 and 4 and regions 5
and 6 in the Atlantic sector (Wang and others, 1994; see their
figs 6 and 7).

In addition to the interannual time-scales, the major
decadal and interdecadal time-scales were also found for
the Arctic sea-ice areas: 12—14 and 17-20 years for the four
types of regions (Mysak and others, 1990; Hakkinen, 2000;
Hikkinen and Geiger, 2000; Hilmer and Lemke, 2000).
Longer STA time series or their proxies are needed to verify
the >50/>70 year (Delworth and others, 1997; Minobe, 1997)
and century time-scales (Tremblay and others, 1997). In the
North Pacific sector, Minobe (1997) found the 50—-70 year
periods in the North Pacific Oscillation using SLP, SAT, seca-
surface temperature and tree-ring data. In the Atlantic sector,
Ikeda (1990) proposed that the air-ice—ocean system is essential
for the decadal oscillation. Mysak and others (1990) also found
interdecadal variability in sea-ice extent and linked it, by a
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hypothesized feedback loop, to the Great Salinity Anomaly
(Dickson and others, 1988). Delworth and others, (1997) found
the 40-80 year periods in the ocean temperature and salinity
in the Greenland Sea in a 2000 year integration of a coupled
ocean—atmosphere model.

From the time series of total Arctic ice anomaly (Fig. 5),
there has been a significant decrease in sea-ice extent since
1970. If the sea-ice thickness of the reduced area is about 1 m
in the last three decades (Rothrock and others, 1999), then
the total reduction in ice volume is 964 km® because SIA
has decreased by about 80 x 110 km? since the 1970s. In
other words, less ice-equivalent fresh water (McPhee and
others, 1998) must reside in the Arctic surface layer, with a
residence time of about 10 years (Aagaard and Carmack,
1989). If the anomalous surface fresh water is transported
out of the Arctic through Fram Strait (Kwok and Rothrock,
1999; Vinje, 2001) by the anomalous Transpolar Drift Stream
(Steele and Boyd, 1998) into the Western and Eastern Green-
land Currents, eventually joining the Labrador Current, this
results in stronger than normal stratification of the surface
layer in the regions covered by the large anomalous fresh
water from the Arctic, i.e. deep-water formation is unlikely
to occur. This would result in the shutdown of the deep con-
vection of the dense water and global thermohaline circu-
lation (Mysak and others, 1990; Manabe and Stouffer,
1997). Thus, fresh water is considered an important factor
in a feedback loop with decadal cycles (Robitaille and
others, 1995; MV98; Ikeda and others, 2001). Furthermore,
we need to know what kind of active (rather than passive
as a predictor only) role the ASIO plays in global climate
change, as well as regional (Arctic) climate change (Wu
and others, 1999; Ikeda and others, 2001).
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