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Introduction

radiometers are presented for the Northern Hemisphere as

a whole and for nine Arctic regions. There is an over-
all negative yearly trend of-51.5 + 4.1 x 103km2yr—1
(—4.1 + 0.3%decade!) in sea ice extent for the hemi-

sphere. The yearly sea ice extent trends for the individuaf

Arctic regions are all negative except for the Bering Sea:
-39+ 11x103km?yr1 (-8.7 + 2.5%decade!) for

the Seas of Okhotsk and Japar).3 + 0.8 x 103 km?yr—1
(+1.2 £ 2.7 % decade!) for the Bering Sea-4.4+ 0.7 x
103km2yr—1 (=5.1 + 0.9% decade!) for Hudson Bay,
—7.641.6x10°km?yr—1 (—8.5+ 1.8 % decade?!) for Baf-

fin Bay/Labrador Sea-0.5+ 0.3 x 10°km?yr—! (-5.9+

3.5 % decade?!) for the Gulf of St. Lawrence-6.5+ 1.1 x
10°km?yr—! (—8.6 + 1.5%decade!) for the Greenland
Sea,—13.5+ 2.3 x 103 km?yr—1 (—9.2 + 1.6 % decade?)

for the Kara and Barents Seas]4.6+ 2.3 x 10°km?yr—1
(—2.14 0.3 % decade?) for the Arctic Ocean, and-0.9 +

0.4 x 103 km?yr~1 (—1.3 + 0.5% decade?) for the Cana-
dian Archipelago. Similarly, the yearly trends for sea ice ar-
eas are all negative except for the Bering Sea. On a season
basis for both sea ice extents and areas, the largest negati
trend is observed for summer with the next largest negativ
trend being for autumn. Both the sea ice extent and are
trends vary widely by month depending on region and sea
son. For the Northern Hemisphere as a whole, all 12 month
show negative sea ice extent trends with a minimum mag
nitude in May and a maximum magnitude in September,
whereas the corresponding sea ice area trends are small
in magnitude and reach minimum and maximum values in
March and September.

Satellite passive microwave observations of the Earth’s po-
lar sea ice cover over the last three decades have provided
he basis for studying its regional, seasonal, and interannual
variabilities. The Arctic sea ice cover has exhibited a sig-
nificant decline over this period (e.g. Parkinson et al., 1999;
Vinnikov et al., 2006; Meier et al., 2007; Parkinson and Cav-
alieri, 2008; Stroeve et al., 2012). In contrast to the Arctic,
the total Antarctic seaice cover has increased somewhat from
1979 through 2010. Analyses of the Antarctic sea ice cover
for this period are presented in a companion paper (Parkin-
son and Cavalieri, 2012). In this study we extend the 28-yr
(1979-2006) time series presented by Parkinson and Cav-
alieri (2008) and discuss the differences in the Arctic sea
ice variabilities and trends observed principally between the
28-yr and 32-yr periods. We also examine changes in trends
among the 32-yr, 28-yr, and 18-yr periods, the latter from a
study by Parkinson et al. (1999).

al Figure 1 shows the 32-yr averaged sea ice concentration

Jaaps for March, the month of maximum sea ice extent on
ZQverage, and for September, the month of minimum sea ice

xtent on average. Figure 1 also shows the locations of each
of the nine Arctic regions analyzed in this study. Much back-

ground material about Arctic sea ice and the characteristics

of each of the nine regions used in the analyses is given in

Parkinson et al. (1999) and in Parkinson and Cavalieri (2008)
gpd is not repeated here. The emphasis in this study is mainly
on the changes that occurred from the previous 28-yr time
series results to the current 32-yr results. In Sect. 2, we pro-
vide a brief description of the data sets used and the meth-
ods employed to derive the sea ice time series. In Sect. 3,
we present the results of our analyses for sea ice extents and
sea ice areas. In Sect. 4, we provide a comparison of trends
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of the use of different satellite sensors, each of which may
differ in their measurement wavelengths, fields-of-view, an-
gles of incidence, ascending node times, and calibrations.
In a study of the consistency of long-term observations of
oceans and ice from space, Zabel and Jezek (1994) found
that ocean observations should be matched at the geophysi-
cal product level rather than at the sensor radiance level, an
approach that was already in use by the sea ice community.
Details of the approach, including filling data gaps, reduc-
ing land-to-ocean spillover effects, reducing weather effects
over ice-free ocean, and finally matching sea ice extents and
areas for each pair of overlapping sensors, are discussed by
Cavalieri et al. (1999).
Starting with the Nimbus 7 SMMR, the data from each

subsequent sensor were matched with the data from the pre-
vious sensor using the available period of overlap to mini-

Seas of Okhotsk and Japan mize the differences. Although we did not have the desired
Bering Sea complete year of overlap for each pair of sensors, we were
Hudson Bay able to reduce ice extent differences during periods of sen-
Batfin Bay/Labrador Sea sor overlap to 0.1 % or less and ice area differences to 0.6 %
Gulfof St Lawrence or less (Cavalieri et al., 1999). Most recently, we did have a

Greenland Sea

complete year of overlap (2007) with which to match the F13
SSMI and F17 SSMIS sea ice extents and areas. A descrip-
tion of the methods used and the level of agreement obtained
are provided by Cavalieri et al. (2012).

Kara and Barents Seas
Arctic Ocean

Canadian Archipelago

Fig. 1. (a)Maps of Northern Hemisphere March and September sea3 Results
ice concentrations, averaged over the years 1979-2010, as derived
from satellite passive-microwave observatidg Locationmap of  gea jce extents and areas are presented for the Northern
the regions used in the analysis (updated Fig. 1 from Parkinson anﬁemisphere as monthly averaged values, monthly devia-
Cavalieri, 2008). .

tions, and yearly and seasonally averaged values for the
years 1979-2010 (Fig. 2). We present the monthly devia-
etions of sea ice extents and areas for each of the nine Arc-
tic regions: Seas of Okhotsk and Japan, Hudson Bay, Baf-
fin Bay/Labrador Sea, the Gulf of St. Lawrence, the Green-
land Sea, the Kara and Barents Seas, the Arctic Ocean, and
2 Data sources and methods the Canadian Archipelago (Fig. 3). Sea ice extent and area

trends by month over the 32-yr period 1979-2010 are also
The data set from which the sea ice extents and areas aggresented (Fig. 4). Trends are presented both ifykmt and
calculated consists of sea ice concentration maps deriveih % decade’ (Table 1). The krAyr—! trend is simply the
from the radiances obtained from the following satellite mi- slope of the least squares fit line. The % decddeend is
crowave radiometers: the Nimbus 7 Scanning Multichannelbased on the slope of the least squares fit line and the 1979
Microwave Radiometer (SMMR), which operated from 26 value of that line.
October 1978 through 20 August 1987, the Defense Mete- For the purpose of providing a relative measure of the “sig-
orological Satellite Program (DMSP) series of F8, F11, andnificance” of the trends, we calculate a rafoof the esti-
F13 Special Sensor Microwave Imagers (SSMI), and the F1#nated trend to its standard deviatiagtd provides a continu-
Special Sensor Microwave Imager Sounder (SSMIS). The F&us measure of “significance” and is less arbitrary than the
SSMl operated from 9 July 1987 through 18 December 1991 standard 95 % or 99 % levels of statistical significance gen-
the F11 SSMI from 3 December 1991 through 30 Septembeerally used. Nonetheless, these levels of significance are in-
1995, and the F13 SSMI from 3 May 1995 through 31 De- dicated in the trend tables to provide a reference for compar-
cember 2007. The F17 SSMIS provided data from 1 Januaryson with other published values. These levels of statistical
2008 through 31 December 2010. significance are obtained using the Student’s t-test with the

The generation of a long-term, consistent time series ofull hypothesis of a zero trend and assuming 30 (32-2) de-

sea ice extents and areas is particularly challenging becauggees of freedom. The threshold valuesrRotorresponding

from previously analyzed shorter time series. In Sect. 5, w
present the main conclusions.
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to the 95 % and 99 % levels of statistical significance are 2.04 _(a) Monthly Averages -
and 2.75, respectively. Although the use of this statistical

significance test has been criticized both for the use of theg
null hypothesis and the arbitrary levels of significance (e.g. &
Nicholls, 2001) and for issues related to the autocorrelation~
of the data (e.g. Santer et al., 2000), we still indicate theseé
levels of statistical significance in the tables to provide a rel- ‘;
ative measure of the robustness of the trend.

Northern Hemisphere

Sea Ic

3.1 Seaice extents ol
1978 1982 1986 1990 1994 1998 2002 2006 2010

Sea ice extent is defined as the cumulative area of all grid (b) Monthly Deviations

cells having at least 15% ice concentration. The reasonsg:z_ T
for using a 15 % cutoff have been discussed previously by & .| %
Parkinson and Cavalieri (2008). We first examine sea ice ex-> oo

-51400 + 1900 km/yr |

tent variabilities and trends for the Northern Hemisphere as EX) 05 ; “ t b
a whole and then for each of the nine Arctic regions. " j'g' ! | ? Yy ]
8150 ‘ ]
o 201 1l 4
3.1.1 Northern Hemisphere total 3 N
1978 1982 1986 1990 1994 1998 2002 2006 2010
A comparison of the 32-yr March and September maps of (c) Yearly and Seasonal Averages
Fig. 1 with the corresponding maps for the 28-yr period R NP
(Fig. 1 in Parkinson and Cavalieri, 2008) reveals a noticeable & 11 T v
reduction in average ice concentrations in the central Arc- 2 1
. . . S U S S S e, o
tic for September, whereas there are fewer noticeable differ- et e
—e y—e—*="=eSp

ences in average ice concentration for March. This seasona
difference is reflected in the summer versus winter trends for
both sea ice extents and areas discussed below.

Figure 2a shows the monthly average sea ice extentsfor~ [ "
the total Northern Hemisphere as well as the average sea- ~ '97° 1982 1985 1988 1991 1994 1997 2000 2003 2006 2009

sonal cycle (Fig. 2a inset) based on monthly averages. Gergig, 2. (a)Monthly averaged Northern Hemisphere sea ice extents
erally, the month of maximum extent is March, whereas thefor November 1978 through December 2010. The inset shows the
month of minimum extent is September. The three years withaverage annual cyclé¢b) Monthly deviations for the sea ice ex-
the largest March sea ice extents for the Northern Hemi-tents.(c) Yearly and seasonally averaged sea ice extents for the
sphere were 1979, 1983, and 1982, having extents of 16.1yjears 1979-2010. The winter (W), spring (Sp), summer (Su), and
15.9, and 15.8 million square kilometers, respectively. Theautumn (A) values cover the periods January—March, April-June,
three years with the smallest September sea ice extents werdly-September, and October-December, respectively.
2007, 2008, and 2010, with extents of 4.3, 4.7, and 4.9 mil-
lion square kilometers, respectively.

Figure 2b shows the sea ice extent monthly deviations foiwinter has increased by 1 %, but for spring, it has decreased
the November 1978-December 2010 (32 1/6 yr) period withby 4 %.
an overall trend of-51.4+ 1.9 x 103km?yr~1. The largest While the Northern Hemisphere yearly trend of
negative excursion from the trend line occurs in September-51.5+4.1 x 10°km?yr—1 for the 32-yr period (1979-
2007, which had the smallest sea ice exter824 10° km?) 2010) (Table 1) is 14 % more negative than the corresponding
for the 32-yr period. The overall trend is 14 % more negativetrend of —45.1+ 4.6 kn?yr—1 for the 28-yr period (1979-
than the corresponding trend for the 28-yr period (Parkinsor006) reported by Parkinson and Cavalieri (2008), the
and Cavalieri, 2008). changes from the 28-yr period to the 32-yr period on a

Figure 2c shows both the yearly and seasonal trends foregional basis were far from uniform.
the Northern Hemisphere for the 32-yr period 1979-2010.
The trend values are provided in Table 1. All the trends3.1.2 Regional
are negative with increasingly larger negative trends from
spring, winter, autumn, and summer. A comparison of seafigure 3 shows the sea ice extent monthly deviations and
sonal trends from the 28-yr to 32-yr period shows that for thetheir trends for each of the nine Arctic regions and for
32-yr period the magnitude of the negative trend for summerthe hemisphere as a whole. Examination of the figure il-
has increased by 31 %, for autumn has increased by 20 %, fdustrates the very large differences in regional sea ice

Sea Ice Extent (10°km?)
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Table 1. Yearly and seasonal Arctic sea ice extent trends for the period 1979-2010 with estimated standard deviations

Region Yearly | Winter | Spring | Summer | Autumn

103 km2yr—1 R %decade? | 10°km2yr—t R %decade® | 10° km?yr—t R %decade? | 10°km2yr—?t R %decade? | 10°km2yr—?t R  %decade?
NH —51.5+4.1 1241 —-4.1+03 —40.0+4.4 9.00 —2.6+£0.3 —38.1+3.7 10.22 —2.8+£0.3 —70.1+£7.8 8.99 —7.94+0.9 —57.3+£5.7 10.09 —4.9+0.5
Seas of Okhotsk and Japan  —3.94+1.1 3.44 —8.7+25 —-9.2+29 3.16 —-8.0+25 —4.9+1.8 270 -10.2+3.8 NI - - —-1.6+0.7 2.15 —9.0+4.2
Bering Sea 0.20.8 0.43 1.2£2.7 25+1.8 1.37 3.8:2.8 0.6+1.6 0.38 1.#45 —0.1£0.0 — —=23.0+22 —1.5+0.9 171 —-8.2t438
Hudson Bay —4.4+0.7 5.97 -5.1+0.9 —-0.0+0.0 114 -0.0£0.0 —-3.1+0.7 4.49 —2.6+0.6 —5.7+12 484 -19.1+39 —8.6+1.6 541 -129+24
Baffin Bay/Labrador Sea —7.6+£1.6 4.66 —8.5+1.8 —9.5+3.2 297 —6.6+2.2 —8.0+£2.0 4.00 —6.8+1.7 —5.1+11 479 -17.4+3.6 —7.9+15 523 -11.5+2.2
Gulf of St. Lawrence —0.5+0.3 1.67 -5.9+35 —-1.9+08 2.22 —8.6+3.9 —0.3+0.3 1.03 —-4.3+4.2 NI - - 0.2+0.1 2.04 6.9:3.4
Greenland Sea —6.5+1.1 5.77 —8.6+1.5 —9.5+1.9 5.09 —9.6+1.9 —6.0+1.2 4.96 —6.9+1.4 —4.8+1.6 3.01 -10.2+3.4 —5.7+14 4.10 —8.3+2.0
Kara and Barents Seas —13.5+2.3 5.80 —9.2+1.6 —12.2+2.4 498 —6.3+1.3 —14.0+3.2 4.44 —7.7+1.7 —13.8+2.8 4.86 -18.4+38 —13.8+2.7 5.08 -10.2+2.0
Arctic Ocean —14.6+2.3 6.33 —2.1+0.3 —-0.2+£0.1 1.34 -0.0£0.0 —2.1+0.6 3.30 —-0.3+0.1 —38.4+6.1 6.25 —5.94+0.9 —17.4+£29 5.93 —2.5+04
Canadian Archipelago —-0.9+0.4 2.53 —-1.3+0.5 -0.0+£0.0 110 -0.0+0.0 —-0.44+0.1 2.59 —0.5+0.2 —2.24+1.1 2.05 —3.9+1.9 —-1.1+04 3.10 —1.5+05

* Each is given as Fokm2 yr—1 and % decadel. R is the ratio of the absolute value of the trend to its standard deviation.

Assuming a null hypothesis of zero trend and 30

degrees of freedom, R-values in bold indicate a statistical significance of 95 %; values in italicized bold indicate a significance level of 99 %. NI means no ice.
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Fig. 3. Monthly deviations of the sea ice extents f@) Seas of
Okhotsk and Japar(b) Bering Sea,(c) Hudson Bay,(d) Baffin
Bay/Labrador Sedg) Gulf of St. Lawrence(f) Greenland Sedg)
Kara and Barents Sedb) Arctic Ocean(i) Canadian Archipelago,

and(j) Northern Hemisphere.

extent variabilities over the 32-yr period. The three re-
gions contributing most to the overall negative trend of the
Northern Hemisphere are the Arctic Oceanlé.4+ 1.5 x
10°km2yr—1), the Kara and Barents Seas13.5+ 0.9 x
103km?yr-1), and the Baffin Bay/Labrador Sea region
(—7.640.6x 10°km? yr~1) (Fig. 3). These three regions ac-
count for over half of the total area of the nine Arctic regions

combined.

1978 1962 1986 1990 1994 1998 2002 2006 2010
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The yearly trends for the Arctic Ocean and Kara and Bar-
ents Seas regions (Table 1) represent increases of 45 % and
27 % in the magnitude of the negative yearly trends, respec-
tively, compared with the corresponding yearly trends for the
28-yr period (1979-2006) reported by Parkinson and Cava-
lieri (2008). Other regions showing more negative trends for
the longer period are the Seas of Okhotsk and Japan, the Gulf
of St. Lawrence, and the Canadian Archipelago.

Some regions had less negative yearly trends for the 32-yr
period compared to the 28-yr period. These included Hud-
son Bay, Baffin Bay/Labrador Sea, and the Greenland Sea
regions (Table 1 versus Parkinson and Cavalieri, 2008). In
contrast to the other eight regions, the Bering Sea had a pos-
itive trend (+0.34 0.8 x 10 km? yr—1) for the 32-yr period,
although not statistically significant (Table 1). For the 28-yr
period, the Bering Sea trend wa®.5+ 1.0 x 103 km?yr—1
(Parkinson and Cavalieri, 2008).

3.1.3 Seaice extent trends by month for all regions

Figure 4 shows the sea ice extent trends by month for the 32-
yr period 1979-2010 for each of the nine Arctic regions and
for the Northern Hemisphere as a whole. Most of the nine
regions show either zero or negative trends for each of the 12
months. Only the Bering Sea and the Gulf of St. Lawrence
show positive trends for some months. By far the largest re-
gional negative trend occurs for the Arctic Ocean region in
the month of September (Fig. 4h). The Seas of Okhotsk and
Japan and the Gulf of St. Lawrence are completely free of ice
during July, August, and September, whereas the Bering Sea
is totally ice free only in August.

The Northern Hemisphere (Fig. 4j) shows an interest-
ing seasonal pattern in the monthly trends. From Septem-
ber through May, the trends become less negative, reach-
ing a minimum trend magnitude in May, whereas from May
through September the monthly trends become more neg-
ative. The Northern Hemisphere September trend almost
reaches-80x 10° km? yr—1. The September trends for most
of the individual regions are zero or close to zero. However,
the Arctic Ocean and the Canadian Archipelago regions have
their most negative trend in September. These two regions
have zero trends for the winter months as a result of being

www.the-cryosphere.net/6/881/2012/
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the Northern Hemisphere as a whole and then for each of the
nine Arctic regions.

3.2.1 Northern Hemisphere total

Similar to Fig. 2a for sea ice extents, Fig. 5a shows the
monthly average sea ice areas for the total Northern Hemi-
sphere as well as the average seasonal cycle (Fig. 5a in-
set) based on monthly averages. Overall, the month of max-
imum sea ice area is March, closely followed by February.
The month of minimum sea ice area is September. The year
with the largest March sea ice area for the Northern Hemi-
sphere is 1979, having an area of 14.2 million square kilo-
meters, whereas the year with the smallest September seaice
area (3.1 million square kilometers) is 2007. The hemispheric
yearly trend 0f—49.6+ 4.0 x 10° km? yr—1 for the 32-yr pe-

32-Year Ice Extent Trend (10 °km ?/yr)

riod (Table 2) is 21 % more negative than the correspond-

5 ing trend of—41.0+ 4.3 x 103 km? yr—1 for the 28-yr period

0 ° —\f (1979-2006) reported by Parkinson and Cavalieri (2008).
Figure 5b shows sea ice area monthly deviations with an

I SOND overall trend 0f-49.3+ 1.9x 10° km? yr—1, and the year-to-

year variability is almost identical to that for the sea ice ex-
tents. Likewise, the sea ice area yearly and seasonal averages
0 /H'—"" 0 shown in Fig. 5¢ are similar to the corresponding plots for
70 seaice extent, although all the values are reduced. The 1979—
2010 seasonal trends are more negative for each season (Ta-
ble 2) than the 1979-2006 trends (Parkinson and Cavalieri,
Fig. 4. Sea ice extent trends by month over the 32-yr period 1979-2008). We next examine the changes in trends by region. As
2010 for(a) Seas of Okhotsk and Japgh) Bering Sea(c) Hud- with the sea ice extents, the changes from the 28-yr period to
son Bay,(d) Baffin Bay/Labrador Segg) Gulf of St. Lawrence,  the 32-yr period were far from uniform.
(f) Greenland Sedg) Kara and Barents Seg#y) Arctic Ocean i)
Canadian Archipelago, ar{f) Northern Hemisphere.

32-Year Ice Extent Trend (10°km?/yr)
3

JFMAMUJJASOND
(j) Northern Hemisphere

JFMAMJJASOND
Month

JFMAMJJASOND
Month

3.2.2 Regional

Regionally and seasonally, the sea ice area variabilities are
completely covered by sea ice of at least 15 % ice concentrasomewhat different than those for sea ice extents, reflecting
tion in all winters of the 1979-2010 period. the influence of sea ice concentration variability. The sea ice

A comparison of Fig. 12 in Parkinson and Cavalieri (2008) area trends are sometimes smaller than the corresponding sea
with our Fig. 4 shows that the Bering Sea had positiveice extent trends, sometimes larger, and sometimes of oppo-
trends only for the months of January and February for thesite sign.

1979-2006 period, in contrast to the four months of posi- Figure 6 shows the sea ice area monthly deviations and
tive trends for the 32-yr period (Fig. 4b). For the Northern their trends for each of the nine Arctic regions and for the
Hemisphere as a whole, the largest negative trend occurs ihemisphere as a whole. As with the sea ice extent trends, the
September for both the 28-yr and the 32-yr periods, but forthree regions contributing most to the overall negative sea ice
the 28-yr period the September negative trend was approxiarea trend of the Northern Hemisphere are the Arctic Ocean
mately —57 x 10°km?yr—1, versus the much higher magni- (—18.4+1.6 x 103km?yr—1), the Kara and Barents Seas
tude—80 x 10° km?yr—1 trend for the 32-yr period. (—12.3+ 0.8 x 103 km2yr—1), and the Baffin Bay/Labrador
Searegion{5.94 0.6 x 103 km2yr—1).

When examined on a yearly average basis (Table 2), the
trends for the Arctic Ocean and Kara and Barents Seas
Seaice areas are defined as the cumulative sum of the produtgions represent increases in magnitude (more negative)
of the grid cell ice concentration and grid cell area for all grid of 63 % and 27 %, respectively, compared with the corre-
cells having at least 15 % ice concentration. Sea ice extentsponding trends for the 28-yr period (1979-2006) reported
are usually greater (and never less) than sea ice areas, bby Parkinson and Cavalieri (2008). Other regions showing
the two are equal for the case where all ice concentrationgnore negative trends for the longer period are the Gulf of
are 100 %. We first examine the variabilities and trends forSt. Lawrence and the Canadian Archipelago.

3.2 Seaice areas

www.the-cryosphere.net/6/881/2012/ The Cryosphere, 6, 8@&RB9, 2012
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Table 2. Yearly and seasonal Arctic sea ice area trends for the period 1979-2010 with estimated standard deviations

Region Yearly | Winter | Spring | Summer | Autumn

103 km2yr—1 R %decade® | 10° km?yr—t R %decade® | 10 km?yr—t R %decadg? | 10°km?yr—t R %decads? | 10°km2yr—t R %decade?
NH —49.6+4.0 12.27 —4.6+0.4 —31.0+4.6 6.78 —2.2+0.3 —42.4+42 1000 -3.5+0.3 —69.8+£6.4 10.97 -10.2+0.9 —54.7+6.4 8.61 —5.44+0.6
Seas of Okhotsk and Japan —3.5+1.0 3.60 -11.9+33 —9.3+2.7 348 -11.4+33 —-3.8+1.4 267 -13.1+49 NI - - -1.1+05 235 -128+55
Bering Sea 0.50.6 0.86 2.9:34 23+1.6 1.48 5.4£3.6 0.7+1.1 0.61 3.3t55 —0.1+0.0 —  —=29.1+25 —-0.8+£0.7 120 -8.0+6.7
Hudson Bay —4.0+0.7 5.47 —-5.6+1.0 —0.7+0.3 246 —0.6+0.2 —-52+1.1 4.62 —5.0+1.1 —2.6+0.6 412 -19.4+4.7 —7.3+15 478 -143+3.0
Baffin Bay/ Labrador Sea —5.9+1.3 4.42 —8.7+2.0 —7.3+29 257 —6.2+2.4 —7.3+1.6 4.72 —8.1+1.7 —2.9+0.6 496 —19.5£3.9 —6.3+1.3 475 -12.2+26
Gulf of St. Lawrence —-0.5+0.2 240 -10.4+43 —-1.7+06 261 -12.6+4.38 —0.3+0.1 177 -82+46 NI - - 0.1+00 1.21 3328
Greenland Sea —3.7+0.9 4.30 —7.2+17 —5.4+15 3.63 —7.7+2.1 —3.7+0.9 4.10 —6.2+1.5 —2.3+1.1 2.08 —9.2+4.4 —3.3+1.2 281 —6.8+2.4
Kara and Barents Seas —12.24+2.1 5.83 -10.3+1.8 —12.6+2.7 4.73 —7.5+1.6 —14.9+3.0 5.02 —9.7+19 —-9.24+2.1 443 -20.4+46 —12.3+26 475 -11.3+24
Arctic Ocean —18.9+2.6 7.34 —2.9+04 3.0+£0.8 3.71 0.44+0.1 —6.9+1.6 4.29 —1.0+0.2 —49.4+5.6 8.87 —9.1+1.0 —21.8+4.0 5.42 —3.3+0.6
Canadian Archipelago —-1.4+04 327 -2.3+07 0.7£0.1 531 1.0+0.2 -1.0+03 311 -14+04 —3.4+10 334 -86+26 -19+05 350 -2.8+0.38

* Each is given as fokm2 yr—1 and % decade!. R is the ratio of the absolute value of the trend to its standard deviation. Assuming a null hypothesis of zero trend and 30
degrees of freedom, R-values in bold indicate a statistical significance of 95 %; values in italicized bold indicate a significance level of 99 %. NI means no ice.

Some regions had less negative trends for the 32-yr period o2 Monthly Averages
compared to the 28-yr period. These included the Seas ol T Northern Hemisohere
Okhotsk and Japan, Hudson Bay, Baffin Bay/Labrador Sea,~ go_w”\/ﬂ P ]
and the Greenland Sea regions. As with sea ice extent an(}c‘ o ‘
in contrast to the other eight regions, the Bering Sea had ac
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3.2.3 Seaice area trends by month for all regions A A A A A
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Figure 7 shows the sea ice area trends by month for each o
the nine Arctic regions and for the Northern Hemisphere as< '
a whole. While the seasonal patterns for the Northern Hemi- ;3 '
sphere and for each of the Arctic regions generally match < o
those for the sea ice extents, there are two important differ- 8
ences. First, for the Northern Hemisphere, the smallest se
ice area trend occurs in March (Fig. 7j), whereas for sea ice
extent the smallest trend occurred in May (Fig. 4j). As with — 25— e
sea ice extent, the largest negative trend occurs in Septembe

although the magnitude of the ice area trend for October is , (¢) Yearly and Seasonal Averages

almost as large, in contrast to the sea ice extent October value 1o == e o . L .

[a})
Sea Ice Ar

gions. This implies that the sea ice concentration has beer T
increasing over at least portions of these regions. These Arc- 1979 1982 1985 1988 1991 1994 1997 2000 2003 2006 2009

tic Ocean and the Canadian Archipelago ice area trends argjg. 5. (a) Monthly averaged Northern Hemisphere sea ice areas
somewhat less than the positive trends found by Parkinsoffor November 1978 through December 2010. The inset shows the
and Cavalieri (2008) for the 28-yr period. These two regionsaverage annual cyclg¢b) Monthly deviations for the sea ice ar-
are the only ones with statistically significant positive sea iceeas.(c) Yearly and seasonally averaged sea ice areas for the years
area trends for the winter season as a whole, although th&979-2010. The winter (W), spring (Sp), summer (Su), and autumn

Bering Sea has a statistically insignificant positive trend (Ta-(A) values cover the periods January-March, April-June, July—
ble 2). September, and October—December, respectively.

(Fig. 4j). < o TERTSY
The second difference between the sea ice extentand ares, 5 oo
trends by month is that during the months of January through e W
April the sea ice area trends are slightly positive for the Arc- £ 11+ M\:ﬁ'AT*VWSp—
tic Ocean and the Canadian Archipelago regions in contrastg °r T R e
to the zero sea ice extent trends for the same months and re 3 ;"fvw et / e 1

3

For the 28-yr period (Parkinson and Cavalieri, 2008), the
Bering Sea had positive trends in ice areas and ice extents
only for the months of January and February, whereas foffor the entire Northern Hemisphere, the maximum nega-
the 32-yr period, the ice areas and ice extents had positivéive ice-area trends for the 28-yr period were between 50—
trends from January through April (Figs. 4 and 7). Also, 55 x 10° km?yr—1 for the months of June, July, August, and
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Fig. 6. Monthly deviations of the sea ice areas f@) Seas of  Fig. 7. Sea ice area trends by month over the 32-yr period 1979—
Okhotsk and Japar(b) Bering Sea,c) Hudson Bay,(d) Baffin 2010 for(a) Seas of Okhotsk and Japdb) Bering Sea(c) Hud-
Bay/Labrador Sedg) Gulf of St. Lawrence(f) Greenland Sedg) son Bay,(d) Baffin Bay/Labrador Segge) Gulf of St. Lawrence,
Kara and Barents Sed$) Arctic Ocean(i) Canadian Archipelago,  (f) Greenland Sedg) Kara and Barents Seg#) Arctic Ocean (i)
and(j) Northern Hemisphere. Canadian Archipelago, ar(§) Northern Hemisphere.

September, whereas for the 32-yr period, the maximum neg:t]apan had a slightly greater negative trend. In contrast, the

zitQ/Se;cle(;glr((ranazt;repld for the month of September was almosregions of the Gulf of St. Lawrence, the 'Kara anq Barents
' Seas, the Arctic Ocean, and the Canadian Archipelago all
had considerably larger negative yearly average trends over
4 Trend comparisons through 1996, 2006, and 2010 32yr than they had for the 28-yr period.
To compare also with the earlier Parkinson et al. (1999)
The decline of the Arctic sea ice cover has accelerated overstudy for the 1979-1996 period as well as the Parkinson
all in recent years, but this has occurred with significant dif-and Cavalieri (2008) study for the 1979-2008 period, Ta-
ferences in regional and seasonal trends. For the Northerhles 3 and 4 summarize sea ice extent and area trends, respec-
Hemisphere as a whole, there was a 14 % more negative trentilely, for each of the three study periods: 1979-1996 (period
in yearly average sea ice extent over the 32-yr period 19794), 1979-2006 (period 2), and 1979-2010 (period 3). On a
2010 than for the previously analyzed 28-yr period (Parkin-yearly basis and for the summer and autumn seasons, there
son and Cavalieri, 2008). Seasonally, the Northern Hemi-was an increasingly negative trend for sea ice extents from
sphere sea ice extent trend became more negative by 31 #eriod 1 to period 3 for the Northern Hemisphere (Table 3).
for summer and by 20 % for autumn. Regionally, the largestFor winter there was also a substantial increase in magnitude
percent change occurred for the Bering Sea, which changedf the negative trend from period 1 to period 2 but only a
from a small negative trend to a small positive trend in theslightly more negative trend for period 3 than for period 2.
yearly average, but neither trend was statistically significantn contrast, for spring, there was a slight decrease in negative
Hudson Bay, Baffin Bay/Labrador Sea, and the Greenlandrends going from period 1 to period 3.
Sea regions had somewhat smaller negative yearly average For the 9 regions individually, there was a complex ar-
trends for the 32-yr period, whereas the Seas of Okhotsk anday of changing trends both by region and season (Table 3).
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Table 3. Yearly and seasonal Arctic sea ice extent trends with estimated standard deviat%{m%w_l) for each of three periods: 1979—
1996 (1), 1979-2006 (2), and 1979—-2010 (3). NI means no ice. Values for 1979-1996 are from Parkinson et al. (1999); values for 1979-2006
are from Parkinson and Cavalieri (2008); and values for 1979—-2010 are from Table 1 above.

Yearly/Seasonal Yearly \ Winter \ Spring \ Summer \ Autumn

Region/Period 1 2 k] 1 2 3| 1 2 3| 1 2 3| 1 2 3
NH —34.0+83 -451+46 -515+41| -33.6+9.2 -395+56 -40.0+44 | —428+75 -39.7+46 -381+37| -383+176 -53.4+79 -701+7.8| -21.5+119 -47.7+£6.1 -57.3£57
Seas of Okhotsk and Japan —9.7+2.3 -3.8+15 —-39+11| —225+6.3 —8.8+3.8 —9.2+29 | —14.54+35 —53+23 —49+18 0.0+0.0 0.04+ 0.0 NI —2.0+19 —-1.0£0.9 -1.6+0.7
Bering Sea 1.6:1.7 -05+10 0.3+0.8 35+4.0 05+22 25+18 04+36 -13+19 0.6+ 1.6 -014+00 -01+00 -0.1+00 02+18 -10+11 -15+09
Hudson Bay -14+14 -45+0.9 —4.4+07 —0.04£0.0 —0.0£0.0 -0.0£0.0 -1.4+08 -3.4+08 -31+0.7 -14+£29 -58+15 —-57+12 —29+3.6 -85+19 -86+1.6
Baffin Bay/Labrador Sea 3%38 —-8.0+20 —-76+16 9.8+75 -10.0+3.9 —9.5+3.2 22+53 —89+26 —8.0+2.0 12428 —46+14 -51+11 —0.8+3.7 —85+18 —-7.9+15
Gulf of St. Lawrence 2&04 -03+03 -05+03 44+13 —-15+1.0 -1.9+08 25+05 —0.04+04 -0.34+03 0.0+0.0 0.0+ 0.0 NI 1.3+03 04+0.2 0.2+0.1
Greenland Sea —45+29 -7.0+£14 —-65+11| -12.6+4.7 —-9.9+24 -95+19 -32+30 -6.4+15 —6.0+1.2 -05+38 —5.4420 —48+1.6 —-174+37 —6.4+18 -57+14
Kara and Barents Seas —152+4.4 -10.6+28 -135+23| -16.0+4.9 —-95+29 -122+24 | -259+6.5 -124+40 -14.0+32 —12.746.5 -11.2+3.6 -13.8+28 —6.1+5.1 —-9.1+£3.0 -13.8+27
Arctic Ocean —87+46 -101+22 -14.64+23 —0.04+0.2 —0.2+0.1 —0.2+0.1 —23+15 —-1.7+08 —2.1+06 | —23.2+13.0 -25.64+6.0 —38.4+6.1 —9.2+49 124427 -174+29
Canadian Archipelago -06+07 -05+04 -09+04| -00+00 -00+00 -00+00| -05+03 -03+02 -04+01 -14422 -08+12 -22+11 -03+06 -09+04 -11+04

Table 4. Yearly and seasonal Arctic sea ice area trends with estimated standard deviatﬁjm?(;sz 1) for each of three periods: 1979-
1996 (1), 1979-2006 (2), and 1979-2010 (3). NI means no ice. Values for 1979-1996 are from Parkinson et al. (1999); values for 1979-2006
are from Parkinson and Cavalieri (2008); and values for 1979-2010 are from Table 2 above.

Yearly/Seasonal Yearly | Winter | Spring | Summer | Autumn

Region/Period 1 2 3 1 2 3| 1 2 3| 1 2 3| 1 2 3
NH —29.3+83 -41.0+4.3 -49.6+4.0| —21.4+9.6 -29.0+57 -310+4.6| —459+9.6 —41.7+4.9 -424+42| -37.1+149 -51.8+6.6 -69.8+6.4 | —13.0£132 -41.4+6.8 -547+6.4
Seas of Okhotsk and Japan —9.1+2.0 -3.6+13 -354+10| -23.1+57 -94+35 -93+27| -11.7+29 -44+18 -38+14 0.0£0.0 0.0+ 0.0 NI -19+12 -09+06 -11+05
Bering Sea 0213 -02+07 0.5+ 0.6 36+35 0.7£19 23+16| -01+26 -08+13 0.7+1.1 -0.1+£00 -01+£00 -0.1+0.0 03+14 -06+08 -08+0.7
Hudson Bay —07+13 -41+09 -4.0+07 08+06 -0.6+03 -07+03| -1.0+15 -59+13 -52+11| -04+16 -27+08 -26+06| -22+36 -7.3+19 -7.3+15
Baffin Bay/Labrador Sea 2%32 -62+17 -59+13 9.8+7.0 -7.6+£35 -7.3+29 03+41 -81+20 -7.3+16 03+16 -26+£08 —29+06 05+32 -66+16 —63+13
Gulf of St. Lawrence 1.#03 -04+£02 -05+0.2 31+11 -15+08 -17+06 1.0+03 -01+02 -03+0.1 0.0£0.0 0.0+ 0.0 NI 03+0.1 01+£0.1 0.1+ 0.0
Greenland Sea —21+23 -42+11 -37+09| -73+39 -59+19 -54+15| -13+21 -40+12 -37+09| -04+27 -31+14 -23+11 04+32 -38+15 -33+12
Karaand Barents Seas ~ —13.6+4.0 -9.6+26 -122+21| —16.8+53 —9.8+3.2 -12.6+27 | —257+6.3 -132+37 -149+3.0| -7.6+50 -7.5£26 -92+21| -46+49 -7.9+29 -123+26
Arctic Ocean -73+49 -116+24 -189+26 73+£19 42+1.0 30+£08| -57+38 -42+17 -69+16| -252+120 -331+56 -49.4+56 —53+£7.0 -12.8+3.7 -218+40
Canadian Archipelago -12+09 -11+05 -144+04 1.3+03 0.9+0.2 07£01| -194+06 -0.9+04 -1.0+03 -36+24 -27+13 -34%10 -06+09 -15+07 -19+05

Baffin Bay/Labrador Sea and the Gulf of St. Lawrence wentthat the Arctic Ocean region is almost completely filled with
from positive yearly trends for period 1 to negative trends for sea ice of concentrations of at least 15 % in each year of the
period 2 and maintained negative trends for period 3, whereagecord. The winter sea ice area trends, in contrast, are 7.3,
the Bering Sea went from a slight positive trend for period 4.2, and 30 x 10 km?yr—! for periods 1, 2, and 3, respec-
1 to a slight negative trend for period 2 and then back to atively. For all three periods, the positive sea ice area trends
slight positive trend for period 3. All other regions had neg- indicate an overall increase from 1979 in sea ice concen-
ative yearly trends for each of the three periods, with sometrations in at least some areas of the Arctic Ocean region,
increasing and others decreasing in magnitude from period &lthough this overall increase has decreased. In winter, Hud-
to period 2 and from period 2 to period 3 (Table 3). son Bay is filled with sea ice having concentrations of at least
Hudson Bay, Baffin Bay/Labrador Sea, and the Gulf of 15%, thus has zero sea ice extent trends for all three peri-
St. Lawrence all showed a similar pattern of positive to nega-ods (Table 3), whereas the sea ice area trends are-0.8,
tive trends from period 1 to period 2 or more negative trendsand—0.7 x 10° km? yr—1 for periods 1, 2, and 3, respectively,
for period 2 than for period 1 for all four seasons except win- showing that, unlike the situation in the Arctic Ocean, the sea
ter for Hudson Bay (which continues to have full ice cover- ice concentrations in Hudson Bay decreased overall in the
age each winter) and summer for the Gulf of St. Lawrenceperiods 1979-2006 and 1979-2010.
(which has essentially no ice in the summer) (Table 3). This
was followed by mostly small changes in trend from period
2 to period 3. By contrast, the Seas of Okhotsk and Japa
instead showed a sharp decrease in negative trends from p

ﬁ Conclusions

i0d 1t iod 2 f - ) i dth | The regional, seasonal, and even monthly sea ice trend vari-
no O perio or WInter, spring, autumn, and tn€ yeary o ;;;iag presented here for the period 1979-2010 reflect the

averages and lesser trend changes (in both directions) frorn. P
: . ighly complex nature of the Arctic climate system. Com-
period 2 to period 3 (Table 3). The largest change for theparison of the trends for this 32-yr period with those for the

Arcﬂc Ocean came'wnh the drgmatlc INCrease N SUMMErgy ,ior time series illustrates that the addition of four years
time trend from period 2 to period 3, whereas for the Kara

4B s S h X hift f 0d 1t iod shows the continued acceleration of the Northern Hemi-
an tharertw S eats,T Elsp?)“ng shitt from perio O perio 2sphere sea ice cover, particularly during summer. A recent
was the strongest (Table 3). review of the Arctic’s decreasing sea ice cover by Stroeve et

The sea ice area trends shown in Table 4 generally foIIowaI_ (2012) for the same period covered in this study, 1979—

t1!1e patterns fotr the s?g Ice eXt?th t;\en?s (s)hown n '(Ij'agle d%010, also shows the acceleration in the decline of the Arc-
WO prominént exceptions are the Arctic cean and MUl se4 jce cover and further synthesizes the relevant sea ice

son Bay regions. The Arctic Ocean_ has wmte_r sea ice ex'forcing mechanisms, including increasing Arctic air temper-
tent trends of near zero for each period, reflective of the fa

Ctature:s, atmospheric and oceanic circulation changes, and the
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changing concentrations of greenhouse gases as well as thieferences

important ice-albedo feedback mechanism. The reader is re-

ferred to the Stroeve et al. (2012) paper for an excellent re<avalieri, D. J., Parkinson, C. L., Gloersen, P., Comiso, J. C., and
view of the ice/ocean/atmosphere connections relevant to the ZWally, H. J.: Deriving long-term time series of sea ice cover
sea ice changes over the 1979-2010 period. from satellite passive-microwave multisensor data sets, J. Geo-

. L . phys. Res., 104, 15,803-15,814, 1999.
In addition to examining the Northern Hemisphere as aCavaIieri, D. J., Parkinson, C. L., DiGirolamo, N., and Ivanoff, A.:

whole, as in Stroev_e e.t al. (20]:2), the- current study docu- Intersensor calibration between F13 SSMI and F17 SSMIS for
ments several key findings for nine regions and all four sea- global sea ice data records, IEEE Geosci. Remote Sens. Lett., 9,
sons over the 32-yr period. The Arctic Ocean region showed 233-236d0i:10.1109/LGRS.2011.2166752012.

a 50 % increase in the magnitude of the negative sea ice exvieier, W. N., Stroeve, J., and Fetterer, F.: Whither Arctic sea
tent trend during summer by extending the 1979—2006 record ice? A clear signal of decline regionally, seasonally and ex-
by just four years. The corresponding increase for the North- tending beyond the satellite record, Ann. Glaciol., 46, 428-434,
ern Hemisphere as a whole was 30 %. The results also show a d0i:10.3189/17275640778287112D07.

strong seasonality in the regional and hemispheric sea ice exicholls, N.: Commentary and analysis: The insignificance of sig-
tent and area trends. For January through May, the Northern Nificance testing, B. Am. Meteorol. Soc., 82, 981-986, 2001.
Hemisphere trends actually become less negative, Whereag?rk'nson’ C. L. and Cavalieri, D. J.. Arctic sea ice variabil-

. ity and trends, 1979-2006, J. Geophys. Res., 113, C07003,
from June through September, the trends become increas- doi:10.1029/2007JC004558008.

ingly more negative, reaching a minimum for the year in Parkinson, C. L. and Cavalieri, D. J.: Antarctic sea ice vari-
September, before reversing in October (Fig. 4). The sea- gapjjity and trends, 19792010, The Cryosphere, 6, 871880,
sonalities in trends for the nine Arctic regions are all quite  {oj:10.5194/tc-6-871-2012012.

different. The results presented here of the Arctic sea ice expParkinson, C. L., Cavalieri, D. J., Gloersen, P., Zwally, H. J., and
tent and area changes over the 32-yr period by season, region, Comiso, J. C.: Arctic sea ice extents, areas, and trends 1978-
and month add to the accumulating database of changes oc- 1996, J. Geophys. Res., 104, 20837-20856, 1999.

curring within the climate system and provide a further basisSanter, B. D., Wigley, T. M. L., Boyle, J. S., Gaffen, D. J., Hnilo,

for improved understanding of the processes driving the sea J- J- Nychka, D., Parker, D. E., and Taylor, K. E.: Statistical sig-
ice changes. nificance of trends and trend differences in layer-average atmo-

spheric temperature time series, J. Geophys. Res., 105, 7337—
7356, 2000.
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