
"Popular Summary" for the paper "Trends in the length of the Southern Ocean sea ice
season, 1979-1999" by C. L. Parkinson, submitted to the Annals of Glaciology:

Satellite data can be used to observe the sea ice distribution around the continent

of Antarctica on a daily basis and hence to determine how many days a year have sea ice

at each location. This has been done for each of the 21 years 1979-1999. Mapping the

trends in these data over the 21-year period reveals a detailed pattern of changes in the

length of the sea ice season around Antarctica. Most of the Ross Sea ice cover has

undergone a lengthening of the sea ice season, whereas most of the Amundsen Sea ice

cover and almost the entire Bellingshausen Sea ice cover have undergone a shortening of

the sea ice season. Results around the rest of the continent, including in the Weddell Sea,

are more mixed, but overall, more of the Southern Ocean experienced a lengthening of

the sea ice season than a shortening. For instance, the area experiencing a lengthening of

the sea ice season by at least 1 day per year is 5.8 x 10 6 km 2, whereas the area

experiencing a shortening of the sea ice season by at least 1 day per year is less than half

that, at 2.8 x 10 6 km 2. This contrasts sharply with what's happened over the same period

in the Arctic, where, overall, there has been some depletion of the ice cover, including

shortened sea ice seasons and decreased ice extents.
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Mapping the slopes of the lines of linear least squares fit through the 21 years of resulting

season-length data reveals a detailed pattem of trends in the length of the sea ice season

around the Antarctic continent. Specifically, most of the Ross Sea ice cover has, on

average over the 21 years, undergone a lengthening of the sea ice season, whereas most

of the Amundsen Sea ice cover and almost the entire Bellingshausen Sea ice cover have

undergone a shortening of the sea ice season. Results for the Weddell Sea are mixed, with

the northwestern portion of the sea having experienced a shortening of the sea ice season

but a substantial area in the central portion of the sea having experienced a lengthening of

the ice season. Overall, the area of the Southem Ocean experiencing a lengthening of the

sea ice season by at least 1 day per year over the period 1979-1999 is 5.8 x 10 6 km 2,

whereas the area experiencing a shortening of the sea ice season by at least 1 day per year

is less than half that, at 2.8 x 10 6 km 2.
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Abstract. Satellite passive-microwavedata have been used to

calculateand mapthe length of the sea ice season throughout the

Southern Ocean for each year 1979-1999. Mapping the slopes of

the lines of linear least squares fit through the 21 years of resulting

season-length data reveals a detailed pattern of trends in the length

of the sea ice season around the Antarctic continent. Specifically,

most of the Ross Sea ice cover has, on average over the 21 years,

undergone a lengthening of the sea ice season, whereas most of the

Amundsen Sea ice cover and almost the entire Bellingshausen Sea

ice cover have undergone a shortening of the sea ice season.

Results for the Weddell Sea are mixed, with the northwestern

portion of the sea having experienced a shortening of the sea ice

season but a substantial area in the central portion of the sea having

experienced a lengthening of the ice season. Overall, the area of

the Southern Ocean experiencing a lengthening of the sea ice

season by at least 1 day per year over the period 1979-1999 is 5.8 x

l0 6 km 2, whereas the area experiencing a shortening of the sea ice

season by at least 1 day per year is less than half that, at 2.8 x 10 6

km 2.
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Introduction

TheSouthernOcean(Fig. 1)seaicecoverextendsovera vast

area, approximately 18 x 10 6 km 2, in the austral winter and

experiences an enormous annual decay each spring and summer,

with its coverage at the summer minimum typically reduced to

under 4 x 10 6 kin 2 (Zwally and others, 2001). The ice cover has a

substantial impact on regional climate, most prominently by

restricting exchanges of heat, mass, and momentum between the

ocean and the atmosphere and by reflecting most of the solar

radiation incident on it. It also has a substantial impact on the

biology of the Southern Ocean, for instance housing many species

of microorganisms, serving as a platform for penguins, seals, and

other animals, insulating marine life below the ice from the

atmosphere, and reducing light penetration into the ocean. The

reader is referred to Bentley (1984), Drewry and others (1992), and

Worby and others (1996) for more on the climatological impacts of

the ice and to Massom (1988), Drewry and others (1992), and

Smith and others (1995) for more on the biological impacts of the

ice, including the impacts on primary productivity, phytoplankton

blooms, krill, and breeding success in seabirds.

Until the 1970s, data sets regarding the Southern Ocean sea

ice cover tended to be sparse both temporally and spatially, due in

large part to the vast area, the remoteness to most human

habitations, and the harshness of the in situ conditions. Fortunately,

the ease of obtaining data on the ice cover changed dramatically

with the advent of satellite technology, with satellite passive-

microwave instrumentation in particular allowing the fairly routine



monitoring of the Southern Ocean sea ice cover since the late

1970s. In fact, the ease with which ice and water can be

distinguished in passive-microwave data, due to the sharp contrast

in ice and water emissivities at many microwave wavelengths,

makes sea ice coverage now amongst the most readily observed of

all climate variables.

This paper takes advantage of satellite passive-microwave data

sets over the 21-year period 1979-1999 to report on changes in the

length of the sea ice season, defined as the number of days per year

with sea ice coverage, throughout the Southern Ocean. Changes in

the length of the sea ice season not only affect the regional climate

and ecology, in ways alluded to above, but also can serve as

indicators of change within the broader climate system. The length

of the sea ice season was first examined and mapped for the

Southern Ocean in Parkinson (1994), where results were presented

for the eight-year period 1979-1986. It has subsequently been

examined for the seven-year period 1988-1994 by Parkinson

(1998) and for the two eight-year periods 1979-1986 and 1989-

1996 by Watkins and Simmonds (2000).

Data and Methodology

This study uses data from the Nimbus 7 Scanning

Multichannel Microwave Radiometer (SMMR) and the Defense

Meteorological Satellite Program (DMSP) Special Sensor

Microwave Imagers (SSMIs). The SMMR instrument collected

data on an every-other-day basis for most of the period October 26,

1978 - August 20, 1987, and the SSMIs have collected data on a
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daily basisfor mostof theperiodsinceJuly9, 1987.Thetwo data

setshave beenused by Cavalieri and others(1999) to createa

consistentset of sea ice concentrations(arealpercentagesof sea

ice) using an algorithm commonly termed the NASA Team

algorithm. This algorithm is basedon the assumptionof three

surfacetypes (two ice typesplus liquid water), polarizationand

gradientratioscalculatedfrom threechannelsof the satellitedata,

and a weather filter. The algorithm is described in detail in

Gloersenand others(1992), and the proceduresfor matchingthe

SMMR andSSMI datasetsaredescribedin Cavalieriand others

(1999). The ice concentrations have spatial resolutions of

approximately55km andaregriddedto a consistentgrid with grid

cell sizeapproximately25km x 25km (NSIDC, 1992).

The seaice concentrationdataareusedhereto determinethe

length of the sea ice seasonin each yearat eachgrid point, by

counting the numberof dayswith ice coverageof at least 15%.

Alternative ice-concentrationcutoffs of 30% and 50% have also

been used,with similar patterns resulting irrespectiveof which

cutoff is selected(e.g., next section and Parkinson,1994). The

15%cutoff is usedfor themainresultsin thispaperbothbecauseit

is thestandardcutoff usedfor the ice extentresultsfrom the same

dataset(e.g.,Zwally andothers,2001)andbecausecomparisonof

the iceconcentrationsfrom the NASA Teamalgorithmwith those

derivedfrom otheralgorithmsyield a closematchin distributions

of icecoverageof at least15%but somesubstantialdifferencesin

distributions of ice of higher concentrations(e.g., Comiso and
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others,1997;Hanna,1999;MarkusandCavalieri,2000).The 15%

resultsarethusconsideredthemostrobust.

The trend in the lengthof the seaice seasonis calculatedat

eachoceangrid point asthe slopeof the line of linearleastsquares

fit throughthe21yearsof season-lengthdata.The calculationsare

donethroughmatrix manipulationson the 21 annualmatricesof

the lengthof the sea ice seasonfor the 15%cutoff, and are then

repeatedfor the 30% and50% cutoffs. For the trendcalculations,

eachyear's seasonlengthsare linearly scaledto equivalentsfor a

365-dayyear.

Results

Season Lengths

Figure 2 presents maps of the length of the sea ice season for

the beginning and ending years of the data set and for the 21-year

average over the period 1979-1999. All three sets of results are

presented for an ice-concentration cutoff of 15%, and the 21-year

averages are also presented for an ice-concentration cutoff of 50%.

The 1979 and 1999 maps show some similarities apparent in all the

yearly maps, plus clear contrasts between the two years.

Similarities include the perennial ice in the far western Weddell

Sea, the tendency for season lengths to decrease outward from the

coast, and the anomalously short ice seasons in the southwestern

Ross Sea compared to other locations of similarly high latitudes

(Fig. 2a and 2b). Differences include the substantially greater area

of perennial ice in the Amundsen and especially the

Bellingshausen Sea in 1979 than in 1999, contrasted by the



substantiallylesserareaof perennialice in the RossSeain 1979

than in 1999.Differencesalso includetheprominentarm of long

iceseasonsextendingnortheastwardin thewesternWeddellSeain

1979 but not in 1999, and the much shorter ice seasonsin the

westernRossSeain 1979than in 1999(Fig. 2a and 2b). The 21-

yearaverages(Fig. 2c) indicatethat for the latterphenomenon,the

1999 case was more typical than the 1979 case. Also, the

prominentarmof long ice seasonsin thewesternWeddellSeain

1979(Fig. 2a),whichcanbeexplainedon thebasisof thecyclonic

gyreoftenapparentin the WeddellSea(e.g.,Gordon,1978),does

not appearin the 21-yearaverages(Fig. 2c), andin fact showsup

prominently only in years 1979, 1980, and 1992, with less

prominentappearancesin 1984, 1991, 1996,and 1998(visible in

the individual yearly data, not shownhere except for the years

1979and1999).

The 21-year averagesare presentedboth for a 15% ice-

concentrationcutoff and for a 50% ice-concentrationcutoff to

verify that thebasicpatternsremainthesameirrespectiveof which

cutoff is used(Fig. 2cand2d). Naturally,with a strongercriterion

for ice coverage,the 50% cutoff yields seasonlengthsthat are

generallylessand nevermore thanthosefor the 15%cutoff (Fig.

2c and 2d). For instance,immediatelyoff the RossIce Shelf, all

grid cells haveat least255 dayswith ice of concentrationat least

15%(Fig. 2c),whereassomepixelshavefewerthan 195dayswith

iceof concentrationat least50% (Fig. 2d).This is anextremecase,

broughtaboutby thepolynyas(areasof openwaterwithin an ice

pack) that commonly form immediatelyoff the Ross Ice Shelf.
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Still, despitethe few largenumericaldifferencesbetweenthe 15%

and50% cases,the spatialpatternsarequite similar throughoutthe

images(Fig. 2cand2d).

Trends

Trendsin the lengthof theseaiceseasonover the21 yearsare

presentedin Figure3a for an ice-concentrationcutoff of 15%and

in Figure 3b for an ice-concentrationcutoff of 50%. The marked

similarity of these two imagesillustrates the robustnessof the

resultswith respectto the choiceof the specific ice-concentration

cutoff used.In spiteof the fact that some locationshavemuch

shorter seasonswith > 50% ice coverage than with > 15% ice

coverage (Fig. 2d versus Fig. 2c), either cutoff yields a very similar

pattern of trends (Fig. 3a and 3b).

Linear least squares trends for the 21-year period show an

overall lengthening of the sea ice season throughout most of the

Ross Sea, around the coast of much of East Antarctica, and in a

portion of the south-central Weddell Sea (Fig. 3a). They show an

overall shortening of the sea ice season in almost the entire

Bellingshausen Sea, most of the Amundsen Sea, the far western

Weddell Sea, the northwestern Weddell Sea, non-coastal regions

off East Antarctica at about 15°-35°E and about 85°-110°E, and

the immediate coastal area from 25°W to 30°E (Fig. 3a). In

general, the regions of positive and negative trends are fairly

coherent and identifiable, with little speckling of the colors that

might simply reflect small motions within the ice pack.



Although the strongest trends indicated in Figure 3 are

negativetrends within the BellingshausenSea, overall the area

coveredbypositivetrendsexceedsthatcoveredby negativetrends.

Specifically, for the caseusing a 15% ice-concentrationcutoff

(Fig. 3a),theareacoveredbypositivetrendsof at least0.5 days/yr

is 8.6 x 10 6 km 2, whereas the area covered by negative trends of at

least 0.5 days/yr is 5.3 x 10 6 km 2, making the area covered by

positive trends of that magnitude 62% greater than that covered by

negative trends (Fig. 4). The contrast is even stronger when

considering trends of magnitude at least 1.5 days/yr, for which

positive trends cover an area of 3.9 x 10 6 km 2 and negative trends

cover 1.6 x 10 6 km 2, making the area covered by positive trends

136% greater than the area covered by negative trends (Fig. 4).

The positive trends greater than 1.5 days/yr come predominantly

from the Ross Sea region, while the negative trends greater than

2.5 days/yr are overwhelmingly from the Bellingshausen and

Amundsen Seas (Figs. 3-4). For a whole-number division, the area

experiencing a least-squares-fit lengthening of the ice season of at

least one day per year is 5.8 x 10 6 km 2, while the area experiencing

a least-squares-fit shortening of at least one day per year is 2.8 x

10 6 km 2.

Comparisons with Earlier Studies

When examined for the eight years 1979-1986, the first eight

years of the 21-year data set used here, the length of the sea ice

season was found to have shortened in the northern portions of the

Bellingshausen and Amundsen seas, the northern Weddell Sea, the
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easternWeddellSea,andthevery near-coastalregionsaroundEast

Antarctica (Parkinson, 1994; Watkins and Simmonds, 2000).

Lengtheningof theseaiceseasonoccurredthroughoutmostof the

RossSea,in the south-centralWeddellSea,and aroundmuchof

East Antarctica away from the near-coastalregion (Parkinson,

1994;Watkins andSimmonds,2000). So for both the 8-yearand

the21-yearrecords,the iceseasonpredominantlyshortenedin the

Bellingshausen,Amundsen, and northwestern Weddell seas,

predominantly lengthenedin the Ross Sea and south-central

WeddeUSea,andhada moremixedpatternaroundtherestof the

continent. However, in the sizableareaswhere the signs of the

trendsmatch,the magnitudestendto be larger in theshorter,1979-

1986recordthanin the 21-yearrecord,reflectingsomereversalsin

the trendssince 1986.Indeed,bothParkinson(1998)andWatkins

and Simmonds(2000) note such reversalsfor the periods1988-

1994and1989-1996,respectively,versus1979-1986.

In view of the trend reversals,it is particularly importantnot

to over-interprettheresultsof Figure 3. This figure givesa clear

visualizationof the overall changesin the length of the sea ice

seasonfor the 21-year period 1979-1999,but it incorporates

fluctuationswithin therecord,likely relatedto variousoscillations

within the climate system (e.g., Gloersen, 1995; White and

Peterson,1996),and its valuesshouldnot be projectedinto the

future.

Summary and Discussion
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Satellite passive-microwave data have been used to determine

and map the length of the sea ice season in each year 1979-1999,

with results showing season lengths generally decreasing outward

from the coast except in regions of coastal polynyas, perennial ice

cover consistently in the far-western Weddell Sea and more

selectively elsewhere around the continent, and decidedly short ice

seasons (for the high latitudes involved) off the Ross Ice Shelf

(Fig. 2). Trends in the season lengths show that most of the Ross

Sea underwent a lengthening of the sea ice season, most of the

Amundsen Sea and almost the entire Bellingshausen Sea

underwent a shortening of the sea ice season, the Weddell Sea had

a shortening of the sea ice season in the northwest but mostly a

lengthening of the season in the central sea, and around much of

East Antarctica the near coastal region experienced a lengthening

of the season while further from the coast, there was a more even

mixture of areas experiencing season shortenings and those

experiencing season lengthenings (Fig. 3). Integrating spatially, a

much larger area of the Southern Ocean experienced an overall

lengthening of the sea ice season over the 21 years 1979-1999 than

experienced a shortening (Fig. 4).

These results complement results on trends in the Southern

Ocean ice extent (defined as the area having sea ice concentrations

of at least 15%) found from the SMMR and SSMI record.

Analyses of the regional and hemispheric ice extents for the 16-

year period 1979-1994 by Stammerjohn and Smith (1997) and for

the 20.2-year period from November 1978 through December 1998

by Zwally and others (2001) find positive ice-extent trends for the
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Weddell Sea, the Indian Ocean, the WesternPacificOcean, the

RossSea,and the SouthernOceanas a whole and negativeice-

extent trends for the Bellingshausenand Amundsenseas.The

mappedresultson the trends in the lengthof the seaice season

(Fig. 3) providea far moredetailedspatialpicture of the 21-year

changesin the SouthernOceanthan is possiblewhenexamining

the ice extents,but at the same time, they provide a far less

detailed temporal picture. Together, the ice-extentand season-

length results show an overall increasingSouthernOcean ice

cover, with the Bellingshausenand Amundsenseasand the far-

westernWeddellSeashowinginsteadice coverdecreases.These

resultsare consistentwith reportsof notable warming over the

Antarctic Peninsulafrom 1978 to 1996 (King and Harangozo,

1998;Skvarcaand others, 1998;both studiesalso include years

prior to 1978)andwith atendencyfor air temperatureanomaliesin

thePeninsularegion to beoppositein signto thosepredominating

overmuchof therestof theAntarctic (Rogers,1983;Stammerjohn

andSmith, 1997).

The satellite-derivedSouthern Oceansea ice results, with

lengtheningsea ice seasons(Fig. 3) and increasingice extents

(StammerjohnandSmith, 1997;Zwally andothers,2001)overall,

provide a sharpcontrastwith the widely publicized overall ice-

cover decreasesin the Arctic occurring over the sameperiod.

Manyuncertaintiesremain,but onecertaintyis that the ice covers

of the two hemisphereshavenot beenfluctuating in syncover the

pasttwo decades.
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FigureCaptions

Figure 1. Location map, including the boundariesof the five

sectors into which the Southern Ocean is divided for analysis. The

boundaries are along the longitude lines at 20°E, 90°E, 160°E,

130°W, and 600W.

Figure 2. (a) Length of the sea ice season for 1979, using a

15% ice-concentration cutoff, i.e., considering a location to have

sea ice if the ice-concentration calculations show at least 15% ice

coverage. (b) Length of the sea ice season for 1999, using a 15%

ice-concentration cutoff. (c) Average length of the sea ice season

for the 21 years 1979-1999, using a 15% ice-concentration cutoff.

(d) Average length of the sea ice season for the 21 years 1979-

1999, using a 50% ice-concentration cutoff.

Figure 3. Trends in the length of the sea ice season over the 21

years 1979-1999, using (a) a 15% ice-concentration cutoff, and (b)

a 50% ice-concentration cutoff.

Figure 4. Histogram showing the area of the Southern Ocean

experiencing various levels of trends in the length of the sea ice

season over the 21 years 1979-1999, with bar segmentation to

identify the contributions from each of the five sectors of the

Southern Ocean identified in Figure 1. The histogram corresponds

to Figure 3a, i.e., using a 15% ice-concentration cutoff and the

same trend categories as in Figure 3. The 0 category extends from

values of-0.5 days/yr to +0.5 days/yr and covers an area of 32.6 x

106 km 2, largely from the region outside the ice cover.
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