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ABSTRACT – Seaice is a very importantcomponentof theclimatesystem.
While the seaice extent hasretreatedin the Arctic during the past20 years,it
hasremainedconstantin theAntarctic. In orderto betterunderstandthe role of
seaice within the climatesystemin the context of global warmingstate-of-the-
art coupledAtmosphere-OceanGlobalCirculationModelshave to be improved.
This requiresto know theseaiceconcentration

�
for a longperiodfor bothhemi-

spheresandat thebestpossiblespatialresolution.Currentlyusedmethodsto cal-
culate

�
like theNASA Teamalgorithmarebasedondataaquiredby theSpecial

SensorMicrowave/Imager(SSM/I) at 19 and37GHz. TheSEA LION algorithm
presentedhereallows to calculate

�
with the polarization � at 85GHz taking

advantageof the higherspatialresolutionassociatedwith this frequency. How-
ever, the decreaseof the polarizationcausedby the weatherinfluenceleadsto
anoverestimationof

�
. Therefore,thepolarizationis correctedusinga radiative

transfermodelandatmosphericdatataken from NumericalWeatherPrediction
modelsand/orderivedfrom SSM/I measurements.Thevariousseaice andsnow
propertieshave beenconsideredcalculatingmonthlyseaice tie points.Theaver-
agestandarddeviation of the seaice concentrationderived with the SEA LION
algorithmis about ����� for

���
	�� � andlessthan
	 � for

��
���� � . Thesea
iceedgeobtainedwith theSEALION algorithmagreeswithin 10km with theice
edgeevident in VIS/IR images. The gradientof the SEA LION ice concentra-
tion acrossthemarginal ice zone(MIZ) agreesmuchbetterwith theoneinferred
from RADARSAT-1 SAR scenesin theGreenlandSeaif comparedto resultsof
theNASA Teamalgorithm. TheSEA LION algorithmsuggestsa fasterandear-
lier retreatof the seaice cover during Austral spring/summerin comparisonto
formerseaice extentdatasets.This canbeexplainedwith thehigherspatialres-
olution at 85GHz allowing to detectsmallerareasof openwaterthanthe other
SSM/I channels.Averaging

�
over the investigatedperiod1992-1999,theSEA

LION algorithmprovideshighervaluesthanthe NASA Teamalgorithm(differ-
ence � 	 � ) andlower valuesthanthe Bootstrapalgorithm(difference����� ).
A major limitation for usingtheSEA LION algorithmarisesfrom thequality of
atmosphericdataneededfor the weathercorrection. A spatialresolutionof at-
mosphericdatalower thanthe 85GHz SSM/I channelsand/ora time lag larger
thanhalf an hour betweenboth datasetscancauserelative errorsabove � ��� � ,
particularyin thecloud-coveredpartsof theMIZ.
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ZUSAMMENFASSUNG – Meereisspielt ein Schl̈usselrolleim Klimasy-
stem.Die arktischeMeereisbedeckunghat über die letztenzwei Jahrzehntesi-
gnifikant abgenommen,die antarktischejedochnicht. Um diesvor demHinter-
grundeinerglobalenKlimaänderungzu untersuchen,müssenbestehendegekop-
pelteAtmospḧare-OzeanGlobaleZirkulationsmodelleverbessertwerden.Dafür
ben̈otigt man die prozentualeMeereisbedeckung

�
beider Hemispḧaren über

einenmöglichstlangenZeitraumundmit einermöglichstgutenräumlichenAuf-
lösung.Zur Zeit verwendendieMethodenzurBerechnungvon

�
, z.B. derNASA

Team-Algorithmus,Datender19 und37GHz KanäledesSpecialSensorMicro-
wave/Imager (SSM/I). Der hier vorgestellteSEA LION-Algorithmus bestimmt�

auf Basisder Polarisation� der räumlichbesseraufgel̈osten85GHz SSM/I-
Daten.JedochverringertderWettereinfluss� undverursachteineÜberscḧatzung
von

�
. DieserFehlerwird mittels einesStrahlungstransportmodellskorrigiert.

Dafür ben̈otigte atmospḧarischeParameterstammenentwederaus Wettervor-
hersagemodellenoder werdenausDatender übrigenSSM/I-Kan̈ale berechnet.
Ver̈anderungenderSchnee-undEisbedingungenwerdendurchmonatlicheMeer-
eiseichpunkteber̈ucksichtigt.Die mittlere Standardabweichungder SEA LION-
Eiskonzentrationliegtbei ����� für

����	�� � undist kleinerals
	 � für

��
���� � .
Der VerlaufderMeereiskantewurdemit demSEA LION-Algorithmusberechnet
und mit Bildern im sichtbarenund infrarotenFrequenzbereichvalidiert. Beide
Verläufestimmenauf etwa 10km genauüberein.DasneueVerfahrenliefert, im
VergleichzumNASA Team-Algorithmus,einenrealistischerenGradientenvon

�
querzurEisrandzone,wie RADARSAT-1 SARSzenenausderGrönlandseebele-
gen.Verglichenmit herk̈ommlichenDatens̈atzennimmtdie mit demSEALION-
AlgorithmusbestimmteantarktischeMeereisbedeckungim Südfrühlingschneller
und früherab. DasensprichtdenErwartungen,denndie 85GHz SSM/I-Kan̈ale
erfassendankderbesserenräumlichenAuflösungkleinereoffeneWasserfl̈achen
alsdie übrigenSSM/I-Kan̈ale.SEALION-Eiskonzentrationen,gemitteltüberdie
Periode1992-1999,übertreffen entsprechendeNASA Team-Eiskonzentrationen
um � 	 � , liegen jedochum � ��� unterhalbden entsprechendenBootstrap-
Eiskonzentrationen.Die Verwendbarkeit desSEALION Algorithmuswird durch
die Qualiẗat derfür die Wetterkorrekturben̈otigtenDateneingeschr̈ankt.Relative
Fehlervon über � ��� � sind in wolkenbedecktenGebietender Eisrandzonedann
möglich, wenndie AuflösungderatmospḧarischenDatendeutlichunterderjeni-
gender 85GHz Datenliegt bzw. wennbeideDatens̈atzeeinenZeitversatzvon
mehralseinerhalbenStundeaufweisen.
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Chapter 1

Intr oduction

1.1 SeaIce in the Climate System

Seaice coversabout ��� of theEarth’s surfaceall theyearround[Cavalieri and
St.Germain,1995] affecting the interactionbetweenthe oceanand the atmo-
sphere.Theseaice extendsover ����� ��� km� and � � ��� ��� km� in theSouthern
andover ����� ��� km� and � �!��� �"� km� in theNorthernHemispherein summer
andwinterof theconsideredhemisphere,respectively [Cavalieri etal.,1997].Sea
icecanbedevidedinto threecategories:thin or youngice,first-year(FY) iceand
old ice, which is second-year(SY) ice or multiyear(MY) ice. A seaice cover
canreducethevertical fluxesof latentandsensibleheatfrom theoceaninto the
atmosphereby up to two ordersof magnitudeat high latitudes[Maykut, 1978],
[Smith et al., 1990], [LauniainenandVihma, 1994]. Even a small fraction, for
instance

	 � , of wateror thin ice (10cm) within an areacoveredby thicker ice
(100cm) hasaconsiderableinfluenceon thesurfaceheatbudgetof this area.The
exchangeof momentumis alsodifferentaboveseaice if comparedto openwater
anddependson the aerodynamicsurfaceroughnessof both surfaces.While the
aerodynamicsurfaceroughnessof undeformedseaiceis smallerthanthatof open
water, which is usuallyroughenedby the surfacewind, deformedor broken sea
ice exhibits a larger surfaceroughness.The quasi-permanentsnow cover often
smoothesout thehigher-frequency surfaceroughness[Andreas,1987],[Sturmet
al., 1998].

The albedoof seaice (
�$#&%'	(# # #)�$#*��+

) is muchlarger than that of openwater
(
�$#*� � # # #,�$# � ). Consequently, seaice reflectsmuchmoresolarradiation,the sur-

faceradiationbudgetis negative almostall the time andstrongsurfaceair tem-
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2 CHAPTER1. INTRODUCTION

peratureinversionscandevelop. During summer, whentheseaice/snow is at its
freezingpoint, all availablesolarenergy is usedto melt theseaice andthesnow.
Surfaceair temperaturesexceed

��-
C only duringperiodsof advectionof warmer

air from lowerlatitudes[Massometal.,1997],[DrinkwaterandLiu, 2000].These
low surfaceair temperaturescauseonly asmallmaximumamountof watervapor
to be capturedby the air. Thus,in termsof its absolutewatervaporcontentair
is muchdrier in polar regions,particularlyover seaice. As a result,the seaice
cover maintainsthehorizontalgradientsof air temperatureandwatervaporcon-
tent betweenpolar and temperatelatitudesand is a key elementin the general
atmosphericcirculation. However, the relative humidity is sufficiently high to
causeahigh-percentageof cloudcover in polarregions.

During its growth and aging seaice rejectslarge quantitiesof salt into the
ocean.A cold,highly salineandthereforeverydensewatermassformsandsinks
by verticalconvectioninto thedeepoceanbecomingso-calledDeepBottomWa-
ter. This watermassis of crucial importancefor theglobalconveyor belt in the
World’s Oceans[Johannessenet al., 1994], [Harderet al., 1998]. Major areas
of DeepBottom Water formationare the GreenlandandLabradorSeasandall
polynyasin the SouthernOcean,which surroundsAntarcticaaspart of the Pa-
cific, Indic and Atlantic Oceans. Conversely, during seaice melt a lessdense
freshwaterlayerformson top of theocean,stratifyingits upper100meters.This
is morepronouncedin theArctic wherethelandmassesof theadjacentcontinents
not only preventa waterexchangewith thesurroundingoceansbut alsoforcethe
seaice, on average,to becomethicker andolderandthereforelesssalinethanin
theSouthernOcean.

OceancurrentssuchastheEastGreenlandCurrentor theWeddellGyreand
local wind phenomenasuchaskatabaticwindsoftencarrytheseaice away from
its formationarea.This makestheseaice avery effectivemediumfor freshwater
transportascanbeseenin theFramStraitwherethe freshwatertransportdueto
seaice drift is thesecondlargestin theworld comparedto river runoffs [Harder
et al., 1998],[Martin andAugstein,2000].

Finally, seaice andthe waterunderneathcontainvariousbiological species.
Somespeciesof phytoplanktonhave not only adoptedto the polar environment
but may serve as indicator for changesin seaice extent and/orthickness. The
latterwasshown, for instance,for the interactionbetweenthebiogenicParticu-
late OrganicCarbon(POC)contentandtheseaice extent in theGreenlandSea
[Ramseieret al., 1999].

Several feedbackmechanismsexist betweenseaice, the oceanand the at-
mosphere,making regions coveredby seaice of particularinterestfor climate



1.2. REMOTE SENSINGOF SEAICE 3

research.It is widely acceptedthat the shorteningof the Arctic seaice season
andprobablyalsoof theseaice thicknessover thepast25 yearsis linked to the
observed air temperatureincreaseat high northernlatitudes[Parkinson,1992],
[Smith,1998].Simultaneously, theAntarcticseaicecoverrevealsaslightpositive
trend[StammerjohnandSmith,1997], [Thomas,1998]. However, theconsider-
ably largertypical time scaleof theoceanto reacton a changein theatmosphere
and/ortheseaice cover causesproblemswhenexplaining thedecreasingseaice
cover and thicknessin the NorthernHemisphere.Time-seriesof the observed
oceanandseaice propertiesare certainly too short to understandall detailsof
their naturalvariability. Modelling the interactionbetweentheoceanandtheat-
mospherein polarregions,for instancewith a Global CirculationModel(GCM),
is an alternative – provided that a sophisticatedseaice model is implemented
[Lemke et al., 1997]. The developmentof sucha seaice modelandthe imple-
mentationinto a GCM requiresto know the physicalseaice propertiesand to
have time-seriesof theobservedseaice areaandextent for comparisonwith the
modeloutput.Thesetime-seriescanbeobtainedfrom remotesensingdata.

1.2 RemoteSensingof SeaIce

Much is known aboutphysicalseaice propertiesfrom tank experimentssuch
asperformedat the Cold RegionsResearch EngineeringLaboratory (CRREL),
Hanover, New Hampshire,and from field experiments,e.g. the Marginal Ice
ZoneEXperiment(MIZEX) which lastedseveralyearsor theWinter WeddellSea
Project(WWSP).For detailsandresultslook into [The NORSEXGroup,1983],
[Onstottet al., 1987], [Comisoet al., 1989], [Ackley andWeeks,1990], [Tuck-
erIII et al., 1992], [Eppler et al., 1992]. Theseexperimentshave provided very
detailedinformationabouttheseaice suchasits percentagecoverage,thickness
or snow-cover propertieson a very small spatialscale. However, whenusinga
GCM areasonableintercomparisonof modelledwith observedseaiceparameters
requirestheabove-mentionedparametersto beavailableonahemisphericalscale
for severalyears.This demandcanbefulfilled usingspaceborneremotesensing
data.

Onecandistinguishbetweenacticeandpassiveremotesensinginstruments.
Active sensorssuchasa RADAR emit electromagneticenergy and receive the
power reflectedand/orscatteredat thesurfaceor in theatmosphere.Thereceived
powercanberelatedto thesurfacebackscattercoefficientandthusallows to gain
informationaboutthesurfaceroughness.Amongothers,theActiveMicrowaveIn-
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strument(AMI) aboardthepolarorbitingEuropeanSpaceAgency(ESA)satellites
ERS-1(1991-1996)andERS-2(1995-present)andtheCanadianRADARSAT-1
SAR (1995-present)belongto this sensortype. Both sensorsacquiredataat C-
band(5.3GHz) andarethereforeableto look throughclouds. In theSAR mode
the spatialresolutionis 25m within a 100km wide swath (ERS-1/2)and50m
within a 460km wide swath (RADARSAT-1). In the EScatmode(AMI only),
the spatialresolutionis about20km within a 500km wide swath [Raney et al.,
1991],[Long et al., 1993],[Drinkwater, 1998]. Many studieshave illustratedthe
potentialof SAR datain gaininginformationaboutthe seaice type andits sur-
facestateon a scaleof a few tensof meters[Onstott,1992],[Winebrenneret al.,
1994],[DrinkwaterandLytle, 1997],[Drinkwater, 1998],[TsatsoulisandKwok,
1998].EScatdatahavewidely beenusedto estimatetheoceansurfacewind vec-
tor [Bentamyet al., 1999] and,morerecently, to mapthe seaice extent aswell
asits roughness,e.g. [Gohin,1995],[DrinkwaterandLytle, 1997],[Drinkwater,
1998],[DrinkwaterandLiu, 2000],[Haas,2001].

Passiveremotesensinginstrumentsreceiveelectromagneticenergy emittedby
thesurfaceand/ortheatmosphereor dependon scatteredsolarradiation.Sensors
of thistypeare,for instance,theOperationalLinescanSystem(OLS)in thevisible
(0.4 . m- 0.7 . m)andinfrared(0.7 . m- 300 . m)rangeandtheSpecialSensorMi-
crowave/Imager (SSM/I) in themicrowavefrequency range,bothaboardthepolar
orbiting spacecraftof theDefenseMeteorological SatelliteProgram(DMSP). In
the visible/infrared(VIS/IR) range,spacebornesensorsallow to acquiredataof
theshortwave albedoandtheIR temperaturewith a spatialresolutionof approx-
imately1km within a 3000km wide swath. Almost all cloudsareopaquein the
VIS/IR rangeandseaice canonly beobservedin cloud-freeareas.Thelargeav-
eragecloudcover in polar regions(


 � � � ) in theSouthernOceanaccordingto
the InternationalSatelliteCloud Climatology Project (ISCCP, see[Schiffer and
Rossow, 1983])reducestheamountof usefulVIS/IR datadrastically. In theVIS
range,theamountof datato beusedfor seaicemonitoringis furtherreducedsince
daylightis required.Nevertheless,datacollectedby theAdvancedVeryHigh Res-
olution Radiometer(AVHRR) aboardtheNOAA spacecraftareusedto estimate
theseaiceand/orsnow surfacetemperaturein clear-sky areas[Key andHaefliger,
1992],[Comiso,1994]andthethicknessof thin seaice [Yu andRothrock,1996].
Thesedataarealsovery helpful to validateseaice productsderived from other
spaceborneremotesensingdata,e. g. [Cavalieri, 1994], [St.GermainandCava-
lieri, 1997],[Agnew etal., 1999].

The needfor daylight andclear-sky conditionscanlargely be avoidedusing
microwave radiometers.Thesesensorsmeasurethe so-calledbrightnesstempe-
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rature of almostthecompleteseaice cover in bothpolarareasat leastonceeach
day. Thelaunchof thefirst imagingmicrowaveradiometer, theElectricallyScan-
ning MicrowaveRadiometer(ESMR) aboardthe NASA Nimbus 5 satellite in
1973[Gloersenet al., 1974] wasfollowed in 1978by the ScanningMultichan-
nelMicrowaveRadiometer(SMMR, see[GloersenandBarath,1977])aboardthe
NASA Nimbus7 satellite.In 1987,thefirst sensorof anew generation,theSSM/I
[Hollinger et al., 1987],waslaunchedaspartof theDMSP. Sincethenidentical
sensorshave beenlaunchedaboardsuccessive DMSP spacecraft,providing an
almostcontinuoustime-seriesof passive microwave data lasting from 1973 to
present.Althoughthesesensorsprovidedatawith aspatialresolutionbetween10
and100km which is coarsecomparedto datacollectedby theearlier-mentioned
activeandVIS/IR sensors,thelargeemissivity differencebetweenopenwaterand
seaice aswell aslandandsnow hasbeenexploited to estimatetheseaice con-
centrationandthe amountof snow, e.g. [ComisoandZwally, 1982], [Künzi et
al., 1982],[Cavalieri et al., 1984],[Cavalieri et al., 1991],[ComisoandSullivan,
1986], [Comisoet al., 1992]. Besidesthis, over the radiometricallycold open
ocean,SMMR andSSM/I datahave beenusedto retrieve atmosphericparame-
terssuchasthesurfacewind speed/ , the integratedwatervaporcontent0 and
the integratedcloud liquid watercontent1 , e. g. [Swift, 1980], [Gloersenet al.,
1984],[Bauerand Schl̈ussel,1993].

Well known seaiceconcentrationalgorithmsare,amongothers,theBootstrap
(BS) algorithm[Comiso,1986]andtheNASATeam(NT) algorithm[Cavalieri et
al., 1984]. Thesealgorithmshave originally beendevelopedfor SMMR dataand
have beenadoptedto SSM/I data[Cavalieri et al., 1991], [Comisoet al., 1992].
The actualversionsof both algorithmsusethe 19 and37GHz channelsof the
SSM/I. While the BS algorithmallows to obtain the total seaice concentration�

only, theNT algorithmprovidesarealfractionsof FY andMY ice in addition.
Thequalityof thederivedseaiceproductsdependsonanappropriatechoiceof so-
calledtie points– brightnesstemperaturestypical for thesurfacetypesinvolved.
During the pastyears,several improvementshave beenmadeto overcomediffi-
cultiesarisingfrom ambiguoussurfacesignalsor from theatmosphericinfluence.
Thethin icealgorithm[Cavalieri,1994]considersthesimilarityof brightnesstem-
peraturesmeasuredabovethin iceandabrokenFY icecoverusinganew setof tie
points. Wensnahanet al. [1993] suggestto usea principal componentsanalysis
to solve this problem. The atmosphericinfluenceon the retrieval of seaice pa-
rametersfrom microwave radianceshasbeenreportedby GloersenandCavalieri
[1986] for thefirst time. Sincethenseveralapproacheshavebeenmadeto correct
eitherthemicrowaveradiancesor thederivedseaice parameters,e.g. [Walterset
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al., 1987],[Cavalieri et al., 1995],[Thomas,1998].
In therevisedNT algorithmtheinfluenceof ice layerswithin thesnow on the

retrieval of theseaice concentrationis considered[MarkusandCavalieri, 2000].
However, productsof theBSandNT algorithmssuffer from thecoarsespatialres-
olutionof theselectedSSM/I channels.Usingthe85GHzSSM/Ichannelswould
allow for aresolutionimprovementby at leasta factorof four which,for instance,
is of greatinterestwhenobservingpolynyas.Moreover, dueto thesmallerwave-
lengthat 85GHz the penetrationdepthis considerablysmallercomparedto the
otherSSM/I channels.Therefore,the85GHz channelsaremoresensitive to thin
iceandto thephysicalpropertiesof theupperfew centimetersof snow onseaice.
Consequently, usingthesechannelsabetterestimationof theseaiceconcentration
canbeexpected,particularlyin areascoveredby thin ice. In caseof snow-covered
seaice,theobtainedseaiceconcentrationwouldbelessinfluencedby snow inho-
mogenities,for instanceicy snow layersdeeplyburied in thesnow [Markusand
Cavalieri, 2000].

1.3 Outline of the Work

Oneaim of theEuropeanUnion- (EU) fundedprojectSEaice in theAntarctic –
LInkedwithOceaN-atmosphereforcing(SEALION, seehttp://www-iup.physik.uni-
bremen.de/iuppage/sealioned1.html) is to developanew seaiceconcentrational-
gorithm,calledSEALION (SL) algorithm,andtakesadvantageof thehigherspa-
tial resolutionof the85GHzSSM/Ichannels.Theproductsof thisnew algorithm
will beusedfor intercomparisonwith resultsof a numericalseaice modelandof
GCMs with differentrepresentationsof seaice [Lemke et al., 1997], [Lemke et
al., 2000].

The spatialresolutionof geophysicalparametersobtainedfrom SSM/I data
suchas

�
or / is determinedby theeffective field-of-view (FOV) of theSSM/I

and by the samplingdistanceof the measurements.At 19GHz, the FOV is� � � % � km� and the distancebetweentwo samplingsis 25km. Consequently,
adjacentFOVs have a considerableoverlap. Projecting19GHz SSM/I datainto
a � 	 �2� 	 km� grid, asdoneat theNationalSnowandIce Data Centre (NSIDC),
meansto distributetheinformationcontainedin eachsingleFOV overanareaof
almostfivegrid cells.Therefore,evenfor oneSSM/Ioverpassthebrigthnesstem-
peraturewithin onegrid cell is an averageover at leastfive FOVs. The 85GHz
SSM/I channelshave a FOV of � 	 �3� � km� andaresampledeach12.5km. Ad-
jacentFOVs overlaponly slightly andeachFOV coversthe areaof almostjust
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onegrid cell whenprojectingthesedatainto the NSIDC ��� #4	 ����� #5	 km� grid
[NSIDC, 1996]. Using 85GHz SSM/I datain combinationwith dataacquired
by otherSSM/I channelsimprovesthe quality of the derivedproductby includ-
ing, in termsof theotherSSM/I channels,subpixel-scaleinformationashasbeen
shown by MarkusandBurns[1995] andHunewinkel et al. [1998]. In this thesis,
85GHz SSM/I datahave beenusedto derive thetotal seaice concentration

�
in

theSouthernOceanaswell asin theGreenlandSea.To thebestknowledgeof the
author, studiesreportingtheestimationof

�
from 85GHz SSM/I data[Lomax et

al., 1995], [Lubin et al., 1997] or higher-frequency data[Svendsenet al., 1987]
dealonly with Arctic conditionsandwill bedescribedin Chapter4.

Thesurfacebrightnesstemperaturepolarizationdifference687 is thekey pa-
rameterfor retrieving

�
from higher-frequency microwave radiances[Svendsen

et al., 1987]. In orderto reducetheimpactof thephysicaltemperatureof thera-
diatingseaiceand/orsnow layer, 687 hasbeennormalizedto usethis quantityin
theSL algorithmpresentedin this thesis.Thebasicequationof this algorithmis
a simplerelationshipbetween

�
, thenormalized697 at 85GHz andtie pointsof

openwaterandseaice,andis describedin Section5.1.
Thesmallpenetrationdepthassociatedwith thesmallwavelengthat 85GHz

suggestsa highersensitivity to the seaice surfacepropertieswhencomparedto
theotherSSM/I channels.Especiallysnow is animportantfactorsinceAntarctic
seaice is coveredby snow almostall theyearrounddueto thesmallnumberof
melt-daysin Austral summer[DrinkwaterandLiu, 2000]. Oncesnow hasbeen
depositedontheseaiceit undergoesapronouncedmetamorphism.It canbecom-
pactedandredistributedby thesurfacewind. Rainor melt waterpercolatingthe
snow cancausesinglesnow grainsto coagulate.Melt-freezecyclesor freezing
raincancauseacoarse-grained,icy crustontopof thesnow, whichmaybeburied
by freshsnow after thenext snow fall. This buriedcrustconsiderablyaffectsthe
melt waterdrainageand/orconductive heatflux throughthe snow. As a conse-
quencedepthhoarmay form below this crustwhile the above-mentionedmeta-
morphismtakesplacesabove this crust– until thenext snow fall. Therefore,the
Antarcticsnow cover on seaice is highly stratifiedandcanexhibit very different
surfaceproperties[Sturm et al., 1998]. In order to considerboth, the interan-
nualvariability of seaice and/orsnow propertiesaswell asthehighersensitivity
of the85GHz SSM/I channelsto changingsurfaceconditions,new tie pointsof
seaice andopenwaterhave beenderived from SSM/I datafor eachmonth. In
situ measurementsof theemissivity of seaice andopenwaterhavebeenusedfor
comparison(Section5.2).

Comparedto the other SSM/I channelsthe atmosphericinfluenceon the
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85GHz SSM/I brightnesstemperaturesis muchlargerandrequiresa correction.
TheradiativetransfermodelMicroWaveMODel (MWMOD, see[Simmer, 1994],
[Fuhrhopet al., 1998]) hasbeenusedto estimatethe weatherinfluenceinduced
by the atmosphericparameters/ , 0 and 1 in termsof a brightnesstempera-
ture changeover a wide emissivity range. When theseparametersare known,
the correspondingeffect on the 85GHZ SSM/I measurementscanbe estimated
andcorrectedfor aswill be explainedin Section5.3. The requiredatmospheric
parametershave beencalculatedfrom SSM/I dataand/ortaken from Numerical
WeatherPrediction(NWP)modelsaswill bedescribedin Chapter3.

TheSL algorithmallowsto calculate
�

with theabove-mentionedbasicequa-
tion from daily gridded85GHz SSM/I dataprovidedby theNSIDC on a ��� #5	 ���� #5	 km� grid for the entire SouthernOcean. For this purpose,the weather-
influenced85GHz SSM/I brightnesstemperaturesare usedto calculatea first
guessof

�
. In thenext step,MWMOD is usedto modelthe85GHz brightness

temperatureswhich wouldbemeasuredby theSSM/I accordingto thefirst guess
of

�
andaccordingto the weatherinfluencegiven by / , 0 and 1 . The result

is comparedto the real 85GHz SSM/I measurementin termsof the normalized687 value. As long asthe differencebetweenthe modeledandmeasuredvalue
of thenormalized687 exceedsa certainthreshold,thefirst guessof

�
is not ac-

cepted,the85GHz SSM/I measurementsarecorrectedfor theweatherinfluence
anda new guessof

�
is calculated.This iterationandsomemoredetailsof the

SL algorithmwill bedescribedin Section5.4.
The SL algorithm is usedto calculate

�
for the entireSouthernOceanfor

the period 1992-1999. Theseresultsare comparedwith OLS VIS/IR imagery,
in situ ship observationsof the seaice cover and– in termsof area,extent and
distribution of seaice concentrationanomalies– with the resultsof the BS and
NT algorithms.This is presentedin Section6.1. Also, theSL algorithmis tested
using SSM/I swath dataobtainedin the Arctic in April 1999. Resultsof this
testwhich includesan intercomparisonbetween

�
obtainedwith theSL andNT

algorithmsandRADARSAT-1 SAR imagesareshown in Section6.2.



Chapter 2

Theoretical Basis

In thischapter, at first somefundamentalsof microwaveremotesensingaregiven
in Section2.1. Monitoring the Earth’s surfacefrom spacerequiresthe knowl-
edgeof 1.) theelectromagneticpropertiesof thesurface,of 2.) theinteractionof
the surfaceradiationwith the atmosphere,andof 3.) the atmosphericradiation.
Physicalpropertiesdeterminingthe microwave radiationof openwater, seaice
andsnow arediscussedin Sections2.2and2.3. Thelattersectionincludesa few
aspectsof seaicegrowth anddecay, andof snow metamorphism.This is followed
by theradiationpropertiesof thesurfacein Section2.3.4.Section2.4focusseson
atmosphericradiationandthe interactionof thesurfaceradiationwith theatmo-
sphere.Section2.5 describesthemicrowave radiative transferandthe tool used
to modeltheatmosphericinfluenceon theSSM/Ibrightnesstemperature.

2.1 Thermal Emission

Eachsubstancewith a finite physicaltemperature7;: , i. e. with a continuousran-
dommotionof its atomsandmolecules,radiateselectromagneticenergy. Atomic
gasesemitelectromagneticenergy atdiscretefrequenciesand,therefore,normally
exhibit line spectra.Accordingto quantumtheory, eachspectralline corresponds
to a transitionbetweentwo atomicenergy levels. The probability of thesetran-
sitionsandthustheemittedelectromagneticenergy is proportionalto thekinetic
energy of the randommotionandthedensityof theatomicgas. Thekinetic en-
ergy of asubstanceis definedin termsof its physicaltemperature7<: . Accordingly,
theemittedelectromagneticenergy of a substanceincreaseswith 7<: . Gaseswith
moleculesconsistingof two or moreatomsexhibit morecomplicatedelectromag-

9
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neticspectra.Associatedwith a moleculeis a setof additionalmodesdescribing
the motion of the atomsrelative to oneanother(vibrational energy) andthe ro-
tationof thewholemoleculeaccordingto its degreesof freedom(rotationalen-
ergy). Thespectraassociatedwith moleculargasesoftenshow bandsratherthan
linesdueto themuchsmallerfrequency differenceof vibrationalandparticularly
rotationalenergy levels.Thesebandsareseparatedby so-calledtransmissionwin-
dows. Liquidsandsolidscanberegardedasverylargemolecules.Therefore,they
havemuchmoredegreesof freedomandalargenumberof adjacentspectrallines.
Their radiationspectrumbecomesalmostcontinuous.

Electromagneticenergy canbeabsorbedby asubstanceif thefrequency of the
incidentelectromagneticwave allows thetransitionof anelectronfrom its actual
energy level to anotherhigherenergy level. Thecapabilityof asubstanceto absorb
and/oremit electromagneticenergy increaseswith the numberof energy levels
andallowedtransitions.A blackbodyis definedasanidealized,perfectlyopaque
materialthat absorbselectromagneticenergy at all frequencieswhile reflecting
none.Therefore,a blackbodyis alsoa perfectemitter. Thespectralbrightnessof
ablackbody=?> radiateduniformly in all directionsis givenby Planck’s radiation
law =@>@A ��BDC;EF � G �HJILKMONLPRQ �TSVU (2.1)

where =@> A Blackbodyspectralbrightness[W m W � srW$X Hz W$X ],B A Planck’s constantAY� # ���R�Z� � W E\[ J,C A Frequency [Hz],] A Boltzmann’sconstantA�� # � + �Z� � W �^E JK W$X ,7;: A Physicaltemperature[K],F A Velocityof light �_�R�Z� ��` msW$X .
Figure 2.1 shows =@> as obtainedwhenapplying Planck’s radiationlaw for

a typical terrestricphysicaltemperature7<:aAb� ��� K (solid line) in comparison
with =@> asobtainedwith two possibleapproximationsof Planck’s law (dashed
lines). Theseapproximationsare c >dLe Pgf � (Wien’s Law) at high frequenciesandc >d,e Pih � (Rayleigh-Jeans’Law) at low frequencies.The wavelengthassociated
with themaximumof =@> increaseswith 7<: accordingto Wien’sdisplacementlawjlk :,m@Aonp7;: (2.2)
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Figure2.1: Comparisonof Planck’s law with its low-frequency(Rayleigh-Jeans
law) and high-frequency(Wien’s law) approximationsat 300K (from [Ulaby et
al., 1981].

with theconstantn9Aq� #*+ � � �a� � W E mK W$X andthewavelengthatmaximumspec-
tral brightness

jlk :Lm . Thus,for the terrestrialspectralbrightness,the maximum
occursat a wavelength

j �r� � . m ( CY�s� � THz) in the so-calledatmospheric
windowin theIR range.TheRayleigh-Jeansapproximationyields=@>?A ��C;� ] 7;:F � A � ] 7<:j � U (2.3)

andcanbeappliedfor terrestrialtemperaturesin themicrowave (MW) rangei. e.
for � GHz tuCatv� ��� GHz(

�$#5��� � m t j t �$# � m).
Thebrightnesstemperature7 of a blackbodyequalsits physicaltemperature7;: . In theMW range,onecanthereforewrite7�A j �� ] =@> # (2.4)
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Realsubstancesareso-calledgrey bodiesandemit andabsorblesselectromag-
netic energy thana blackbody. The spectralbrightnessof a grey body may be
directiondependentasgivenin sphericalcoordinatesby theanglesw and x , for
instance,if someportionof the incidentelectromagneticenergy is reflectedinto
apreferreddirection.Furthermore,thespectralbrightnessmaybecomepolarized
since,assoonasreflectionandscatteringtakesplace,the vectorof the electric
field mayoscillatein a preferredplanerelative to thepropagationdirectionof the
incidentelectromagneticwave. This leadsto thebrightnesstemperatureof agrey
bodyat polarizationy observedat direction w , x7{z\w U x U y}|~A j �� ] =?>pz\w U x U y}| # (2.5)

The ratio of the brightnesstemperaturesof a grey body and of a blackbodyis
calledtheemissivity� >pz�w U x U y}|�A =?>�z�w U x U y}|=@> A 7�z�w U x U y}|7 #

(2.6)

The emissivity of a blackbodyis 1, regardlessof frequency, observation angle
andpolarization. Grey bodiesemit or absorblesselectromagneticenergy than
a blackbody, i. e. =@>'z\w U x U y;| � =@> , andtheir emissivity

� >pz\w U x U y}| is always
lessthan1. However, for grey bodies,emissionandabsorptiondependon the
frequency. Therefore,they maybehave like ablackbodyovera certainfrequency
range.For instance,theemissivity of wateris 0.95in the IR rangebut lessthan
0.1in theVIS range(seeTable2.1).

Themainquantitydescribingtheinteractionof electromagneticradiationwith
asubstanceis therelativecomplex dielectricconstant� :��A���� QV� ��� � # (2.7)

Therealpartof � is theso-calledpermittivity � � which is relatedto therefraction
index � by ��A�� � � # (2.8)

Theimaginerypartof � , � � � , is proportionalto thedielectricloss � givenby��� C� � � � # (2.9)

Consideringthesetwo relations,the relative complex dielectric constant

�
is a

measureof the frequency dependendelectric conductivity, which is a function
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a)

b)

Figure2.2: Complex dielectric constantof pure waterandseawaterversusfre-
quencyfor 0

-
C and20

-
C anda salinityof seawaterof 32.54‰: a) real part, b)

imaginerypart (from[Ulaby et al., 1986]).
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of temperatureanddegreeof polarity of the molecules. In the MW range,for
a polar moleculesuchasof water, � typically rangesbetween5 and200 andis
significantly influencedby its salinity and its physicaltemperature.Figure2.2
shows � � and � � � asa function of frequency andtemperaturefor pureandsaline
water.

In caseof a substancewith a specularsurface,emissionand reflectioncan
bedescribedby theFresnelreflectioncoefficients ��zO� U�� | and ��zO� U B;| at vertical
( � ) andhorizontal( B ) polarization.Thesecoefficientsrelatetheelectromagnetic
propertiesof the substance,which aregiven by � and the relative permeability. , to the local incidenceangle � ( A anglebetweenthe surfacenormaland the
viewing direction):

��z�� U B}|�A ����� .������T� Q z�.}� Q �)��� � �p|���.������T�¡ �zO.}� Q �)�¢� � �'| �� ����� � (2.10)

��z�� U)� |�A ����� �������T� Q zO.;� Q �,��� � �'| ���������T�¡ oz�.}� Q �,��� � �p| �� ����� � # (2.11)

Equations2.10and2.11yield theemissivitiesvia

�,£ z��p|¤A�� Q ��z�� U�� | and

� c z��p|�A� Q ��z�� U B;| accordingto Kirchhoff ’senergy conservationlaw.

a) b)

Figure2.3: Emissionof a substancewith a surfaceroughnessscalewhich is simi-
lar to thewavelengthat thefrequencyof observation:a) diffuseemission,b) con-
tributionsto the brightnesstemperature ¥§¦ observedunder the angle ¨�© (from
[Ulaby et al., 1981]). In a), ª}« is the power incidenton the surfaceunder the
angle ¨@¬ fromtheunderlyingmedium.
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Emissionand reflection of electromagneticradiation at a rough surface is
much more complex. Figure 2.3 shows that a) a substancewith a rough sur-
facemayemit electromagneticenergy into many differentdirectionsandthatb)
the observedbrightnesstemperaturemay consistof many contributionsincident
at thesurfacefrom insidethesubstanceunderdifferentangles.Theemissivity of
sucha substancecanbe describedusingthe bistaticscatteringcross-sectionper
unit area(surfacescatteringcoefficient) ­}® z���¯ U �±° U yl¯ U yD°)| . This coefficient relates
thepower incidentunderthedirection ��¯ at polarizationyl¯ to thepower scattered
into the direction �±° at polarizationyD° . According to Peake [1959], the corre-
spondingemissivity canbeexpressedby� zO��¯ U B;|²A � Q �%�³ �����D��¯;´_µ ­ ® z���¯ U �±° U B U B}|  ­ ® z���¯ U �±° U B U�� |\¶¢·�¸§° (2.12)� zO��¯ U�� |²A � Q �%�³ �����D��¯;´_µ ­ ® z���¯ U �±° U)�<U)� |  ­ ® z���¯ U �±° U��DU B;|\¶¢·�¸§° # (2.13)

Theintegrationis carriedoutovertheupperhalf space.Thesecondtermof Equa-
tions 2.12and2.13, respectively, denotesthe contribution from incoherentscat-
tering.

2.2 Open Water

In the MW range,mainly threeparametersinfluenceemission,absorptionand
reflectionof electromagneticradiationoveropenwater:

• theseasurfacesalinity ¹ ,

• theseasurfacetemperature(SST),

• theseasurfaceroughnessandits coveragewith foamandwhitecaps.

ThesurfacesalinityandtheSSTaredistributedhomogeneouslywhenconcerning
theFOV of theSSM/I(Section3.1.2).In theSouthernOcean,valuesof ��� #4	 ‰ t¹ºt»� %l#5	 ‰ and Q � - C t¼7st� �� - C [Olberset al., 1992] arecommon. The
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seasurfaceroughnessandfoam coverageis causedby the oceanswell andthe
local influenceof the surfacewind which can vary on scalesof a few meters
within someseconds.However, the SSM/I integratesover FOV areasbetween� � ��� km� at 85GHz and � � ����� km� at 19GHz (Section3.1.2). Hence,its
measurementsreflecttheaveragesurfaceroughnessof a local- to mesoscalearea.

2.2.1 RadiativePropertiesof OpenWater

TheSSTandthesalinity ¹ aresufficient to describetheinteractionof microwave
radiationwith openwater. Ulaby et al. [1986] (Figures18.4a,b) show that for
salineseawaterthe penetrationdepth,i. e. the depthwherethe intensityof the
incidentelectromagneticenergy hasdecreasedto ½�¾À¿ H ( ½�¾8A incidentintensity),
is alwayslessthan1cm in theMW rangeand,in particular, lessthan1mm at the
SSM/I frequencies(seeSection3.1.2).

Dissolvedsaltsincreasethe ionic conductivity andalter the relative complex
dielectricconstant� of water, which decreaseswith frequency above 10GHz as
is shown in Figure2.2. Thepermittivity � � is almostindependentof ¹ for values
typicalof seawater. Theimaginarypart � � � is dominatedby theionic conductivity
and,therefore,dependson ¹ at frequenciesbelow 3GHz. At frequenciesabove
10GHz,theDebyerelaxationbecomesthedominatingprocessand � � � is indepen-
dentof ¹ (seeFigure2.2). In conclusion,at theSSM/I frequenciestheseasurface
emissivitiesarenearlyindependentof ¹ . But theseasurfaceemissivitiesincrease
with frequency dueto thedecreaseof � � and � � � .

Thepenetrationdepthapproacheszerowith increasingfrequency [Ulabyetal.,
1986]. Therefore,onecanexpectan increaseof thesensitivity of thebrightness
temperature7ÂÁ atpolarizationy to theSST; thatis Ã�Ä"Ä e AºÅ e�ÆÅ e , y refersto vertical
or horizontalpolarization.Between19 and37GHz Ã�Ä"Ä e decreasesfrom 0.25to
0.11 at vertical and from 0.08 to Q �$#5� � at horizontalpolarization,respectively
[Ulaby et al., 1986]. Extrapolatingthesetrendstowardshigherfrequencies,one
canconcludethatat 85GHz Ã{ÄÇÄ e decreasesto zeroat verticalpolarizationand
approachesQ �$# � at horizontalpolarization. This would lead to a decreaseof
the horizontally polarized85GHz SSM/I brightnesstemperatureby 1K for an
increaseof theSSTby 5K (compareFigure18.13b, [Ulaby etal., 1986]).Taking
into accountthesensornoiseat 85GHz (seeTable3.2) andthesmall variability
of theSSTof thepolarSouthernOcean,this brightnesstemperaturedecreasecan
beneglected.

A watersurfaceis highly polarizing. Therefore,theFresnelreflectioncoeffi-
cients(Equations2.10and2.11)show considerabledifferencesat bothpolariza-
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tionsfor incidenceangles�Èt ��� -
. Overacalmseasurface,for instance,��z�� U B;|increasesmonotonicallyover the entire rangeof � while ��zO� U�� | first decreases

monotonicallyuntil � equalstheBrewsterangleandthenincreasesrapidlywith �
[Schanda,1986]. TheBrewsterangle ÉËÊ is relatedto therefractionindex � (see
Equation2.8)by ÌÎÍ �ÏÉÐÊÑA�� (2.14)

andvariesbetween66.5
-

at 100GHz and83.5
-

at 1GHz for seawaterwith a
SSTof

��-
C. Therefore,the SSM/I viewing angleof approximately

	 � - ensures
quite a large reflectivity polarizationdifferenceandthusemissivity polarization
difference6 � A �L£ Q � c with valuesbetween0.2and0.25at theSSM/I frequen-
cies over a smoothwater surface[Comiso et al., 1992]. However, in contrast
to theVIS/IR range,at themicrowave frequenciesthewind-inducedseasurface
roughnessinfluencestheemissivity of theseasurfacestrongly.

Withoutfoam,two roughnessscalescanbeidentifiedonawind-roughenedsea
surface.Thefirst andlargerscaleis describedby large-scalegravity waveswith
radii of curvaturelarger than the wavelengthof observation. The secondscale
is associatedwith very short-scalegravity waves or capillary waves with radii
of curvaturecomparableto thatwavelength.This scaleis particularlyimportant
in regions,wherea limited fetchhampersthedevelopmentof large-scalegravity
wavesas,for instance,in leadsandpolynyas.Theemissivity of sucha perturbed
surfacecanbecomputedwith a facet-modelandmodifiedFresnelreflectionco-
efficients togetherwith a seasurfacespectrumwhich gives the probabilitiesof
theoccurencesof theseasurfaceslopeasa functionof thewind speed[Ulaby et
al., 1986]. ThemodifiedFresnelreflectioncoefficientsexplain theenergy trans-
fer from the large-scaleto thesmall-scalesurfaceroughness.By usingtheslope
variancerelationsgivenby CoxandMunk [1954],Ulabyetal. [1986]havefound
thatat 19GHz, verticalpolarization,andtheSSM/I viewing angletheemissivity
is almostindependentof thewind-inducedroughnessof a foam-freeseasurface.
At 19GHz andhorizontalpolarization,however, theemissivity is mostsensitive
to this roughness.This facthasbeenexploitedto infer thesurfacewind speed/
from SMMR andSSM/I data([Swift, 1980], [Goodberletet al., 1989], [Chang
andLi, 1998],seealsoSection3.2.1).

With foam,a third scalecomesinto play. Foamcanappearin form of streaks
andpatchesalignedalongthesurfacewind directionandaswhitecapsformingon
thewavecrests.Accordingto RossandCardone[1974],bothformsmaytogether
cover one third of the openoceanat wind speedsover 20msW$X . Foamcanbe
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consideredasa water layer with entrappedair bubbles,thusasa mixture of air
andsalinewaterwith its associateddielectricalproperties.Burstingair bubbles
adjacentto thewatersurfaceincreasethesmall-scalesurfaceroughness.There-
flectivity of anopenwaterfacetwith a whitecapfraction

�ÓÒÂÔ
anda foamstreak

fraction
� >Õ° (

�ÓÒ$Ô   � >À° � � ) is givenby��z�� U y}|²A �Ð>Õ>pz�� U y}|ÕzL� Q �ÓÒÂÔ Q � >Õ°Î|  � Ò$Ô zO� U y;| �ÓÒ$Ô  �Ð>Õ°�zO� U y}| � >Õ° # (2.15)

At theviewing angle � andat vertical � or horizontal B polarizationy , thereflec-
tion coefficientsof foam-freewater, whitecapsandfoam streaksaredenotedby�Ð>Õ>pz�� X U y}| , � ÒÂÔ z�� X U y}| and �Ð>Õ°�zO� X U y}| , respectively. Aboveafoamlayer, incoherent
reflectiondominates[Ulaby et al., 1986] resultingin an asymptoticallyincrease
of theemissivity of foam-freewaterto thatof completelyfoam-coveredwater.

Figure2.4: Variation of the emissivityof foamover openwater as a functionof
thefoam-layerthickness· in unitsof

j
(from[Ulaby et al., 1986]).
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Figure2.4showstheemissivity increasedueto foamatafrequency of 20GHz
asa function of the foam-layerthickness.At this frequency, the emissivity in-
creasesfrom � �$#*% � over foam-freeopenwaterto � �$#*� � overa foamlayerwith
a thicknessÖ j

. This wasconfirmedby airbornebrightnesstemperaturemea-
surementstakennadir-looking at 19GHz by Rosset al. [1970] andNordberg et
al. [1971].

In contrastto a calm seasurface,brightnesstemperaturesmeasuredover a
foamcover decreasewith theviewing angleat bothpolarizations.Consequently,
the brightnesstemperaturepolarizationdifferenceis significantlysmallerover a
foam-coveredthanover a foam-freeseasurface[Stogryn,1972]. Moreover, the
smallerwavelengthat85GHzsuggestsahighersensitivity to thefoamcovercom-
paredto theotherSSM/I channels.Abovea partly foam-coveredseasurface,the
85GHz brightnesstemperaturesincreasewith surfacewind speedby anamount
similar to that at 37GHz andlarger thanthat at 19GHz ([Fuhrhopet al., 1998]
andSection5.3.1).

The radiative transfermodelusedin this thesis(Section2.5.1)considersall
threesurfaceroughnessscalesandcanthereforebeexpectedto modelthebright-
nesstemperaturesaboveopenwaterrealistically.

2.3 SeaIce and Snow

Unlike theopenocean,which – if neglectingsurfacewind effects– exhibits only
two surfacepropertiesrelevant to microwave remotesensing,seaice hasa few
morepropertiesthatdetermineits interactionwith andtheemissionof microwave
radiation.Thissectionstartswith anoverview overmechanismsof seaicegrowth
anddecayaswell assnow covermetamorphismbeforeconcentratingonthephys-
ical seaiceandsnow propertiesrelevantfor microwaveremotesensingof thesea
ice.

2.3.1 SeaIce Typesand Initial Ice Growth

Thestructuralandphysicalpropertiesof seaice have beeninvestigatedby many
authors[LangeandEicken,1991], [Jeffries andWeeks,1992], [TuckerIII et al.,
1992],[Eickenet al., 1994],[Jeffries et al., 1994],[Worby et al., 1998],[Eicken,
1998]. In contrastto otherconstituentsof the cryosphere,seaice is saline. The
structureof seaice can be regardedasa mixture of ice crystals,brine andair,
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andis determinedby the conditionsduring the seaice growth aswell asby the
interactionof theseaicewith theocean,theatmosphereandits snow cover.

Importantfor theunderstandingof the freezingprocessof seawateraretwo
facts:

• Saltdepressesthefreezingpointof water[NeumannandPierson,Jr., 1966].

• Purewater ¹×A �
‰ hasits highestdensityat   %p-

C. For salinities
� t¹ � � %l# � ‰, highestdensityoccursbetween  % -

C andthe freezingpoint
accordingto theactualsalinity. For salinitieslargerthan � %l# � ‰, thehighest
densityis formedat thefreezingpoint.

In polarregions,seawaterexhibitsa freezingpointof Q � #5+�- C ata typicalsalinity
of �º� % ‰. At this salinity, cooling resultsin anunstableverticaldensitydistri-
bution over thefirst tenmetersof theseawatercolumn.This leadsto convective
overturningof the wateruntil the entirewatercolumninvolved is at its freezing
point. Continuedcoolingresultsin theformationof salineice plateletsandnee-
dles(frazil ice). A layercomprisinga mixtureof frazil ice andseawater(grease
ice) develops. Underquiet conditions,i. e. at low wind speedsand in the ab-
senceof oceanswell, continuedcooling increasesthe frazil ice fractionuntil the
ice crystalscoalesceto a smooth,elasticallybehaving, salineseaice cover of up
to 3cm thickness(nilas). This seaice cover becomesthicker underfavourable
cold andquiet conditionsto form the young ice typesgrey ice (4 to 6cm) and
grey-whiteice ( Ö�� � cm), andfinally reachesthe stateof first-yearice (FY ice)
at a thicknessabove 30cm – accordingto the seaice type nomenclatureof the
World MeteorologicalOrganization(WMO) [1989]. Under the action of wind
andoceanswell, semi-consolidatedmassesof frazil ice areformedto so-called
pancake ice. Thesepancake ice floescanhave diametersbetween0.3 and3m,
canbe several centimetersthick, andoften exhibit higher rims at their margins
causedby continuouscollisionsof singlefloesunderthe wave action. Pancake
ice caneitherconsolidatetogetherwith thegreaseice betweenthefloesto build
an ice sheetcontinuingto grow like theabove-mentionedyoungice types. Or it
becomesthicker dueto rafting of thefloesunderon-goingwave actionandwith-
out consolidation.

Themainprocessfor seaice to gain thicknessunderquietconditionsis con-
gelationgrowthunderneaththe seaice ashasbeendiscussedby severalauthors
[Lange and Eicken, 1991], [Jeffries and Weeks,1992], [Jeffries et al., 1994].
Frazil ice crystalsbecomeattachedat thebottomof theseaice,which thenstarts
to grow vertically into the wateruntil equilibrium betweenheatlossandgain is
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achieved. Theequilibriumandthegrowth ratedependon theheatsupplyby the
oceanandon theheatlossto theatmosphereat theseaice surface,which in turn
dependsontheair temperature,thewind speed,andthethicknessandcomposition
of asnow cover.

During the freezingprocess,salinewater is entrappedin the seaice in so-
calledbrinepocketsformingbetweentheverticallyalignedfrazil icecrystals.The
brinesalinity dependson thephaseequilibriumof brine,thuson its temperature.
At a giventemperatureonly a certainamountof brinecancoexist with ice. De-
creasingtemperatureswill disturbthephaseequilibriumandcausefreezingonthe
pocket walls which is accompaniedby salt rejectioninto thebrine. Therefore,a
salinity increasewill resultuntil thephaseequilibriumis reachedagain[TuckerIII
etal.,1992].Thisprocessis associatedwith apocketvolumedecreaseandapres-
sureincreaseinsidethebrinepocketseventuallyforcing brineto beexpelledout
of thepocketsthroughfinecracksin theseaice– onemechanismfor thedesalina-
tion of seaice. Theoppositeis truefor risingtemperatures.Themajormechanism
for desalinationis thedrainageof colder, thusdenserbrinefrom theupperseaice
layersthroughbrine channelsinto warmerseaice layerswherethe brine is less
dense– theso-calledgravity drainage. Consequently, thebulk salinity of seaice

Figure2.5: Idealizedseaice salinity profiles: a) to d) FY ice, e) and f) MY ice
(from[TuckerIII et al., 1992]).
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dependson its temperature,which in turn is a functionof theoceanicheatsupply,
of thethicknessof boththeseaice andthesnow cover. Thin ice is oftencovered
by alayerof highly salinebrinethathasbeenexpelledupontothesurfaceby cap-
illary effects.Figure2.5showssomeidealizedverticalsalinityprofilesof different
seaice types.All FY ice profilesoutlinethetypicalC-shape.

Theverticaltemperatureprofile in seaicedependsstronglyonthesnow-cover
thicknessand the season. A negative temperaturegradientwith temperatures
aroundQ � #*+ - C atthebottomof theseaiceandconsiderablylowertemperaturesat
its surfaceis observedduringwinter. Duringsummer, theseaicemaybeisother-
mal at a temperatureof Q � #5+�- C or may exhibit a slightly positive temperature
gradient,with a temperatureof Q � #*+�- C at thebottomof theseaice andapproxi-
mately

��-
C at its surface[TuckerIII et al., 1992],[Perovich etal., 1998].

2.3.2 HemisphericalDiffer encesand further Ice Growth

Antarcticaand the Arctic show a very different geography. While the Arctic
Oceanis surroundedby land masses,the SouthernOceanis part of the world
oceansasis shown in Figure2.6.Thewaterexchangeof theArctic Oceanwith the
oceansat lower latitudesis muchmorelimited thanthatof theSouthernOcean.
As a consequence,the Arctic oceanis much more stratifiedthan the Southern
Ocean,hamperingtheheatexchangebetweenthesurfacemixedlayerandthewa-

Figure2.6: Mapsof a) theAntarctic andb) theArctic.
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ter massesbelow the thermocline. Furthermore,oceanswell canpenetrateinto
theseaice asfar as600km [Squireet al., 1986], [Worby et al., 1998]alongthe
entireAntarcticseaice edge.In theArctic, only theseaice in themarginal seas,
whicharetheBering,Labrador, BarentsandGreenlandSeasaswell astheSeaof
Okhotsk(seeFigure2.6), is influencedby oceanswell oncetheArctic Oceanis
frozen.

The continentssurroundingthe Arctic Oceanshield this areaalmostcom-
pletely from stormsduring winter. Only the marginal seasaremoreoften over-
passedby cyclones. In contrast,cyclonesmove frequentlyover polar Southern
Oceanduring the entireyearandmay penetrateinto the seaice coveredareaas
far as1000km [Andreas,1984], [Massomet al., 1997]. Due to the large mois-
ture supplyby the surroundingopenwaterof the SouthernOceanandthe large
air temperaturegradientacrosstheseaice edge,cyclonesaremorevigorousand
yield moreprecipitationin Antarcticathanin theArctic [King andTurner,1997].
Finally, theunderwatertopographyof theSouthernOceantogetherwith theocean
currentscancauseup-welling of warmerwatermassesandseaice melt even in
Australwinter, for instance,in theregionof Maud-Rise[Zwally et al., 1985].

In the light of theseconditions,onecaneasilyexplain the main differences
of growth and characteristicsof Arctic and Antarctic seaice. Periodswithout
oceanswellandwith low wind speedsareseldomin theAntarctic.Consequently,
in the Antarctic seaice formation takesplacein the so-calledpancake cycleas
proposedby Langeet al. [1989]. Accordingto their work andthe investigations
of Wadhamsetal. [1987],frazil andpancakeiceformsassoonasair temperatures
fall below Q � #*+�- C.Oncetheseasurfaceis coveredbyafrazil/pancakeicemixture,
seaice formationceasesor remainsatequilibriumbecausethelackof openwater
and the usually large vertical heatflux betweenthe oceanand the atmosphere
inhibits furtherseaicegrowth. Openwatergeneratedby redistributionandrafting
of the pancake ice floes is coveredsoonby a frazil/pancake ice mixture again.
Congelationgrowth at the bottom of the floes is almostnegligible [Lange and
Eicken, 1991]. This processlastsuntil either oceanswell cannotpenetratefar
enoughinto the seaice or if the wave energy is too small to generatenew open
waterareas.At this point, the floeshave gaineda thicknessof 40 to 60cm and
mayconsistof severalfrazil andgranularice layers[Wadhamset al., 1987].This
is followedby consolidationof thepancake ice floesto a solid seaice cover and
furthergrowth at its bottom.

In theArctic, seaice grows underquieterconditionsin termsof oceanswell
and surfacewind speed,resultingin a larger fraction of thin ice typessuchas
nilasandgrey ice at thebeginningof ice formation. Moreover, themarkedstrat-
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ification of the Arctic Oceanbetween50 and150m resultsin very low vertical
diffusionratesin theupperwatercolumnandpreventswinterconvectionandsur-
facemixed layer deepeninggreaterthan � 	��

m. The underlyingwarmerlayer
of Atlantic watermassesareeffectively insulated[AagaardandCarmack,1994].
This environmentlimits the meanoceanicheatflux to valuesaround5W m W �
[Mellor andHäkkinen,1994]andallows thick seaice to grow. In theAntarctic,
themeanoceanicheatflux is comparablylarger(up to � %p�

W m W � [McPheeand
Martinson,1994]),thuslimits theseaice thickness.

A snow cover can influencethe seaice thicknessin a twofold manner. On
theonehand,a thick snow cover insulatesseaice from both cold andwarmair,
decreasingthegrowth or meltrate[Eickenetal.,1995],[Massometal.,1998].On
theotherhand,snow canincreasetheseaice thicknessby floodingof thesnow-
ice interfacefollowedby theformationof snowice, or by melt waterpercolating
thesnow andrefreezingat thesnow-ice interfaceto form meteoricice. Snow and
meteoricice contributebetween13 and

%p� � to theseaice massof theSouthern
Ocean[Eicken et al., 1994], [Worby et al., 1996], [Worby et al., 1998]. Major
reasonsfor floodingarehydrostaticimbalance[Adolphs,1998]andthebreak-up
of a consolidatedseaice cover becauseof oceanswell. Both processesareless
frequentin the Arctic dueto the differentgeographypreventingoceanswell to
penetratedeeplyinto the seaice, and due to the smallerprecipitationamounts
combinedwith thickerseaicemakingfloodingaseldomevent.

The seaice thicknesscanalsochangein areasor periodsof convergentand
divergentseaice motion. Thestrongandpersistentcold katabaticwinds,which
join theeasterlywindssouthof theAntarcticdivergence[King andTurner,1997],
generatepolynyasalongalmosttheentireAntarctic coast.Frazil andgreaseice
forming in thesepolynyasduringAustralwinter is continuouslyadvectedto their
leeward side,whereit consolidatesquickly to nilas andthicker ice types. This
seaice is slowly carriedaway from thecoastby thecoriolis deflectionassociated
with theprevailing easterlywinds. Theseaice formedin thesecoastalpolynyas
contributesa largefractionto theAntarcticseaice cover. For this reason,coastal
polynyasareoftenreferredto as“ice factories”.Along theAntarcticcoast,diver-
gentseaice motiondominateswith only a few exceptions.ThewesternWeddell
Sea,for instance,is known asan areawhereseaice is continuouslypushedto-
wardsthecoastof theAntarcticPeninsula.This convergentmotionresultsin an
increasinginternalicestressthatcausesrafting andridgingof theseaice. Conse-
quently, largestAntarcticseaice thicknessesarereportedfrom thisarea[Massom
et al., 1997].

Seaice areasthat are frequentlyoverpassedby cyclonesexhibit alternating
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convergentanddivergentconditionsassociatedwith warm,northerlywindsat the
front sideandcold,southerlywindsat thebacksideof thecyclones,respectively.
Duringconvergentconditions,aconsolidatedseaicecovermaybreakupdueto the
enhancedinternalice stress.Raftingandridging mayoccur. Highertemperatures
cancausea weakeningof thephysicalstrengthof theseaice dueto largerbrine
volumes. The seaice edgemay retreatconsiderablydependingon seaice type
andconcentration,while the marginal ice zone(MIZ) becomesmore compact.
During divergent conditions,new openwater areasare generatedand covered
with new ice accordingto the pancake cycle. The seaice edgeadvancesand
becomesdiffuse. The physicalstrengthof the seaice increasesdue to smaller
brinevolumescausedby thelower temperatures.Figure2.7summarizessomeof
theabove-mentionedprocesses.

Figure2.7: Schematicsketch of possibleinteractionsandprocessesof Antarctic
seaice (from[Worbyet al., 1998]).
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Therefore,Antarcticenvironmentalconditionsforcemaximumthicknessesof
FY iceof approximately70cmin thecentralandeasternWeddellSea([Wadhams
et al., 1987],[LangeandEicken,1991]aswell asin thePacific Sector[Adolphs,
1998] andslightly lessin the EastAntarctic region [Worby et al., 1998]. In the
Arctic, environmentalconditionsfavour undisturbedseaice growth leadingto
FY ice thicknessesup to 200cm [TuckerIII et al., 1992], [Perovich et al., 1998]
and to quite a high fraction of columnaror congelation ice. Investigationsof
Antarctic seaice coresby Eickenet al. [1994], Jeffries [1998] andWorby et al.
[1998] have revealeda fraction of congelationice of approximatelyone third.
The rest is of granular type, i. e. originatesfrom the pancake cycle and other
ice growth mechanisms.Between13 and

%�� � of the coresinvestigatedshow
granulartexturestypical for snow ice and/ormeteoricice. Figure2.8 shows one
exampleof each,columnarandgranularice.

a) b)

Figure2.8: Horizontal thin sectionsof a) columnarice andb) granular ice. The
photographshavebeentakenbetweencrosspolarizers; thescalebar (a): bottom
edge, b): upperright corner)is in millimeters (from[Eickenetal., 1990]).

A snow cover effectively insulatesseaice from melting from the top. In
the Arctic, however, the snow cover disappearsrapidly within a few weeksin
May/June[TuckerIII et al., 1992]while Antarctic seaice remainssnow-covered
during summerdue to a significantly smallernumberof melt-days[Drinkwa-
ter and Liu, 2000]. This is againcausedby the different geography. During
spring/summerlandandconsequentlytheair heatsupquicklyoncethesnow cover
hasdisappeared.In contrast,air heatsup very slowly over waterbecauseof the
muchlargerheatcapacityof water. Therefore,air massesadvectedinto theArctic
in latespring/earlysummerareconsiderablywarmerthanin theAntarcticandlead
to enhancedmeltingof thesnow cover andtheseaice from the top. Melt ponds
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form andcancovermorethan
	�� � of theseaice. Brinepocketswidendueto the

highertemperaturesandweakentheseaicecoveruntil it breaksupunderphysical
stressalongits weakestparts.Theseareusuallycracksandleadsformedduring
thelastwinter. Melt waterdrainsquickly from thefloes,exposingaporousseaice
surface. Most brine pocketsabove the freeboardlevel becomenow air pockets.
At the beginning of the following freeze-uptheseair pocketsremaintrappedin
theseaice,which becomessecond-year(SY) ice. If this seaice survivesthenext
summerit becomesmultiyear(MY) ice. Both,SY andMY ice will becalledold
ice, henceforth.Due to the larger numberof air pockets,the averagedensityof
old ice ( � �$#*+ � gcmW E ) is smallerthanthat of FY ice ( � �$#*� � gcmW E ). Old ice
canexhibit densitiesaslow as0.7gcmW E in its upperpart.

However, a snow covercannotinsulateseaice from meltingfrom thebottom,
which is commonin theAntarcticbecomingincreasinglyeffectivewhenair tem-
peraturesaretoo high to allow theformationof snow ice andmeteoricice. As a
result,theAntarcticseaice cover startsto decayrapidly in November/December
in almosttheentireSouthernOceanalthoughaverageair temperaturesremainbe-
low

��-
C [DrinkwaterandLiu, 2000]andalthoughtheseaiceis still snow-covered.

Only in areaswith anabove-averageseaice thicknesses,theseaicesurvivesAus-
tral summerandbecomesold ice. Largeseaice thicknessesoccurin

• thewesternWeddellSeabecauseof ridgingandrafting,

• the Pacific Sectordueto enhancedsnow/meteoricice growth causedby a
largesnow accumulation,

• coastalembaymentsor regionswherethewestboundcoastalcurrentbends
away from the coastbecauseof groundedice bergs or glacier ice tongues
(e.g. nearSyowaStation(70

-
S,40

-
E) andtheDrygalskiIceTongue(75

-
S,

165
-
E)), wheretheseaicecangrow moreundisturbed.

The WeddellSeais known to be the site of the largestamountof old ice in the
SouthernOcean.However, this seaiceseldomlybecomesolderthantwo or three
yearssinceit is continuouslyadvectedby theWeddellGyre alongtheAntarctic
Peninsulanorthwardsintowarmerwaterswhereit melts.Therefore,in theAntarc-
tic old ice is on averageyoungerthanin theArctic andcanbe expectedto have
largersalinities.Accordingto Eicken[1998] thedesalinationprocessduringsum-
mer ratherthanthe seaice agedeterminesthe salinity of old ice. He hasfound
averagesalinitiesof FY ice to be quite similar in both hemispheres.However,
considerablylargersalinitiesareobservedfor old ice in theAntarcticcomparedto
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theArctic. This canbeexplainedby thedifferentmelt conditionsforcing Arctic
seaice to melt from thetopwhile Antarcticseaicemeltsfrom thesidesandfrom
below. Consequently, muchmoremelt waterpercolatesArctic seaice flushing
out thesalt.Therefore,thesalinityprofilesgivenin Figure2.5for MY iceareless
valid for Antarcticconditions.

2.3.3 Snow Properties

The snow cover on seaice is not only importantbecauseof its influenceon the
seaice itself, but becauseit considerablyaffects the microwave radiancesob-
tainedat frequenciesabove85GHz. Antarcticseaice is frequentlyoverpassedby
cyclonesgiving riseto precipitation,usuallysnow, allowing quitea largeamount
of snow to beaccumulatedon theseaice duringtheentireyear. AverageAntarc-
tic snow depthsvary between7 and40cm [MarkusandCavalieri, 1998],[Sturm
et al., 1998], [Worby et al., 1998]. The largestsnow amountis found on old
ice. In the Arctic, precipitationand,therefore,snow accumulationon seaice is
almostnegligible betweenNovemberandMay, exceptin themarginalseas.How-
ever, during freeze-upin September/Octoberquite a high amountof snow may
be depositedon Arctic seaice. Snow depthsrangefrom 5 to 15cm in the cen-
tral Arctic to up to 40cm on old ice eastof Greenland[TuckerIII et al., 1992].
Despitethe smallerprecipitationamount,Arctic snow depthsare quite similar
to Antarcticsnow depths.This canbe explainedby a larger snow portionbeing
transformedinto snow iceor meteoricicedueto thelargerprobabilityof flooding
in theAntarctic.

Besidesthe depth,a snow cover is characterizedby its salinity, liquid water
fraction, density, andgrain sizeand shapeplus orientation. Typical rangesfor
thesepropertiesandthephysicalprocessesassociatedwith snow metamorphism
have beenpublishedby numerousauthors[Akitaya, 1974], [Marbouty, 1980],
[Massomet al., 1997], [Sturm et al., 1998]. Figure 2.9 shows typical vertical
distributionsof selectedsnow propertiesof snow on seaice in thePacific Sector.
The snow salinity is mainly determinedby the propertiesof the seaice andthe
snow-cover thickness. Generally, larger salinitiesare found at the basalsnow
layers(seeFigure2.9b.). On thin ice, this is causedby brineexpulsioninto the
snow-ice interfaceduringcold air temperatures.In caseof a brokenseaicecover
suchaspancake ice, largesalinitiesarecausedby the infiltration of seawaterat
the floe margins. Thick seaice suchasAntarctic old ice may exhibit a highly
saline,slushybasalsnow layerwhich is oftencoveredby dry snow [Drinkwater
andLytle, 1997].Theslushylayercanbecausedby bothfloodingof thesnow-ice
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Figure2.9: A typical snow-pitdiagramfor a snowcover on seaice in thePacific
Sector:a. snowstratigraphy, densityandtemperature, b. salinity andgrain size
(from[Sturmetal., 1998]).

interfaceandby wicking-upof seawaterthroughenlargedbrinechannelsinto this
layer.

Thesnow liquid watercontentis determinedby thetemperatureandthemois-
ture supply from both underneath(seawater)andabove (air humidity andpre-
cipitation). The snow liquid water contentremainssmall, i. e. below �Ø� , for
temperaturesbelow Q 	�-

C andincreaseswith temperature[Garrity, 1992]. Rain
percolatingthesnow cover canalsoincreasethesnow liquid watercontentif the
snow temperatureis closeto

� -
C. However, due to the stratigraphyof a snow

cover, large snow liquid water contentsmay be limited to the basaland/orthe
uppermostsnow layer, particularyif icy snow layersareembeddedin the snow
[Garrity, 1992].

Snow densityandgrain sizearecloselyrelatedto eachotherin termsof the
physicalprocessesdeterminingtheir magnitude:theverticalgradientsof tempe-
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ratureandwatervapor, thewind stressat thesnow surfaceandthe time elapsed
sincethe last snow fall. Freshlyfallen snow exhibits either very low densities
( t �$# � 	 gcmW E ) andconsistsof singleneedlesandcrystalsif fallen during low
wind speeds,or moderatedensities( � �Â# � 	 gcmW E ) and consistsof rounded
grains(soft/moderatewindslab) if fallenduringhighwind speeds[Massometal.,
1997], [Sturm et al., 1993], [Sturmet al., 1998]. Figure2.10givesan overview
abouttypical grainsizesandformsof snow on seaice in thePacific Sectorwith
thesnow typesmentionedabove shown in the imagesat the top. Redistribution
andcompactionof the snow resultsin snow drifts or a hard wind slab without
considerablychangingthe grain sizeandwith slightly increasingthe densityto� �Â#*%'	

gcmW E [Sturmet al., 1998]. Thedensitymaximumin Figure2.9a. may
bedueto sucha layer.

Thermodynamicsnow metamorphismcanoccurin two major formsandcan
lead to the averagevertical grain size profile shown in Figure 2.9b. (seealso
[Perovich et al., 1998]). A large negative vertical temperaturegradientin the
snow of Q �$# � 	 K cmW$X or less,asmeasuredfor instanceby Massomet al. [1997]
andSturmet al. [1998], cancausefacetedgrowth of depthhoar at the expense
of roundedgrains[Akitaya, 1974], [Colbeck,1982]. Depthhoarcrystalscanbe

Figure2.10:Photo-micrographsof thefour primarysnow-grain typesof thesnow
cover on seaice in thePacific Sector(from[Sturmet al., 1998]). Notethelarger
scalebar in theupperleft image.
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quite large, i. e.

²	

mm ([Massomet al., 1997], seealsoFigure2.10, bottom
right) andleadto adensitydecreaseto valuesbetween0.2and0.3gcmW E . These
crystalsareoftenorientedanisotropicallysincetheir growth is determinedby the
verticalwatervaporpressuregradient.Depthhoarlayersplay an importantrole
in the heatbudgetof snow becauseof their poor thermalconductivity [Sturm,
1991]. For a given heatflow, the growth of depthhoar crystalsdecreasesthe
averagethermalconductivity of that particularsnow layer, maintainsthe higher
temperaturesunderneathwhile increasingthe vertical temperaturegradientand,
therefore,enhancingthedepthhoarformation.

Air temperaturescloseto or above
��-

C leadto snow melt at thesurface.Melt
waterdrainsinto thesnow forcing thesnow grainsto coagulateto so-calledmelt
grain clusters, which areusuallymuchmoreroundedandisotropicallyoriented
thandepthhoarcrystals(Figure2.10,bottomleft). The samehappensduring a
rain event. If a warm andmayberainy episodeis followed by a colderperiod,
thewetsnow surfacerefreezesto form anicy, coarse-grainedsurfacecrust.Grain
sizesmay thenexceed5mm [Massomet al., 1997]. Thechangebetweenabove
and below freezingpoint temperatureswhich is quite frequentduring Austral
summer, causesalsoacoarse-grainedsnow structure.

Summary:

• Salinity: Averagesnow bulk salinitiesare4‰ [Eicken et al., 1994] and
8.6‰ [Massometal., 1997]in theWeddellSeaand8.5‰ onEastAntarc-
tic seaice [Worby et al., 1998]. Snow salinitiesvary betweent �$#*� � ‰ in
the upperpartsof a thick snow cover on thick undeformedseaice and
 ��� ‰ in a wet andslushybasalsnow layeradjacentto thesnow-ice in-
terface[Massometal., 1997],[Worby et al., 1998].

• Liquid water content: Averagespringandsummersnow liquid watercon-
tentsamountbetween

�$#5+ � and � # ��� in theArctic and � #*� � in theWed-
dell Sea[Garrity, 1992].Extremevaluesof morethan � � � arereportedby
Garrity [1992]andGrenfell[1992].

• Density: Valuesfor averagesnow densitiesare 0.37gcmW E , 0.36gcmW E
and0.31gcmW E in thePacificSector[Sturmetal., 1998],onEastAntarctic
seaice [Worby et al., 1998] andin the WeddellSea[Eicken et al., 1994],
[Massomet al., 1997],respectively. However, thedensityof adjacentsnow
layersis highly variableandrangestypically between0.11gcmW E for fresh
snow and0.85gcmW E for icy snow layers[Massomet al., 1998].
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• Grain size: Averagesnow grainsizesaredifficult to obtainandto interpret
dueto thehigh degreeof snow stratigraphy. Typical valuesare1.6mm on
EastAntarctic seaice [Worby et al., 1998], 1.5mm in the Pacific Sector
[Sturmet al., 1998]and2.7mm in theWeddellSea[Massomet al., 1997].
Modal valuesare generally0.5mm larger, standarddeviations rangebe-
tween1 and3mm, indicatingthe largevariability. Grainsizesrangefrom
0.1mm for freshsnow crystalsto 10mm or morefor well-developeddepth
hoarin bothEastAntarcticaandtheWeddellSea.

2.3.4 RadiativePropertiesof SeaIce and Snow

SeaIce:
Seaice is a mixtureof icecrystals,liquid brineandair pockets.At theSSM/I

frequencies(seeSection3.1.2),theemissivity of seawateris independentof the
salinity ¹ . The salinity ¹ of liquid brine increaseswith decreasingtemperature
andexceeds200‰ at Q � +�- C, a valuethatmayoccurin theupperlayersof bare
seaice [Ulaby et al., 1986],[HallikainenandWinebrenner, 1992]. However, em-
pirical resultsobtainedby StogrynandDesargeant[1985] for temperaturesbe-
tween Q � #5+�- C and Q � 	Â#*��- C revealno significantdifferenceof thedecreaseof � �
and � � � with frequency if comparedto seawater. In theSSM/I frequency range,� �
of seaice is almostconstantandapproximatelyof the sameorderof magnitude
than � � of salinewater(seeFigure2.2). But � � � of seaice is aboutthreeordersof
magnitudesmallerthanthat of seawaterdueto the lack of free charge carriers
[HallikainenandWinebrenner, 1992]andincreasesslightly with frequency. Con-
sequently, accordingto Equation2.7,at thesamefrequency andpolarizationthe
emissivity of seaiceisusuallylargerthanthatof openwater[Grenfelletal.,1994].
Figure2.11showstheemissivitiesof openwaterandFY iceatbothpolarizations
and illustratesquite well the large emissivity difference. However, this differ-
encebecomessmallerfor old ice dueto the larger numberof air pockets. They
forcevolumescatteringandthusdecreasethesurfaceemissivity with increasing
frequency. Theemissivity of old ice mayfall below 0.6 at 90GHz ([Hallikainen
andWinebrenner, 1992]and[Grenfell, 1992])a valuewhich is smallerthanthe
emissivity of openwaterat 85GHzandverticalpolarization.

The bubbly uppermostseaice layer increasesalso the averagepenetration
depthwhich, in seaice, generallydecreaseswith increasingfrequency (decreas-
ing wavelength

j
). At 20GHz, thepenetrationdepthin old ice is �¼� � cm while

thatin FY iceis afew centimeters[Ulabyetal.,1986].Radiometricmeasurements
takenby Grenfell et al. [1998] at the outdoorpondat the CRRELreveal that at
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Figure2.11:Emissivitiesof salinewaterandFY ice asobtainedusingtheresults
of Stogryn andDesargeant[1985] (Theory)andfromfield measurementsduring
theNORvegianremoteSensingEXperimentNORSEX,thevariousMarginal Ice
ZoneEXperiments MIZEX’ 83, MIZEX’ 84, MIZEX’ 87 and someother experi-
ments(from[Hallikainen andWinebrenner, 1992]).

90GHz nilasbecomesopaquefor a thicknessof 2 to 3mm. However, field mea-
surements,e.g. during the NORvegian remoteSensingEXperiment[The NOR-
SEXGroup,1983],revealemissivitiesof 0.84and0.88for nilas[Hallikainenand
Winebrenner, 1992] at 90GHz, suggestinga thicknessof onecentimeterrather
thana few millimetersto berequiredto unambiguouslydistinguishthin ice from
openwaterat this frequency. Thepenetrationdepthin old ice decreasesto a few
centimetersat 90GHz.

Snow:
Sincethe wavelengthat 85GHz is only � #5	 mm the surfaceemissivity is af-

fectedby snow almostassoonasit startscoveringtheseaice. This is illustrated
in Figure2.12(a) and(b), showing in situ brightnesstemperaturemeasurements
asa functionof snow depthandfrequency. Dry snow canberegardedasa mix-
tureof snow or ice crystalsandair. Wet snow additionallyincludesliquid water
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which maybesaline,particularlyin thebasalsnow layers.This mixture is quite
similar to that of seaice. Therefore,in the SSM/I frequency range,the dielec-
tric propertiesof snow are similar to thoseof seaice and in caseof dry snow
aremainly determinedby the snow density. For snow, the � � valueequalsthat
of seaice whereas� � � is oneorderof magnitudesmallerthanthatof seaice and
increaseswith frequency. Following Equation2.7 andEquations2.10and2.11,
the emissivity of snow-coveredseaice is larger than that of bareseaice. This
canbeidentifiedin Figure2.12(a)and(b) by thebrightnesstemperatureincrease
with snow depthat all frequenciesshown exceptat 90GHz. However, volume
scatteringin thesnow decreasestheemissivity. This is illustratedin Figure2.12.
The snow-depthincreasefrom ts� mm to � #�# #�	"�

mm hasalmostno effect on
the90GHz brightnesstemperatures(images(a) and(b)) andthesetemperatures
decreaseby morethan10K for snow depthsabove50mm (image(c)).

Figure 2.12: In situ brightnesstemperature measurementsover sea ice of 10
to 40cm thicknesswith dry snow layers of different depth: (a) t � mm, (b)� # # #)	��

mm,(c)

�	"�

mm.(from[GrenfellandComiso,1986]).

Fromtheoreticalcalculationsof themicrowavesignatureoverdry snow using
theMie theoryandassumingindependentscatterers,i. e. describingdry snow as
ice crystalsbeingembeddedin air, Ulaby et al. [1986] have found that volume
scatteringdominatesfor frequenciesabove15GHz. Measurementsof theextinc-
tion propertiesof dry snow revealanincreaseof theextinctioncoefficient Ù$Ú with
frequency. At 90GHz, Ù$Ú increasesfrom 50dBm W$X at ameansnow grainsizeof
0.4mm to 500dBm W$X at a meansnow grainsizeof 1.4mm,suggestingascatter-
ing coefficient ÙT°�AoÙlÚ Q Ù$: thatis muchlargerthantheabsorptioncoefficient Ù$:
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[Hallikainen et al., 1987]. Recentin situ emissivity measurementsconductedin
theArctic by Barberet al. [1998] andPerovich et al. [1998] confirmthis. They
have reporteda decreaseof the emissivity at 90GHz over dry snow of � �$# � at
verticalandbetween0 and0.05at horizontalpolarization.The largeremissivity
changeat vertical polarizationcanbe explainedby the snow-crystalorientation
in thebasalsnow layer(Section2.3.3),which is oftenanisotropic,thusfavouring
scatteringat verticalpolarization([BarberandNghiem,1999]andBarber(2000),
personalcommunication). The emissivity decreasemay be larger if the mean
snow grainsizematchesthewavelengthof observation,which is mostlikely the
casein summerwhencoarse-grainedsnow occurs.Surfaceemissivities modeled
at 90GHz for a refrozensnow cover over landareabout0.5at bothpolarizations
[Bauer and Grody, 1995]. Radiometricin situ measurementstaken during the
Marginal Ice ZoneEXperiments in 1983/84show, at 90GHz andboth polariza-
tions,a decreaseof theemissivity from valuesabove 0.9 over meltingseaice to� �$# � overacoarse-grained,icy snow layerof 6cm thickness[Grenfell,1992].

Figure2.13:Penetration depthof microwaveradiationin snowasmodeledusing
a modifiedDebye-like model for different frequenciesand snowwetness(from
[Hallikainen andWinebrenner,1992]).

Themeasurementsof Grenfell [1992] alsoillustratetheinfluenceof thethird
importantsnow parameter, its wetnessor volumetricsnow liquid watercontentÛ £

. Snow liquid wateroccursin two regimes: the pendularand the funicular
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regime[Colbeck,1982]. Theformerregimeis characterizedby snow containing
liquid water as isolatedinclusionswhile air is continuousthroughoutthe pore
space. In the latter regime, the snow is almostsaturatedwith liquid water, i. e.
liquid wateris continuousthroughoutthe snow while air occursin distinct bub-
bles.Thetransitionbetweenbothregimestakesplaceat Û £ �q�Ü� # # # ��� [Ulaby
et al., 1986], [Hallikainen and Winebrenner, 1992]. Taking thesetwo regimes
into accountwhenmodelingthe dielectricpropertiesof wet snow, � � and � � � in-
creasewith Û £

and,moreimportantly, � � � increasesby a factorof 1000compared
to dry snow [Hallikainen et al., 1987]. Consequently, the emissivity

�
and the

absorptioncoefficient Ù$: increasewith Û £
. The penetrationdepthin snow de-

creaseswith both increasingwetnessand frequency to aboutonecentimeteror
lessat Û £ A 	 � and90GHz[Eppleretal.,1992].Figure2.13showspenetration
depthsin snow asfunction of frequency andsnow wetness.Thesevalueshave
beenobtainedwith a modifiedDebye-like modelasdescribedby Hallikainenet
al. [1986] assumingthat thespectralbehaviour of wet snow is dominatedby the
dispersionbehaviour of waterbecauseof the muchhigherpermittivity of water,
and including empirical resultsfrom experiments. However, thereis evidence
thatat 90GHz in thependularregime,volumescatteringcanbe regardedasthe
dominantprocess,particularlyduring the metamorphismof freshsnow. In this
lattercase,anemissivity increasewith Û £

maybecompensatedby anemissivity
decreasedueto volumescatteringcausedby anincreasingmeansnow grainsize
[Barberet al., 1998],[Perovich et al., 1998].

Summary:

• Antarcticseaiceconsistsprimarily of FY ice. Only aminorfraction,mainly
limited to the WeddellSea,is old ice andon averageyoungerthanthree
years. Seaice formation in the Antarctic can be divided into threecate-
gories: the pancake ice cycle at the MIZ, ice growth in coastalpolynyas
(“ice factories”),and the formation of snow ice and meteoricice. Once
formed,Antarcticseaice is almostcontinuouslycoveredby snow.

• At 85GHz, seaice canbe unambiguouslydistinguishedfrom openwater
at a thicknessabove � � cm. The emissivity of bareyoung and FY ice
is alwaysconsiderablylarger than that of openwaterat 85GHz for both
polarizationsexcept for old ice, which exhibits a smalleremissivity than
openwateratverticalpolarization.At 85GHz,emissivitiesareindependent
of theseaicesalinity.



2.4. THE ATMOSPHERE 37

• Snow affectstheemissivity at 85GHz assoonasit startscoveringthesea
ice becauseof thesmallpenetrationdepthassociatedwith a wavelengthof
3.5mm. Snow on seaice is usuallystratifiedandheterogeneous.Snow-
propertychangescanbecausedby air temperaturechangesand/orprecipi-
tation. Relatedprocessesaffect thesnow on a spatialscaleof at leasta few
SSM/I 85GHz channelFOVs anda temporalscaleof a few hoursto a few
weeksand,therefore,haveanimpacton the85GHzSSM/Imeasurements.

• The85GHz emissivity increasesstronglywith thesnow liquid watercon-
tentat bothpolarizations.As a result, 7�Á'z +�	 | valuesincreasesignificantly
while �gz +p	 | remainsconstantor decreasesslightly.

• An increasinggrain size enhancesvolume scatteringand thus causesan
emissivity decreaseat 85GHz. Consequently, 7�Á�z +p	 | valuesdecreasede-
pendingon the polarizationand �Èz +p	 | valuesmay both decreaseor in-
crease.

• The interactionbetweensnow liquid water, densityandgrainsizeis com-
plex. Thefirst parametercertainlydominatestheradiometricsignalat Û £ 
��� . Particularlyat lower Û £

valuesvolumescatteringmaycompensatethe
absorptiondueto thesnow liquid water. In dry snow, theeffect of volume
scatteringdominatesandmayleadto adecreaseof both 7 c z +�	 | and 7 £ z +p	 |
atagrainsizeabove2mm. Largegrainsizesasassociatedfor instancewith
an icy snow surfacecrustanda depthhoar layer candepressthe 85GHz
emissivities to valuesbelow 0.5.

• Thereis evidencefor a strongpolarizationdependency of the emissivity
changedueto snow if slushis presentat thesnow-ice interface– at leastat
37GHz– whenbrightnesstemperaturesdecreasesignificantlyathorizontal
polarizationand remainalmostconstantat vertical polarization[Garrity,
1992].

2.4 The Atmosphere

This section,following a brief descriptionof theatmosphericcomposition,con-
centrateson theradiometricpropertiesof theatmosphereandtheir impacton the
surfaceradiation.
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2.4.1 Atmospheric Constituents

The relative compositionof the atmosphereremainsessentiallyconstantup to
an altitudeof � ���

km. The main dry atmospheregaseousconstituentsexhibit-
ing constantvolumefractionsare � +$# �~� pervolumeof molecularNitrogen(N � ),� �$#*� � pervolumeof molecularOxygen(O� ) and

�$#*� � pervolumeof molecular
Argon (Ar � ). Anotherimportantandvariableatmosphericgasis Carbondioxide
(CO� ) with an averagevolumefraction of

�$#*� � 	 � . Dependingon atmospheric
activity, geographicallatitudeandseason,the humidatmospherecancontainup
to

% � per volumeof water(H � O) in form of watervapor, which is mainly con-
finedto thetroposphere.Theheightof thetroposphereis determinedby theverti-
cal convectiveheattransferwhich dependsmainly on thesurfaceair temperature
[Barry andChorley, 1989]and,therefore,is significantlysmaller( � +

km) athigh
latitudesthanat low latitudes( ���±� km). Integrationof thewatervaporcontained
in a verticalcolumnof theatmosphereyields the integratedwatervaporcontent0 which, on average,is below 5kgm W � at polar latitudesandcanbeashigh as
50kgm W � at tropicallatitudes[Raschke,1996].

In the troposphere,pressureanddensitydecreasealmostexponentiallywith
heightwhile the air temperaturehasa meanvertical lapserateof Q � #5	 K km W$X .
Themaximumamountof watervaporthatcanbecarriedby theair without con-
densationis governedby theClausius-Clapeyronequation[Holton, 1992]· H °·p7<: A Û k ®^Ý 1 Ô H °Þàß 7 �: (2.16)

where 7<: is theair temperature,Û k ®^Ý themolecularweightof water,
Þ ß

theuni-
versalgasconstant,1 Ô the latent heatof condensationand H ° the water vapor
pressureat saturation.Obviously, H ° increasesexponentiallywith 7<: , suggesting
that at low temperaturesconsiderablysmallerabsoluteamountsof watervapor
aresufficient to causecondensation.If air raises,eitherdueto orographicfeatures
or dueto freeconvection,it coolsadiabaticallyuntil condensation(sublimation)
will form cloud droplets(ice crystals)andeventuallyclouds. Watercloudsare
typically confinedto the troposphereandcanbe divided into low-, middle-and
high-level clouds[World MeteorologicalOrganization(WMO), 1956]. At high
latitudes,theselevelsextendbetween0 and2km, 2 and4km andabove3km, re-
spectively [Barry andChorley, 1989].While thelowest(highest)cloudlevel con-
tainsmostlyliquid water(ice)clouds,themiddlelevel is thesiteof mixedclouds
with bothliquid waterandice. Cloudscanfurtherbedividedinto cumuliform(Cu-
mulus,Strato-,Alto- andCirrocumulus)andstratiform (Stratus,Nimbo-, Alto-
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andCirrostratus)clouds[World MeteorologicalOrganization(WMO), 1956].

a)

b)

Figure2.14: Averagecloudcover in theAntarctic takenfromISCCPdata: a) for
summerandb) for winter (from[King andTurner,1997]).



40 CHAPTER2. THEORETICALBASIS

Thecloudliquid watercontent(LWC) expressedin gm W E canbeestimatedby
integratingthe watercontainedin all cloud droplets(the waterequivalentof all
ice crystals)of a cloudvolumeusinganappropriatedrop(particle)sizedistribu-
tion [Deirmendjian,1969].Theliquid waterpathor integratedcloudliquid water
content 1 canbe obtainedintegratingthe LWC over the vertical cloud column,
yielding a few gm W � for ice clouds(LWC � �$#5� � gm W E ) andup to 1000gm W �
for cumuliformclouds(LWC ��� gm W E ). In polarregions,cloudsexhibit smaller
maximumvaluesof 1 , particularlydueto the smallerabsolutewatercontentof
thetroposphereassociatedwith lower temperatures.

Theaverageseasonalcloudcoverexceeds� � � over largeareasof theSouth-
ernOceanaccordingto theInternationalSatelliteCloudClimatologyProject(IS-
CCP, [Schiffer and Rossow, 1983]). This is shown in Figure 2.14 for Austral
summerandwinter. The low temperaturestypical for high latitudesfavour the
formationof stratiformratherthancumuliformclouds,which areusuallyshallow
anyway[King andTurner,1997].Consequently, Stratus,StratocumulusandAlto-
stratusdominatethecloudcover of theSouthernOceanbetween

	�	�-
S and � ��- S,

followedby icecloudsandNimbostratus[King andTurner,1997].
At high latitudes,theformationof precipiationalwaysincludesthe ice phase

requiringcloudlevelswith subfreezingtemperaturesandcanbedescribedby the
Bergeron-Findeisentheory[Bergeron,1960]. However, in the SouthernOcean,
weaker vertical motions, shallower clouds and lower temperaturesforce low
precipitationintensitiesandsmall precipitationparticlesizes[King andTurner,
1997],[Lachlan-CopeandTurner,1997].Snow is observedin mostcases,though
rain mayappearthroughouttheentireyear[Turneret al., 1995]

2.4.2 RadiativePropertiesof the Atmosphere

Somecomparisonsbetweenseaice concentrationmapsandimagestaken in the
VIS/IR rangewill beshown in Chapter6. Therefore,thefirst partof Section2.4.2
concentrateson this frequency range.Thesecondpartfocusseson theinteraction
betweentheatmosphereandmicrowaveradiation.

Visible/Infrar edFrequencyRange:
In theVIS range(

�$#&% . m t j t �Â# ��. m)aswell asin theatmosphericwindow
between8 and11 . m in the IR range(

�$# �¤. m t j t»� ��� . m), the atmosphere
is almosttransparent.This is illustratedby theabsorbtivity of someatmospheric
constituentsshown in Figure2.15.Bothfrequency rangesincludethewavelengths
associatedwith the maximumradiationintensityaccordingto Wien’s displace-
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Figure2.15: Absorptionby atmosphericconstituentsandby theatmosphere asa
wholeat variouswavelengths(from[Fleagle andBusinger, 1963]).

mentlaw (Equation2.2),which is 0.48. m in theVIS rangeand10 . m in theIR
rangefor blackbodieswith a temperatureof ��� ����� K andof ����� � K, respec-
tively. Using spacebornemeasurementsin theVIS/IR range,for instanceof the
AVHRR, allows to discriminateseaice from openwater. Moreover, the seaice
surfacetemperaturecanbeobtained[Key andHaefliger, 1992],[Yu andRothrock,
1996],[St.GermainandCavalieri, 1997].Thisrequiresclear-sky conditionssince
thealbedoÉ andIR emissivity

�)á4â
of cloudsis similar to thecorrespondingvalue

of É or

�)á4â
of seaiceandsnow – exceptfreshsnow. Somevaluesof É and

�)á4â
are

listed in Table2.1. Using measurementsin the VIS rangeadditionallyrequires
daylight.

Although thereis no emissivity differencebetweenseawaterandseaice in
the IR range,differentsurfacetemperaturesallow to distinguishbetweenthese
two surfaces,at leastduring winter. The sameis true to a smallerdegreewhen
distinguishingcloudsfrom seaice or snow. Cloud topsareoften locatedat the
semi-permanentsurfaceinversion[King and Turner, 1997] and appearwarmer
thanthe surface. Nevertheless,seaice and/orits snow cover canhave the same
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Table 2.1: Albedo É and IR emissivity

�)á4â
for seawater [Oke, 1981], seaice

andsnow[Grenfellet al., 1998], andclouds[Paltridge andPlatt, 1984], [Barry
and Chorley, 1989]. The letter · denotesthe thicknessof the seaice. In the
lower part of the table, É is the average albedo integrated over wavelengths�$# �¤. m

#�# #)%l#*� . m. Valuesof

�)á4â
dependstrongly on particle densityand cloud

thicknessandareomittedtherefore.

surfacetype É �)á4â
Old (melting)snow 0.4– 0.6 0.82

Freshsnow 0.9– 1.0 0.99
bareseaice ( · � � 	 cm) 0.1– 0.4 0.98– 1.0
bareseaice ( · 
 � 	 cm) 0.4– 0.55 0.99

snow-coveredseaice (winter) 0.8– 0.92 0.995
Seawater 0.03– 0.1 0.92– 0.97

Clouds 0.4– 0.9

temperaturethanthe cloud tops. Moreover, both cloud albedoandIR emissiv-
ity dependstronglyon thesolarzenithangle,thecloudparticlesizedistribution
andthe cloud thickness.This meansthat within oneAVHRR or OLS imagein
oneparticularregion seaice might bediscriminatedfrom cloudsquitewell, e.g.
seaice coveredby meltingsnow from a thick cloudcover suchasNimbostratus,
whereasin anotherpartof theimagethisdiscriminationis impossible,e. g. seaice
coveredby meltingsnow from athin, low-levelStratuslayer. Thislimits theusage
of thesesensorsfor seaice monitoring. A comparisonof thestructureor texture
of seaice andcloudsevident in theseimagescanprovide additionalinformation
helpingto identify cloud-coveredregionsoverseaice [Schl̈uter,2000].

Micr owaveFrequencyRange:

In the MW range,absorptionandemissionby all atmosphericgasesexcept
oxygenandwatervaporare lesspronouncedor causeonly a weakbackground
absorptiondue to their small volumetric fractions [Ulaby et al., 1981]. The
SSM/I frequency range(Section3.1.2) covers the water vapor absorptionline
at 22.235GHz andtheso-called60GHz oxygencomplex at frequenciesbetween
51.5and67.9GHz [Ulaby et al., 1981]. Pressurebroadeningcausesthe oxygen
absorptionlinesto overlapandto form anabsorptionband.Theso-calledwingsof
thesebandsextendinto otherfrequency rangesandsodothewingsof theoxygen
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Figure2.16: Zenithopacityof the U.S.Standard Atmosphere for a surfacetem-
perature of 288K and surfacepressuresof 1020.5hPa (humidatmosphere) and
1013hPa (oxygenonly) (from[Smith,1982]).

andwatervaporabsorptionbandsthat lie outsideof theSSM/I frequency range:
O� at 118.75GHz, watervaporat 183.3GHz. Thedistribution of thesebandsin
theMW rangeis illustratedin Figure2.16for frequenciesupto 300GHzfor adry
atmosphereandahumidatmospherewith two differentwatervaporcontents.

Comparedto mid-latitudes(Figure2.16),apolaratmosphereexhibit asmaller
watervaporcontentandthusa smalleratmosphericopacity ã at 90GHz andin
the microwave window at 35GHz wherethe wings of the absorptionlines con-
tribute lessto ã . Spacebornedataobtainedat 22.235GHz with theSSM/I andat
183.3GHzwith theWatervaporprofiler SpecialSensorMicrowave/Temperature2
(SSM/T2)have beenusedto retrieve the integratedwatervaporcontent 0 over
openwater[Gloersenetal., 1984],[Bauerand Schl̈ussel,1993],[Simmer, 1994],
[Rossow, 1996]andoverseaice [Miao, 1998],[Miao et al., 2001].

The atmospherecontainsalsowaterasliquid andfrozenparticles(hydrome-
teors) which appearas cloudsand precipitation. Particle radii rangebetween� �$# �ä. m and 100 . m for cloud dropletsand between50 . m and a few mil-
limetersfor drizzle/raindropsandsnow crystals.Non-precipitatingcumuli- and
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stratiformcloudsusuallyexhibit particleradii around5 . m [Mason,1972]andab-
sorba lot but scatterlittle microwave radiation[Gasiewski, 1993]. Scatteringby
drizzleandrain particlesandby mostfrozenhydrometeorsbecomesincreasingly
importantwith increasingfrequency C (decreasingwavelength

j
) – particularly

at C 
 � � GHz(
j tq� � mm)[Gasiewski, 1993].Thisbehaviour canbeexpressed

by theMie parameterå asfollows [Simmer, 1996]åæA � ³èçj U (2.17)

where
ç

is theparticleradius.TheRayleighapproximationholdsfor å�t �$# � at
theSSM/I frequenciesandscatteringis almostnegligible [Gasiewski, 1993]. Atå3Ö �$# � , however, theMie approximationholdsandscatteringhasto beconsid-
ered.For a typicalcloudparticle(

ç A 	 . m), å increasesfrom � �$#*��� � at19GHz
to � �$#*�����

at 85GHz while for a typical rain dropor ice crystal(
ç Aé� mm) one

canexpectanincreaseof å from � �$#*%
at 19GHz to �ê� #*+ at 85GHz. Therefore,

scatteringby liquid hydrometeorsof non-precipitatingcloudscanbeneglectedat
SSM/I frequencies,alsoat 85GHz wherebrightnesstemperaturesincreasesig-
nificantly with thecloud liquid watercontent[Fuhrhopet al., 1997]. Frozenhy-
drometeorsandalmostall precipitationparticlesscattermicrowave radiationat
85GHz. Simmer[1996] hasshown that at 85GHz the volume absorptionco-
efficient is significantly larger for liquid precipitationparticlesthan for frozen
ones,andis similar to thevolumescatteringcoefficientsfor precipitationparticles
of both phases.Volumescatteringcoefficientsaresimilar for typical maximum
Antarcticprecipitationratesof up to 10mmh W$X . Consequently, onecanexpecta
largebrightnesstemperaturedecreasedueto scatteringoverrainandsnow clouds
at85GHz(see[Fuhrhopetal.,1997]).Furthermore,thisdecreasemaydependon
thepolarizationsincefalling rain dropsareoblateandsnow flakesareaspherical.
Botheffectsarenotaccountedfor in theradiativetransfermodelof Fuhrhopetal.
[1998] which is briefly describedin Section2.5.1. Theinteractionof microwave
radiationwith iceparticlesof cirruscloudscanbeneglectedatSSM/I frequencies
[Simmer, 1996].

Measurementsof theSMMR andtheSSM/Ihavebeenwidely usedto retrieve1 and/ortherain rateoveropenwater[Curry et al., 1990],[Bauerand Schl̈ussel,
1993], [Greenwald et al., 1993], [Karstenset al., 1994]. Theseapproachesare
mainly basedon the lower SSM/I frequencies19GHz, 22GHz and37GHz and,
wherepossible,omit thehorizontalpolarizedSSM/I channelsin orderto avoid a
biasby scatteringat thewind-roughenedseasurface.In this study, thealgorithm
of Karstensetal. [1994]which is briefly describedin Section3.2.3is usedto cal-



2.5. RADIATIVE TRANSFER 45

culate 1 . Theretrieval of 1 remainsdifficult over landor seaice. Althoughsome
attemptshave beenmadetowardsthis issueover land [JonesandVonderHaar,
1990],[Greenwald et al., 1997],aquantitativeapproachto retrieve 1 overseaice
is still missing.However, Miao et al. [2000] developeda methodto qualitatively
identify seaice regionscoveredby cloudswith SSM/I data.This methodis used
in this thesisalso(Section3.2.4). The rain rateis not retrieved heresinceaver-
ageprecipitationratesaresmall( t �$#5	

mmh W$X ) in polarregions,particularyover
seaice [Szetoet al., 1997],[King andTurner,1997],[Lachlan-CopeandTurner,
1997].However, evenlow precipitationratesmayconsiderablyaffect the85GHz
brightnesstemperaturesbecasuethe massabsorptionandextinction coefficients
of precipitatingcloudsarelargerfor light (1mmh W$X ) thanfor heavy precipitation
(50mmh W$X ) at 85GHz [Simmer, 1996].

Summary:
The atmosphericwatercontent,which is the integratedwatervaporcontent0 andthe integratedcloud liquid watercontent 1 , increasesthe85GHz SSM/I

brightnesstemperaturesconsiderably. This increaseis small over a surfacewith
a high emissivity andbecomeslarger with decreasingemissivity. Therefore,the
normalizedbrightnesstemperaturepolarizationdifference(Section5.1)decreases
at 85GHz dueto the influenceof 0 and 1 . Scatteringby precipitationparticles
decreasesthe 85GHz brightnesstemperatures.This decreasedependsprobably
alsoon thepolarizationto adegreewhich is unknown sofar.

2.5 RadiativeTransfer

In the MW range,the Rayleigh-Jeansapproximationcan be applied(seeSec-
tion 2.1). Assuminga horizontally homogeneous,non-scatteringand stratified
atmosphereover a specularlyreflectingsurfacethemicrowave brightnesstempe-
rature7�Á�z\CÐ| measuredatpolarizationy andfrequency C from spacecanbewritten
as[Swift andCavalieri, 1985]7�Á�z\Cä|sA � Á�z\CÐ|�7 H W'ë�ì >Õí   ´3î N\ï,ð¾ 7{z�ñ�| H W'ë�ì >Àíóò ë�ì îÎô >Àí ·�ñ  z,� Q � Á�z�CÐ|)| H W'ë�ì >Õí ´ î N^ïLð¾ 7{zOñ�| H W'ë�ì îÎô >Õí ·�ñ  z,� Q � Á�z�CÐ|)|�7ÂÁ ô °óÁÕ: Ô ÚÀz\CÐ| H W � ë�ì >Õí # (2.18)
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where

� Á�z�CÐ| A Emissivity of theradiatinglayer,ãäz�CÐ| A Total atmosphericopacityat zenithangle woA 	 � # � - [m W$X ],ãäzOñ U CÐ| A Atmosphericopacityat height ñ and wqA 	 � # � - [m W$X ],ñ eÀõ�ö A Heightof theatmosphere[m],7 A Physicaltemperatureof theradiatinglayer[K],7{z�ñ�| A Air temperatureat height ñ [K],7�Á ô °÷ÁÕ: Ô ÚÀz\Cä|ËA Cosmicbackgroundbrightnesstemperature[K].7Døäù standsfor Top Of Atmosphere. Thesignalreceivedby a spacebornemicro-
wave radiometerhasfour contributions: a) surfaceradiation,attenuatedby the
entireatmosphere;b) atmosphericradiationtowardsthe radiometer, attenuated
only by thepartof theatmospherebetweentheradiatinglayerof theatmosphere
andthe radiometer;c) atmosphericradiationtowardsthe surface,attenuatedby
thepartof theatmospherebetweentheradiatinglayerof theatmosphereandthe
surface,reflectedatthesurfaceandattenuatedby theentireatmosphere;d) cosmic
radiation,reflectedat thesurfaceandattenuatedtwice by theentireatmosphere.
The last contribution canbeneglectedat C 
ú	

GHz [Ulaby et al., 1981]. Over
seaice,

� Á�z�CÐ| is usuallycloseto 1 andthefirst termof Equation2.18dominates.
However, assoonaschangingseaice and/orsnow properties,or an increasing
openwaterfractioncausea significantdecreaseof

� Á�z�CÐ| in theFOV, thesecond
contribution becomeslarger in absolutetermsand the third contribution grows
in relative terms,whenconsideringa transparentatmosphere,i. e. at frequencies
outsidetheabsorptionbandsof oxygenandwatervapor.

Of particularimportanceis thephysicaltemperature7 of theradiatinglayer,
calledemissiontemperature in the following. Seaice concentrationalgorithms
usingthe low-frequency SSM/I channelsperformbestwith theemissiontempe-
raturesetto thesnow-ice interfacetemperature.However, this temperatureis dif-
ficult to obtainanddependsstronglyon thestratigraphyof a snow cover [Sturm
et al., 1993], [Sturm et al., 1998]. With increasingfrequency, onecanassume
that the main radiatinglayer becomesmore and more the surfaceitself due to
the decreasingpenetrationdepth[Ulaby et al., 1986], [VanderVeenandJezek,
1993]. Therefore,over snow-coveredseaice the85GHz brightnesstemperature
canbe expectedto dependlesson the snow-ice interfacetemperaturebut more
on thetemperatureof theuppermostsnow layersif comparedto theotherSSM/I
frequencies.Also, over bareseaice the main radiatinglayer can be expected
to be closerto the surfaceat 85GHz comparedto the otherSSM/I frequencies.
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Consequently, the differencebetweenthe emissiontemperatureandthe surface
temperatureof bareof snow-coveredseaice is smallerat 85GHz thanat lower
frequencies.Fuhrhopet al. [1997] have investigatedthesensitivities of modeled
brightnesstemperaturesto theemissiontemperatureof differentice types.In do-
ing this,theemissiontemperatureof snow-coveredFY icewassetto thesnow-ice
interfacetemperatureandthatof bareFY icewassetto theaveragephysicaltem-
peratureof the seaice layer between1 and9cm. For snow-coveredFY ice, the
modeledbrightnesstemperaturesturnedout to be independentof the emission
temperatureat all SSM/I frequencies.For bareFY ice, the modeledbrightness
temperaturesarefoundto exhibit a decreasingemissiontemperaturedependency
with increasingfrequency. Consequently, theerrorcausedby settingtheemission
temperatureequalto thesurfacetemperatureis smallerat85GHzcomparedto the
low-frequency SSM/I channels.

2.5.1 MWMOD

TheradiativetransfermodelMicroWaveMODel (MWMOD) hasbeendeveloped
by Simmer[1994],FuhrhopandSimmer[1997]andcanbeusedto modelboththe
downwardandupwardmicrowaveradiationoveropenwaterandseaice[Fuhrhop
etal.,1997],[Fuhrhopetal.,1998],[Miao, 1998],[Miao etal.,2000].Themodu-
lar outlineof MWMOD allows aseparatedescriptionof thepropertiesof seaice,
openwaterandtheatmosphere,aswell ascomputationof their radiative charac-
teristics. The interactionbetweenatmosphere,seaice andopenocean,i. e. the
radiative transfer, canbecalculatedfor differentfrequenciesandviewing angles,
for instancethoseof theSSM/I. In the following, themodulesandthemostim-
portantparametersusedin this thesisare describedbriefly. SeeFuhrhopet al.
[1997],Fuhrhopet al. [1998] andtheUserManual [FuhrhopandSimmer, 1998]
for moredetails.

In MWMOD, openwatercanbecharacterizedby its salinity, its SSTandthe
rougheningof thesurfaceaccordingto thesurfacewind speed/ . In this thesis,
theseparametersaresetto 34‰, 272K and

�
msW$X tv/ûtü� � msW$X , respectively.

In orderto considerscatteringby thewind-roughenedandfoam-coveredseasur-
face(Section2.2.1),MWMOD utilizesathree-scalemodel.This is a facetmodel,
wheretheFresnelreflectioncoefficientscalculatedfor thefirst scale(large-scale
gravity waves)aremodifiedby scatteringon thesecondscale(small-scalegrav-
ity andcapillarywaves)(Section2.2.1)andby multiple scatteringon to thethird
scale(see[GuissardandSobieski,1987]), the foam cover. Alternatively, MW-
MOD canbe providedwith surfacereflectivities at both polarizationsinsteadof
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calculatingthem.Thereflectivities areusedtogetherwith themodulesspecifying
theatmosphericconditionsandtheradiative transferin theatmosphereto model
brightnesstemperaturesoveropenwater.

For seaice,MWMOD providestwo possibilitiesto modelbrightnesstempera-
tures.Thefirst is to divide theseaice into horizontallayersof specifiedthickness
andto describetheselayersin detail with the seaice parameters:density, tem-
perature,salinity, brinepocket orientationandaspectratio, grainsize,air bubble
diameterandliquid watercontent. The sameis donefor the snow cover. MW-
MOD allows to calculatethe radiative transferwithin the seaice/snow and to
obtainthesurfacereflectivity of the radiatinglayerselectedfor a givenphysical
temperatureof theselayer (emissiontemperature).This temperaturehasto be
choosencarefully for thefrequency usedbecauseof thedependency of theemis-
sion temperatureon seaice andsnow properties.As for the openocean,these
reflectivities and the emissiontemperaturesareusedtogetherwith the modules
specifyingtheatmosphericconditionsandtheradiativetransferin theatmosphere
to modelbrightnesstemperaturesover seaice. In caseof a seaice concentration�

below � ��� � , onecanprovide MWMOD with thevaluesof
�

andthebright-
nesstemperaturesmodeledseparatelyfor openwaterandseaice arecombined
accordingto

�
. Thesecondpossibility is to provideMWMOD with reflectivities

andemissiontemperaturestypical for the seaice conditionsto be investigated.
This approachis choosenin this thesissince,to the author’s knowledge,reflec-
tivitiesandbrightnesstemperaturesobtainedwith MWMOD atfrequenciesabove
40GHz over seaice have not yet beenvalidatedfor the large numberof param-
etersto specifyin theseaice moduleand,also,have beenquestionedat 37GHz
[Fuhrhopet al., 1998]. Furthermore,themaingoalusingMWMOD in this thesis
is to estimatetheweatherinfluenceon the85GHzbrightnesstemperaturesovera
surfacewith known reflectivities. Therefore,thesecondapproachis usedhere.

Thegaseousabsorptionof oxygenandwatervaporis treatedin MWMOD ac-
cordingto theLiebemodel[Liebeetal.,1993].Absorption,emissionandscatter-
ing by non-precipitatingcloudsis modelledwith theRayleightheory. MWMOD
providesseveral possibilitiesto specify the atmosphericproperties[Fuhrhopet
al., 1998]. Simulationsusedin this thesisarebasedon pre-definedprofilesof air
pressureandair temperaturetypical for apolaratmosphere.Theprofilesareinter-
polatedontoa user-definedgrid with a finer vertical resolution,particularlynear
the surface. The atmospherichumidity is specifiedby 0 anda typical vertical
watervapordistribution. In order to considerthe effect of 1 on the brightness
temperatures,low-level cloudsare includedat an altitudelevel of 500m with a
cloudthicknessof 500m. Both valuesremainfixed. Within MWMOD, 1 canbe
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calculatedusingtypicaldrop-sizedistributionsof variouscloudtypes.Stratusand
Stratocumuluscloudsusuallyprovide the largestcontribution to 1 becausethey
arelow-level clouds.Altostratusis a dominantcloudtypein frontal cloudbands
[Barry and Chorley, 1989] and exhibits a typical drop-sizedistribution similar
to thatof Stratocumulus[PaltridgeandPlatt, 1984]. Therefore,in orderto con-
sidersimultaneouslyAltostratusandtypical Antarcticlow-level clouds,thedrop-
sizedistribution of Stratocumulusis usedin this thesis. Only non-precipitating
cloudsareusedto modelthe brightnesstemperatures,sinceprecipitatingclouds
aremaskedoutusingthe

Þ
-factormethoddescribedin Section3.2.4.
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Chapter 3

Data Basis

This chapterdescribesthedatasetsusedin this thesis.They canbedividedinto
four categories:

• remotesensingdatae.g. thebrightnesstemperature,

• quantitiesderived from remotesensingdatasuchas the integratedwater
vaporcontent,

• quantitiesobtainedfrom models,

• datameasuredor observed in situ, for instance,seaiceobservationsaboard
aship.

3.1 RemoteSensingData

Remotesensingdatacollectedby polarorbitingsatellitesarethebackboneof this
thesis.A brief descriptionof thevisible (VIS) andinfrared(IR) datausedis given
in Section3.1.1andis followedby adiscussionof themicrowave(MW) dataused
in Section3.1.2.

3.1.1 Visible/Infrar ed Range

In polarregions,usingdataobtainedin theVIS andIR rangeto gaininformation
aboutthe surfaceis restrictedto clear-sky conditionsand additionally requires
daylightin theVIS range.DatatakentheVIS rangeareameasureof thereflectiv-
ity andcanbetransformedinto theshortwave albedo. Datatakenin the thermal

51
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IR rangecanbe usedto estimatethesurfacetemperatureof both cloudsandthe
Earth’s surface. Sinceseaice reducesthe heatflux from the oceaninto the at-
mosphere,onecanexpectlowersurfacetemperaturesoverseaice thanoveropen
water, at leastduringwinter. Therefore,surfacetemperaturesderivedfrom IR data
(see[Key andHaefliger, 1992])canbeusedto discriminateseaice from openwa-
ter and,moreimportantly, to estimatethe thicknessof thin ice [St.Germainand
Cavalieri, 1997]. In this thesis,dataof the Operational LinescanSystem(OLS)
areused.This sensoris equippedwith two broadbandchannels,onein the VIS
andonein the IR range(seeTable3.1). The OLS scansthe Earthacross-track
with a swath width of �²� ����� km. The spatialresolutionis about2.7km. The
OLSandtheSpecialSensorMicrowave/Imager (SSM/I) arebothpartof theU.S.
DefenseMeteorological SatelliteProgram(DMSP)payload.

Table3.1: Bandwidthsof theOLSsensor.

Channel VIS IR
Wavelength[ . m] 0.4– 1.1 10.5– 12.6

3.1.2 Micr owaveRange

In theMW range,onehasto distinguishbetweenactiveandpassivesensors.Pas-
sive microwave datacollectedby the SSM/I are usedextensively in this thesis
andwill be discussedat first. The SSM/I is a multi-channeltotal-power passive
microwave radiometerwhich hasbeenflown continuouslyon different DMSP
spacecraftsince1987. Thesespacecrafthave sun-synchronouspolar orbitswith
an inclination angleof 98.8

-
andan orbit periodof 102 minutes,andfly at an

averagealtitudeof 833km [Hollinger et al., 1987].
TheSSM/I is equippedwith sevenchannels.FrequenciesC , polarizationsy ,

wavelengths
j
, noiseand effective field-of-view (FOV) are listed in Table 3.2.

The FOV is approximatelythe 3dB width of the antennapatternprojectedonto
the Earth’s surface. The SSM/I scansthe Earth’s surfaceconically across-track
with a constantgroundincidencezenithangleof 53.1

-
while looking backwards.

Theswathwidth is about1394km. Thelow-frequency SSM/I channels(19GHz
to 37GHz) aresampledevery 25km, the 85GHz channelsevery 12.5km. This
yields 64 and128 pixelsper scan,respectively. Figure3.1 illustratestheSSM/I
orbit andswathgeometry. About14SSM/Ioverflightsperdayprovideacomplete



3.1. REMOTE SENSINGDATA 53

coverageof theentirepolarregionswith theexceptionof asmallareacenteredat
thepolesremaininguncoveredbecauseof theSSM/Iorbit geometry(seeFig. 1.2,
[Hollinger et al., 1987]).

Table3.2: SSM/Isensorcharacteristics(from[Hollinger etal., 1987]).C [GHz] y j
[mm] noise[K] FOV [km � km]

19.35 B , � 15.5 0.8 � � � % �
22.235 � 13.5 0.8

	�� � %p�
37.0 B , � 8.1 0.6 �p�8�æ� �
85.5 B , � 3.5 1.1 � 	 �V�±�

Figure3.1: Orbit andswathgeometryof theSSM/I(from[Hollingeretal., 1987]).
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The National Snowand Ice Data Centre (NSIDC), Boulder, Colorado,dis-
tributesdaily averagebrightnesstemperaturesinterpolatedinto a stereographic
grid with cell sizesat 19 to 37GHz of � 	 ��� 	 km� and at 85GHz of ��� #5	 ���� #5	 km� [NSIDC, 1996].Eachcell containstheaverageof all brightnesstemper-
aturesthat fall into the consideredcell within oneday (“Drop into the bucket”).
To minimize the distortion, the projectionis true at 70

-
S (N). The usedellip-

soidanddetailsof thegriddingroutinearecompiledin NSIDC [1996]. Although
the first SSM/I sensorwaslaunchedin 1987,only datathat have beenprovided
by theNSIDC for theperiodDecember1991to December1999areusedin this
thesisbecausea failureof the85GHz sensorcausesmeasurementsto beunreli-
ablebetweenMay 1988andDecember1991at verticalpolarizationandbetween
FebruaryandDecember1991at horizontalpolarization[NSIDC, 1990].

Due to its orbit geometry, the SSM/I passesmore often over high latitudes
thanover middle or low latitudeswithin oneday. Consequently, the “Drop into
thebucket”-methodcancauseartefactsarisingfrom thedifferentnumberof over-
flightsusedto generatemapsof thedaily griddedbrightnesstemperature.Usually
betweenfour andseven SSM/I overflightscover onepixel of the NSIDC grids
polewardof 60

-
S(N) asis evidentin Fig.1.2in Hollingeretal. [1987](notshown

here).However, equatorwardsof 60
-
S (N) thenumberof artefactsincreasesand

hasto be taken into account,particularlywhenusing thesedatato retrieve the
atmosphericparameters/ , 0 and 1 . The latterparameteris highly variableon
bothspatialandtemporalscales.Therefore,averagingover threeinsteadof two
overflightscancausea relativechangein 1 of morethan100 � .

3.2 RemotelySensedMeteorologicalData

Two kinds of meteorologicaldataare usedin this thesisfor the correctionof
thebrightnesstemperaturesfor theatmosphericinfluence.This sectiondescribes
briefly thedataobtainedfrom remotesensingdata.

3.2.1 SurfaceWind

In theSSM/I frequency range,theseasurfaceemissivity dependsmainly on the
surfacewind speed/ (seeSection2.2.1). Therefore,over openwater, SSM/I
brightnesstemperaturescanbeusedto retrieve / , for instance,with theso-called
D-matrix algorithm[Lo, 1983]. This algorithmis basedon the following Equa-
tion:
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/ A ù?¾ z�ý$|  ù X z�ý$|\7{z,� � B;|} 3ù � z�ý$|\7{z\��� � |  ù E z�ý$|\7{z���� � |; 3ù [ z�ý$|\7{z�����B;| # (3.1)

The D-matrix coefficients ùÏ¯^z�ý$| are listed in Table3.3. Thesecoefficients can
betakenfrom a climate-codetablecontainingappropriatevaluesfor latitudeand
seasonselected.Theindex ý denotestheso-calledclimate-codeindex (after[Lo,
1983]). The algorithm hasbeenvalidatedby Goodberletet al. [1989]. They
foundanaccuracy between2msW$X and5msW$X for wind speedsbetween5msW$X
and30msW$X .
Table3.3: Coefficientsto retrievetheparameterssurfacewindspeed/ , integrated
watervaporcontent 0 and integratedcloud liquid watercontent1 fromSSM/I
data. þ

0 1 2 3 4ÿ
: � ¯ , summer 109.93 0.8695 �������	��
�� ������
������ 0.1158ÿ
: � ¯ , winter 137.72 0.7330 ������������� ������������� 0.1804�
: � ¯ 260.82 48.128 0.15718�

: � ¯�� 
�� W E 3232.16 2.285 492.984 ��
������������ 433.686

3.2.2 Water Vapor

TheSSM/I measuresbrightnesstemperaturesat 22.235GHz,which is at thecen-
terof awatervaporabsorptionline andat37GHz,which is neartheMW absorp-
tion window at35GHz(seeFigure2.16).Thesebrightnesstemperaturesareleast
influencedby thewind-inducedseasurfaceroughnessatverticalpolarizationand,
therefore,canbeusedto retrieve theintegratedwatervaporcontent0 overopen
water[Simmer, 1994].TheEquation0 Ao=Ï¾ Q = X z! ���"Ó� ��� Q 7{z\��� � |,| Q = � 7{z���� � | (3.2)

provides 0 in kgm W � with thegivenbrightnesstemperaturesandthecoefficients=Ï¯ compiledin Table3.3.Theaccuracy of this retrieval is about2kgm W � accord-
ing to Simmer[1994].
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Miao [1998] (seealso[Miao et al., 2001])hasdevelopeda methodto retrieve0 upto valuesof 6kgm W � overopenwaterandseaiceusingdataof thehumidity
sounderSpecialSensorMicrowave/Temperature2 (SSM/T2).However, usingthis
methodoverAntarcticseaice thelimitation to valuesof 0 � � kgm� would lead
to largedatagapsin themapsof 0 , since 0 oftenexceedsthis limit asis shown
in Figures3.2and3.3andin Table5.1.

3.2.3 Cloud Liquid Water

The absorptionand emissionof microwave radiationby cloud dropletsat the
SSM/I frequenciescanbeexploited to estimatethe integratedcloud liquid water
content1 from SSM/I data.Severalalgorithmshave beendevelopedto calculate1 overopenwater. In polarregions,themethodof Karstensetal. [1994]hasbeen
foundto providequitereliableresults.It is basedon thefollowing Equation1 A #¡¾~ $# X 7�zL� � � |; %# �  ��}z\� +�� Q 7�z���� � |)|  # E  ��äz�� +�� Q 7{z���� � |)|; %# [  ��}z\� +�� Q 7�zO�p��B;|)| U (3.3)

andyields 1 in kgm W � with anaccuracy of about0.030kgm W � . Thecoefficients#§¯ are compiled in Table 3.3. In polar regions, precipitationwas observed to
occurat 1 

�Â# � 	 kgm W � [Curry et al., 1990]. Dueto scatteringat precipitation
particles,1 is mostlikely biasedtowardstoohighvaluesat 1 above0.35kgm W � .
Also, onecanexpectanoverestimationof 0 sincethedecreaseof thebrightness
temperaturesdueto scatteringby precipiationparticlescausesa smalleramount
to besubtractedfrom =?¾ (seeEquation3.2).Figures3.2and3.3show mapsof / ,0 and 1 calculatedfrom SSM/Idata(platesa) to c)) andof 0 inferredfrom data
of the EuropeanMedium-range WeatherForecastingCenter (ECMWF) model
(imaged) for Australsummerandwinter. SeeSection3.3for detailsof themodel
data.Both examplesshow typical valuesof / , 0 and 1 in theSouthernOcean.
Note the good agreementof the main patternsin the water vapor fields taken
from both datasets. Triangularshapedregionswith suddenchangesin 0 (see
Figures3.2and3.3b)) aredueto theaveragingprocessdiscussedin Section3.1.2.
Thesediscontinuitiesare evident in the mapsof / and 1 aswell. Figure3.3,
imagesb) andd), illustratesthatair with a watervaporcontentof �²� � kgm W �
or morecanpenetratewell into theseaice coveredarea,for instanceat 30

-
E and

in theRossSeabetween150
-
W and180

-
W, wherea tongueof moistair reaches

eventhecontinent.
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a) c)

b) d)

Figure3.2: Atmosphericparametersof January18,1999.a): 1 , b): 0 , c): / (all
fromSSM/Idata)andd): 0 fromECMWFdata(Section3.3). Theareacovered
byseaice [Heygsteret al., 1996] is maskedwhitein platesa) to c).
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a) c)

b) d)

Figure3.3: SameasFigure3.2for July 22,1999.

3.2.4 R-factor

Thelack of reliabledataof 1 over theSouthernOceanis mitigatedusingthe
Þ

-
factormethoddevelopedby Miao et al. [2000]. The

Þ
-factoris givenbyÞ z\C X U C � |�A& �� 7 £ z�C X | Q 7 c z\C X |7 £ z�C � | Q 7 c z\C � | U (3.4)

where C X and C � denotethe frequencies37GHz and85GHz, respectively. For a
dry polar atmosphere,the

Þ
-factor is the sumof two terms,onedescribingthe
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groundsurfacesignal
Þ ° andtheotherrepresentingthecontribution of 1 and,to

asmalleramount,of 0 : Þ A Þ °Ð ('ÓzO1a 3É*),+Â0
| # (3.5)

ThequantitiesÉ-),+ and ' areconstantsandgivenbyÉ-),+ÈA 6ÈÙ.)6ÈÙ/+ A � #*� � + �Z� � W � and 'æAo���10��Ë�"6gÙ/+ÈAq� # � ��+ m� kg U
where 6ÈÙ.) ( 6ÈÙ.+ ) is the frequency differenceof thewatervapor(liquid water)
massabsorptioncoefficient at C X and C � , and � is the SSM/I viewing angle. In
orderto avoid the unwantedinfluenceof

Þ ° , which is the logarithmof the ratio
of thesurfaceemissivity polarizationdifferencesat C X and C � , a backgroundtermÞ32

is defined,which is a measureof the surfaceemissivity variability (large
Þ32

= large variability). For this purpose,on calculatesa time-seriesof the
Þ

-factor
for aperiodwhich is sufficiently long to accountfor thehighaveragecloudcover
aroundAntarctica(seeFigure 2.14) andwhich is sufficiently short to keepthe
influenceof the temporalvariability of the surfacesignal low. For eachpixel,Þ32

is the medianof all
Þ

-factor valuesthat lie betweenthe minimum and the
average

Þ
-factorof thetime-seriesconsidered.Theso-calledcloudsignature 1 � ,

which is 1 plusa small contribution of 0 dependingon thedifferencebetween
theactual 0 valueandthe 0 valueaveragedover theperiodconsidered,canbe
estimatedusing the differencebetweenthe actual

Þ
-factorand

Þ32
. Miao et al.

[2000]haveshown thatthismethodallowsto unambiguouslyidentify cloudswith1 � 
�	��
gm W � overAntarcticseaiceduringAustralsummermelt conditions.

Miao et al. [2000] have usedSSM/I swath dataandhave shown that a ten-
day periodis sufficient for the time-seriesanalysisrequiredto derive

Þ32
andto

obtainmapsof 1 � for eachswath(about4 to 5 perday)of thisperiod.Usingdaily
griddedSSM/I brightnesstemperatures[NSIDC, 1996] to estimate1 � , requires
moredaysto obtaina sufficiently long

Þ
-factortime-series.Therefore,in a first

step,the
Þ

-factoris calculatedfor eachdayof theperiodDecember16, 1991to
January15, 2000. In the next step,a 31-daywindow is appliedto this

Þ
-factor

time-series– similar to a running31-dayaverage.This definesa time-seriesof
31-daysubsetscenteredaroundeachdayof theperiod1992-1999.Thesesubsets
are usedto calculate

Þ32
and to estimate1 � for eachday, which is different to

the methodof Miao et al. [2000]. Moreover, in this thesis
Þ32

is the medianof
all

Þ
-factorvaluesbetweenthemaximumandtheaverage

Þ
-factorof thesubset

selected.Takingthemaximuminsteadof theminimum
Þ

-factor(compare[Miao
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et al., 2000])becomesnecessarybecauseusingtheminimumfar too few clouds
wouldbeidentified.

With this approacheach
Þ32

valuereflectsthe temporalvariability of thesur-
faceconditionsof asignificantlylongerperiod(31days)if comparedto theorigi-
nalmethod[Miao etal.,2000](10days).However, thetemporalvariability inher-
ent in thebasicdatausedhere(daily griddeddata)is muchsmallercomparedto
thedatausedin theoriginal method(swathdata).This canbeexplaindby thedi-
urnalmelt-freezecycle causinga diurnalsurfaceemissivity changewhich canbe
identifiedin the

Þ
-factortime-seriesderivedfrom swathdatabut doesnot occur

in theonederivedfrom daily griddedbrightnesstemperatures.As aconsequence,
thetemporalvariability containedin each

Þ32
valuestemsfrom aday-to-dayrather

thanfromadiurnalchangein thesurfaceemissivity overtheperiodused.An over-
estimationof

Þ32
causedby changingseaice concentrationscannotbe excluded

in general.For this reason,re-calculating
Þ32

for eachdayseemsto bequite rea-
sonablewhenusinga31-dayperiodanddaily griddedbrightnesstemperaturesas
donein this thesis,particularlyin regionsand/orduringperiodsof variableseaice
concentrations.

For eachday, all pixelswherethe
Þ

-factorexceeds
Þ42

aresetto 1 in a binary
cloud mask. All pixels with a smaller

Þ
-factor remainat 0. Thesemasksare

comparedwith mapsof 1 for eachday of 1997. About � 	 � of all pixels with1_Ö 	��
gm W � areidentifiedto becloud-coveredwith this method.Cloudmasks

arederivedfor eachdayof theperiod1992-1999andareusedasareliabletool to
excludemostpixelswith 1 
�	��

gm W � from theseaice concentrationretrieval.
Figure3.4shows,asanexample,thecapabilityof the

Þ
-factormethodto identify

regionswith 1_Ö 	"�
gm W � . Themapof

Þ32
givenin Figure3.4a) indicatesthat,

for the 31-dayperiodselected,large variabilitiesin thesurfaceemissivity occur
overseaicein theWeddellSea(westof � � - W, northof � � - S),in almosttheentire
Pacific Sectorexcept the southernRossSeaand, lesspronounced,in the MIZ.
Regionsareidentifiedto becloud-covered,wherethe

Þ
-factorof theselectedday

(seeFigure3.4b)) is largerthan
Þ32

. Almostall patcheswith 1 
�	��
gm W � shown

in Figure3.4d) canbeidentifiedin thecloudmaskshown in Figure3.4c). More
importantly, the smoothcontinuationof areasidentifiedasbeingcloud-covered
acrosstheiceedgeseemsto bereasonable,sincetheseareascorrespondto regions
wherea considerablegradientof 0 indicatesa front betweentwo air massesof
differenthumidity (seeFigure3.3d)). However, thecloud-coveredareamight be
overestimatedover theseaice in thoseregions,whereseaice surfaceproperties
causean

Þ
-factorwhich is larger than

Þ32
. Therefore,the areaidentified to be

cloud-coveredin thenorthwesternWeddellSeais morelikely causedby a highly
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variablesurfaceemissivity ratherthanhigh 1 values.Theseareasprobablyexhibit
non-averagesurfaceproperties,suchasan icy snow surfacecrustafter freezing
rain,andareexcludedfrom theseaiceconcentrationretrieval aswell.

a) b)

c) d)

Figure3.4: Parameters involvedin thedevelopmentof thecloudmaskfor July 22,
1999.a): backgroundterm

Þ32
obtainedfromtheperiodJuly 7 to August5, b):

Þ
-

factor for July 22,c): cloudmask(clouds= blue)andd): 1 obtainedfromSSM/I
data. Thewhiteareain thelast image denotetheseaice coveredarea[Heygster
et al., 1996].
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3.3 ModeledMeteorologicalData

Originally, it wasplannedto quantifyandcorrecttheatmosphericinfluencewith
datafrom numericalmodelsalone.During this study, however, it becameevident
thatdataof 1 areeithernotavailablefrom modelsor arenotsufficiently reliable–
partlydueto thecoarsespatialresolutionof thesemodels.Thisis particularlytrue
for dataof theECMWFmodelin theSouthernOceanwhereonly few observations
enterthe model. Therefore,in a first step,areasexhibiting cloudswith high 1
valuesareexcludedin advanceto any retrieval usingthecloudmaskderivedwith
the

Þ
-factormethod.In thenext step,overopenwater, 1 is calculatedfrom daily

griddedbrightnesstemperaturesasis describedin Section3.2.3.Over seaice, 1
is setto its averagedmonthlyvaluecomputedoveropenwateradjacentto thesea
iceedge(seeSection5.2.1).

The influenceof / on theSSM/I brightnesstemperaturescanbeexpectedto
decreaserapidly with anincreasingseaice fractionin theFOV – particularydue
to theinfluenceof thelimited wind fetchin areasenclosedby seaiceor land.For
thisreason,overopenwater, / is calculatedfromdaily griddedbrightnesstemper-
aturesasdescribedin Section3.2.1.Overseaice, / is setto its averagedmonthly
valuecomputedoveropenwateradjacentto theseaiceedge(seeSection5.2.1).

Theintegratedwatervaporcontent0 is derivedfrom ECMWFdataoverboth
openwaterandseaice for theperiod1992-1999.For this purpose,air tempera-
turesandhumiditieson the main pressurelevels (1000,850, 700, 500, 400 and
300hPa) andof thesynoptictimes(00, 06, 12, and18 GMT) aretakenfrom the
operationalNWP modelof theECMWF [Persson,2000] for eachdayof thepe-
riod 1992-1999.The ECMWF Reanalysisdatasetendsin February1994and,
therefore,is not usedhere.Thefirst stepis to calculatethedaily averagesof air
temperatureandhumidity for eachpressurelevel. Theseaveragehumiditiesare
integratedover all levels mentionedabove to obtain 0 . In doing this, it is as-
sumedthat the contribution to 0 from levelsabove the 300hPa level ( � �

km)
canbeneglected.Theaverageair temperaturesand 0 areontheT106-gridwith a
spatialresolutionof 1.125

- ��� # � 	¤- (i. e. approximately������� 	�� km� at60
-
Sand% �Ó�{� 	�� km� at70

-
S)andaremappedinto theNSIDC ��� #5	 �R��� #5	 km� grid using

cubic splineinterpolation(seeimaged) in Figures3.2 and3.3). The T106-grid
providesthebestspatialresolutionwhenconsideringtheentireSouthernOcean.

TheavailableECMWF datadid not includethesurfacetemperaturerequired
to estimatetheseaiceand/orsnow emissivity with Equation5.8.Brightnesstem-
peraturesobtainedwith theSSM/I19GHzchannelsatverticalpolarizationwould
allow to estimatethesnow-iceinterfacetemperature.However, thiswouldrequire
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to know thecorrespondingemissivity which is unkown. FromtheECMWF data
onecancalculatethemonthlyaverageair temperatureat 1000hPa: 7<: ô X ¾^¾^¾ . Due
to an averagesurfacepressureof z,� �����65 � � | hPa in the SouthernOcean[King
andTurner,1997], 7;: ô X ¾^¾^¾ is quitesimilar to theaveragesurfaceair temperature,
which is usuallymeasuredataheightof 2m abovegroundlevel: 7<: ô � k . However,
theaverage7<: ô � k valueis usuallylargerthantheaveragesurfacetemperaturebe-
causeof thequasi-permanentsurfaceinversionevidentover snow and/orseaice,
at leastduring winter. King andTurner[1997] found a temperaturedecreaseof�_� K overthelast1.5m abovethegroundovertheAntarcticPlateau.Oke[1981]
reporteda temperaturedecreaseof �_� K over thelast2m above thegroundover
lake icewith ameltingsnow cover in springandof � ��7 overthelowermost20m
above thegroundover a freshsnow cover. In thelattercase,thetemperaturedif-
ferencebetween7<: ô � k andthesurfacetemperature7}° maybe5K or moresince
the air temperatureincreasesexponentiallywith heightdueto radiative cooling
from below. This is mostpronouncedduringdarknessandclear-sky conditions.
Therefore,cold andthusdenseair massesform nearthesurfaceparticularlydur-
ing winter, leadingto a strongerstratificationof the air andto larger air tempe-
raturelapseratesduringwinter thanduringsummer. Moreover, theadvectionof
warmair massesof oceanicorigin associatedwith overpassingcyclonescanlead
to larger temperaturechangesduringwinter thanduringsummer[Massomet al.,
1997] becausethe temperaturedifferencebetweenthe oceanicair massandthe
air massactuallypresentover theseaice is largerin winter thanin summer. Con-
sequently, onecanexpecta larger variability of 7<: ô � k duringwinter thanduring
summerasis evidentin Figure3.5.

From thesefindingsandsince 7}° wasnot available from the ECMWF data
used,averagemonthlyvaluesof 7<: ô X ¾^¾^¾(�o7;: ô � k minusonestandarddeviationob-
tainedfrom theareasselectedto calculatetheseaice tie points(seeSection5.2),
areassumedto reflect the surfacetemperature7è° (seesolid line in Figure3.5).
As onecanidentify from Figure3.5thestandarddeviation rangesbetween1K in
summerandabout4K in winter, matchingtheabove-mentionedtemperaturedif-
ference.A comparisonof theaveragesurfacetemperatureof Septemberestimated
with this approachfor theperiod1992-1999with theclimatologicalsurfacetem-
peraturedistribution of Septemberof the SMMR period[Gloersenet al., 1992]
yields a goodagreement– althoughthe temperaturesof the morerecentperiod
tendto belargerthanthoseof theSMMR period.UsingEquation5.8 therelative
error in the85GHz emissivity would be lessthan ��� for anover- or underesti-
mationof 7è° by 5K in bothwinterandsummer.

However, strictly speaking,7}° is still too largeto calculatethe85GHz emis-
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Figure3.5: Time-seriesof the monthlyaverage ECMWFair temperature at the
1000hPa level 7<: ô X ¾^¾^¾ of all pixelsbelongingto theareaselectedto calculatethe
seaicetie pointof theconsideredmonthfor theperiod1992-1999.Theerror bars
denote

5
onestandard deviation. Thesolid line denotesthetemperatureassumed

asmonthlymeansurfacetemperature 7}° of theareaandmonthselected.

sivity with Equation5.8sinceat 85GHz,despitethesmallpenetrationdepth,the
radiatinglayer is below the surface. Therefore,whenconsideringsnow andits
oftenverystrongnegativeverticaltemperaturegradient,thephysicaltemperature
of theradiatinglayer is expectedto belarger thanthesnow surfacetemperature.
For this reason,whenoverestimating7è° with theapproachmentionedabove,then7}° wouldbecloserto thephysicaltemperatureof theradiatinglayer.

3.4 In situ Data

Observationsof the seaice cover from the bridgeof a ship canbe very helpful
when judging the reliability of productsfrom seaice concentrationalgorithms.
However, therearesomelimitations. At first, theseobservationsreflect the sea
iceconditionsalongtheship’s trackonly. Consequently, they areoftenbiasedto-
wardsasmallerseaice concentrationanda thin ice typebecauseregionscovered
by thin ice and/orlessseaice areeasierto crosswith a ship. Secondly, theseob-
servationsaredeterminedby thevisibility. Duringbadweatherconditionssuchas
fog or snow fall, theship’sfield of view (SFOV) canbebelow 100m in diameter.
Also, the visibility is limited during hoursof darkness.Whenconsideringone
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SSM/I pixel, in additionto the biascausedby navigating theship throughareas
with a smallaverageseaice concentration,onecanassumepositiveandnegative
deviationsof theobservedfrom this pre-definedaverageseaice concentrationto
have thesameprobability. Furthermore,theobserver’s skills andexperienceare
of crucialimportance.Dif ferentobserverscanyield differentresultsfor thesame
seaiceconditions.Thesefactshaveto betakeninto accountwhencomparingship
observationswith remotelysensedseaiceconcentrations.

Figure3.6: Samplesetof positionsof the U.S.Research VesselNATHANIEL B.
PALMER in theSouthernOceanduring 1994-1998.Seaiceobservationstakenat
thesepositionsareusedin this thesis.

In this thesis,seaice observationsareusedwhich weremadeaboardtheU.S.
researchvesselNathanielB. Palmerduringits trips into theSouthernOcean.This
datasetwasprovidedby AntarcticMeteorologyResearchCenter(AMRC) [1999]
andcomprisesdetailedobservationsof the seaice cover taken every six hours
(concentrationin tenths,snow thicknessin centimeter, ice type andcorrespond-
ing fractionwithin theSFOV) from 1994-1998.Only thoseobservationsareput
into a time-serieswhich revealseaice concentrationsabove 15 � . Dependingon
the velocity of the ship all observationsof oneday can fall into differentcells
of theNSIDC � 	 �Z� 	 km� grid usedfor thecomparisongiven in Section6.1.2.
Therefore,daily averagesarenot calculatedin general. Only if more thanone
observation falls into a grid cell on oneday, thenthe observationsareaveraged
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avoiding caseswhere,for the day considered,the ship is on station,providing
four timesthesameseaiceconcentration,while only onevaluecanbetakenfrom
SSM/I data. Therefore,for eachpixel, both datasetsreveal the samestatistics:
onevalueperday. This reducesthetotal amountof datato beusedfor thecom-
parisonto about850observations.Thecorrespondingshippositionsareshown in
Figure3.6.



Chapter 4

SeaIce Concentration Retrieval

Thischapterfocussesonalgorithmsthatutilize brightnesstemperaturesmeasured
with a spacebornemicrowavesensorto computetheseaice concentration.Com-
monbackgroundof thesealgorithmsis therelationshipbetweentheseaice cover
fractionin theFOV of thesensorandthebrightnesstemperaturesor avariabledi-
revedsuchasthepolarizationdifferenceor thegradientratio. In thefollowing two
sections,thetwo mostwidely usedmethodsto retrieve theseaice concentration,
theNASA Teamalgorithm(Section4.1)andtheBootstrapalgorithm(Section4.2)
will bedescribed.AttemptsusingtheSSM/I85GHzchannelsfor theseaicecon-
centrationretrieval arediscussedin Section4.3.

4.1 NASA TeamAlgorithm

TheNASA Team(NT) algorithmwasdevelopedby Cavalieri et al. [1984] to re-
trieve thetotal seaice concentration

�
andthefractionscoveredby FY andMY

ice from dataobtainedwith the NIMBUS-7 SMMR sensor. This algorithmwas
adoptedfor SSM/I data[Cavalieri et al., 1991]. Thebasisof theNT algorithmis
asfollows. Neglectingatmosphericeffects,themeasuredbrightnesstemperature
can be describedby a linear combinationof the threedominantsurfacetypes:
openwater, FY andMY ice,eachweightedby its fractionwithin theFOV7ÂÁ�z�CÐ|�A �ÓÒ 7ÂÁ ô Ò z�CÐ|}  � >�7�Á ô >pz\CÐ|}  � k 7�Á ô k z\CÐ| # (4.1)

This equationrelatesthebrightnesstemperature7ÂÁ�z�CÐ| measuredby thesensorat
frequency C andhorizontal( B ) or vertical ( � ) polarizationy to thefractions(

�ÓÒ
,� > and

� k
) of a unit areaof openwater, FY and MY ice, respectively, using

67
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typical brightnesstemperaturesof openwater 7ÂÁ ô Ò z\Cä| , FY ice 7�Á ô >�z\Cä| andMY
ice 7ÂÁ ô k z\Cä| . Theselattervaluesarehenceforthcalledtie points.

The brightnesstemperaturepolarization difference(BTPD) 7 £ z�CÐ| Q 7 c z�CÐ|
was found to be significantly smallerover seaice than over openwater at the
SMMR andtheSSM/I frequencies([Comisoet al., 1992], [Steffen et al., 1992],
seealsoFigure5.1for 85GHz)andto changealmostlinearlywith thetotalseaice
concentration

� A � >Ó  � k
. Typical brightnesstemperaturesof FY andMY ice

differ moreat 37GHz thanat 19GHz – especiallyat verticalpolarization– due
to a larger contribution of volumescatteringat 37GHz. Thus,usingthe bright-
nesstemperaturefrequencydifference(BTFD) 7 £ z\C � | Q 7 £ z�C X | ( C � Ab�p� GHz,C X A � � GHz), FY andMY ice canbe distinguished.In order to eliminatethe
influenceof a changingphysicaltemperatureof the radiatingseaice/snow layer,
theBTPDandtheBTFD aredividedby thecorrespondingbrightnesstemperature
sum. This yields thebasicparametersof theNT algorithmat frequenciesC X andC � : thenormalizedbrightnesstemperaturepolarizationdifference(NBTPD)�Èz\C X |¤A 7 £ z�C X | Q 7 c z\C X |7 £ z\C X |} �7 c z\C X | U (4.2)

and the normalizedbrightnesstemperaturefrequency difference(NBTFD), the
so-calledgradientratio 8 z�C � U C X |�A 7 £ z\C � | Q 7 £ z\C X |7 £ z�C � |è  7 £ z\C X | # (4.3)

Insertingof Equations4.2 and4.3 in Equation4.1 andsolving for
� > and

� k
leadsto � >@A 9 ¾�  9 X �v  9 � 8   9 E � 8: (4.4)

and � k A ; ¾�  ; X ��  ; � 8   ; E � 8: U (4.5)

where : A : ¾~  : X ��  : � 8   : E � 8È#
(4.6)

The frequenciesare omitted in Equations4.4 – 4.6 for clarity. The numerical
coefficients

: ¯ , 9 ¯ and
; ¯ are basedon the tie points of the involved surface

types.
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Figure4.1: Schematicview of thedeformedtriangle givenby thetie pointsin the� -
8

plane(from[Gloersenetal., 1992]).

Figure4.1showsthelocationof thetie pointsof openwater, FY andMY icein
the � -

8
planecalculatedwith Equations4.2and4.3. Clearly, � changesmainly

dueto
�

andmoreat low thanat high seaice concentrations.Thechangeof
8

is mainly causedby thedifferentpropertiesof FY andMY ice (Section2.3) and
is largestat high seaice concentrations.For the Arctic, Cavalieri et al. [1984]
obtained

�
and

� k
with accuraciesof approximately��� and � � � , respectively.

Averagestandarddeviationsof
�

areabout ��� in the centralArctic. However,
brightnesstemperaturesmeasuredat 19 and37GHz may be considerablyinflu-
encedby theatmosphere[Fuhrhopet al., 1997], [Oelke, 1997]. This canleadto
anoverestimationof

�
, especiallyin themarginal seaice zone(MIZ) [Maslanik,

1992]. In order to avoid this overestimationvariousweatherfilters canbe im-
plemented.Either

�
valuesbelow � 	 � areexcludedfrom thealgorithmproduct

usingthresholdsof
8 zO�p� U � � | and

8 z���� U � � | andneglectingtheweatherinfluence
at higher

�
values[GloersenandCavalieri, 1986], [Steffen et al., 1992]. Or a

radiativetransfermodelis usedto quantifythebrightnesstemperaturechangedue
to theweatherinfluenceandto correctthemeasuredbrightnesstemperaturesfor
theatmosphericinfluence[Heygsteret al., 1996],[Thomas,1998].

The NT algorithmhasbeenusedto producetime-seriesof
�

and
� k

from
both SMMR andSSM/I databy numerousinvestigators,e.g. [Heygsteret al.,
1996], [Cavalieri et al., 1997], [Johannessenand Miles, 1999]. However, this
algorithmhasa few shortcomings.As all algorithmsbasedonspacebornepassive
microwave radiometry, it suffersfrom thepoorspatialresolution(Section3.1.2).
Thecontaminationof thedataby landpresentin theFOV hampersthepossibility
to detectcoastalpolynyas [Markus and Burns, 1995], [Bennartz,1999]. Thin
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ice exhibits emissivities betweenthoseof FY ice andopenwaterandcancause
– if entirely covering the FOV (

� Ab� ��� � ) – the samebrightnesstemperature
than a FOV coveredby a considerablysmaller fraction of FY ice (e. g.

	���-
).

However, in this latter casethe retrieval of
�

can be significantly improved in
regions coveredmainly with thin ice using the thin-ice algorithm proposedby
Cavalieri [1994] or the methodof Wensnahanet al. [1993]. Applying the NT
algorithmin theAntarctic requiresa modification:old ice is not only lesswide-
spreadin theSouthernOceanbut is, onaverage,youngerthanin theArctic andis
coveredby snow all theyearround(seeSection2.3.2).Consequently, a different
setof tie pointsis usedin theSouthernOceanandonespeaksof seaice typesA
andB whichcompareto FY iceandold ice, respectively [Comisoet al., 1997].

In this study, theNT algorithmis usedwith tie pointsgivenby Comisoet al.
[1997] (seeTable4.1) andtheextendedweathercorrectionproposedby Thomas
[1998]. This modifiedNT algorithmis henceforthcalledPELICON (PE) algo-
rithm. For theextendedweathercorrection,at first thefieldsof thesurfacewind
speed/ , the integratedwatervaporcontent 0 and the integratedcloud liquid
watercontent1 arecalculatedwith thealgorithmsdescribedin Section3.2 over
openwater. In thenext step,in orderto modeltheweatherinfluenceontheSSM/I
brightnesstemperatures,thesefields areextrapolatedinto areascoveredby less
than

	�� � seaice derivedwith theNT algorithm. This is followedby modelling
the changein the brightnesstemperatureat 19 and37GHz for openwaterand
ice concentrationsup to

	�� � . Theresultsareusedto correctthebrightnesstem-
peraturesat 19 and37GHz for the atmosphericinfluenceandto calculatemore
reliableseaice concentrationsin theMIZ. This methodallows to accountfor the
wide-spreaddirect atmosphericinfluencein the MIZ on a daily basis[Thomas,
1998]. This is an advantagecomparedto just using a thresholdbecauseareas

Table4.1:Tie points(brightnesstemperaturesin Kelvin)of openwaterandseaice
typesA andB usedto calculate

�
with thePELICONalgorithmin theSouthern

Ocean[Heygsteretal., 1996],[Thomas,1998]. Letters B and � referto horizontal
andverticalpolarization,respectively.

19GHz, B 19GHz, � 37GHz, �Openwater 100.3 176.6 200.5
Ice typeA 237.8 249.8 243.3
Ice typeB 193.7 221.6 190.3
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coveredwith lessthan � 	 � seaice arenot excludedgenerallyandfalseseaice
concentrationscausedby theatmosphericinfluencecanbeeliminatedaccording
to the actualatmosphericconditions. However, an extrapolationof atmospheric
parametersinto theareacoveredby seaicemaybequestionable.

4.2 Bootstrap Algorithm

TheBootstrap(BS)algorithmwasdevelopedby ComisoandSullivan[1986]and
canberegardedasamulti-dimensionalextensionof themethodappliedto ESMR
databy Zwally et al. [1983]. The BS algorithm utilizes a linear interpolation
betweentwo datapoint clustersin the planegiven by the involved brightness
temperaturesasisshown in Figure4.2,(a). ComisoandSullivan[1986]statedthat
two modesarenecessaryto obtainreliableseaiceconcentrations:thepolarization
modewhich usesthe 37GHz brightnesstemperaturesat both polarizationsand
the frequencymodewhich usesvertically polarized19 (SMMR: 18) and37GHz
brightnesstemperaturesonly. Thefirst modewasfoundto give reliableresultsin
regionscoveredby old icesuchasthecentralArctic while in areaswith temporal
highly variableseaiceconditionsthesecondmodeis preferred.

Figure4.2: (a): SSM/I19 and 37GHz brightnesstemperatures,vertical polari-
zation,measured in the Arctic [Eppler et al., 1992]. (b): Schematicview of the
Bootstrap techniqueto retrieve

�
[ComisoandSullivan,1986]. In thefrequency

mode(seetext), ¥Ó©�zO¥�¬�| is the brightnesstemperature at 37GHz (19GHz) and
verticalpolarization.
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Figure4.2(b) illustratestheBootstraptechnique.It is assumedthateachpoint
alongtheline BA represents� ��� � seaiceasamixtureof ice typesA andB. The
line CD representsopenwater. Eachpoint T alongtheline CI canbeconsidered
asa mixtureof seaice of typesA andB andopenwater, i. e. asthe total seaice
concentration< . If point I is thetie point of seaice =?>�@ ACBEDGFIH�JLK andpoint C thetie
pointof openwater =?>�@ MINOFIH�JGK at frequency H�J andpolarizationP , onecaninfer the
seaiceconcentration< from<RQ =?>?FSH�JTK-UV=W>�@ MSN*FSH�JLK=W>�@ ACBEDTFSH�JGK-UX=?>�@ MINOFIH�JGK�Y (4.7)

While =?>�@ MSN-FSH�JGK remainsfixed, the valuesof =?>�@ AZB[DLFIH�JGK are estimatedfrom the
brightnesstemperaturesmeasuredat thesecondpolarization(polarizationmode)
or frequency (frequency mode).In thelattercaseonegets=]\�@ AZB[DGFSH�JLK,Q_^6`ba�=c\�@ ACBEDGFSH�dTKfe (4.8)

where H�dgQihkj GHz and H�JgQml�n GHz. The intersectionwith the 19GHz axis
provides ^ , and a is theslopeof theline BA (seeFigure4.2,(b)).

For Arctic old ice, accuraciesaroundoqp aretypically achievedwith theBS
algorithm[Steffen et al., 1992]. But as soonas the surfacepropertiesbecome
morevariable,for instancein theMIZ or duringmelt-onset,theaccuraciesfound
areonly l � p or more. This is probablycausedby the influenceof varyingsea
ice/snow propertiesandchangesin the physicaltemperatureleadingto a rather
large brightnesstemperaturechangebut quite a small changein the parameters
derivedsuchastheNBTPD or theNBTFD (seeSection2.3.4).A comparisonof< obtainedwith theNT andtheBSalgorithmsconductedby Burns[1993] for the
WeddellSeayieldsgenerallya goodagreement.Largedifferencesarelimited to
thin ice areas.However, a comparisonconductedmorerecentlyby Comisoet al.
[1997] for theentireAntarctic seaice cover revealsthat < valuesobtainedwith
the BS algorithmexceedthosecomputedwith the NT algorithmby about l � p
andthusagreemuchbetterwith < valuesderivedfrom visible imageryandactive
microwaveradiometry.

In this thesis,the BS algorithmis usedin its frequency modetogetherwith
seasonaltie points given by Comisoet al. [1997] (seeTable 4.2) and without
applyinga weatherfilter. Consequently, < is expectedto beoverestimatedin the
MIZ duringperiodsof a largeweatherinfluencewhencomparedto theNT andPE
algorithms(Section4.1). However, for seaiceconcentrationsabove r � p , seaice
concentrationscomputedwith thePEandBS algorithmshave thesameweather
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contamination.

Table 4.2: Tie point of openwater and parameters ^ and a of the linear rela-
tionshipbetween=]\�@ ACBED�FIH�dTK and =c\�@ ACBEDGFSH�JGK ( H�dsQthkj GHz, H�JuQvl�n GHz) usedto
retrieve < with the Bootstrap algorithm in the SouthernOcean[Comisoet al.,
1997].

summer winter=c\�@ MSNOFSH�JGK [K] 179.0^ [K] 102.0 139.0a 0.620 0.473

4.3 About using 85GHz Data

The85GHz SSM/I channelshave alreadybeenusedin numerousinvestigations
of the seaice cover, althoughthe weatherinfluenceis significantly larger com-
paredto the other SSM/I channels(Section2.4). Besidesthe seaice motion,
inferredfrom 85GHz SSM/I datain theArctic [Martin andAugstein,2000]and
in bothpolarregions[Emeryetal.,1997],[Kwok etal.,1998],[Liu andCavalieri,
1998],thesechannelscanbeexploitedto retrieve theseaice concentration< on
a mediumresolution(Section4.3.1)andto discriminatedifferentseaice types.
Lomaxetal. [1995]madeanencouragingattemptto infer theArctic MY icecon-
centration<xw from 85GHzSSM/Idatausingtheso-calledpolarizationcorrected
temperature(PCT). This temperatureis originally usedto identify precipitating
cloudsat temperateto tropical latitudes,exploiting thesensitivity of the85GHz
channelsto scatteringby precipitationparticles(seeSection2.4). However, these
particlesaresignificantlysmallerat polar latitudesand,therefore,causea much
weaker scattering.Lomax et al. [1995] found no agreementbetweenthe distri-
bution of precipitatingcloudsandthePCTin theArctic. Instead,they identified
the PCT to vary smoothlywith the gradientof <xw andexploited this finding to
retrieve <xw . Moreover, the higherspatialresolutionat 85GHz comparedto the
otherSSM/I channelswascombinedwith the smallersensitivity to atmospheric
effectsat 37GHz to estimatethe areaof subpixel-scalecoastalpolynyasin the
Antarctic [MarkusandBurns,1995]andto improve thedeterminationof thesea
iceedge[Hunewinkel etal.,1998].Bothapproachesillustratethat85GHzSSM/I
datacanbeusedat leastto improvethedeterminationof seaiceextent.
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4.3.1 The SVENDSENalgorithm

Svendsenet al. [1987] have beenthe first to develop an algorithm,henceforth
called SVENDSEN (SV) algorithm, using data obtainedat frequenciesabove
37GHz to retrieve the seaice concentration.They usedthe relation given by
Equation4.1. By introducingthe brightnesstemperaturepolarizationdifference
BTPDat 85GHz yz=_Q_=]\{UX=c| thefollowing relationis obtainedy}=&Q&~*F!^?<�`%y}=���@ MIN-K , i. e. <�Q l^ � y}=~ Ubyz=���@ MSNc� (4.9)

where < is thetotal seaice concentrationand yz=���@ MSN thesurfaceBTPD of open
water. AssumingsimilarBTPDvaluesfor FY andMY ice,thedifferencebetween
thesurfaceBTPD of seaice yz=���@ ACBED and yz=���@ MSN is givenby ^ . Theparameter~
expressestheatmosphericinfluence,which dependson thetotal atmosphericop-
tical depth� . A few assumptionsweremadeconcerningabsorption,emissionand
scatteringof themicrowave radiationin theatmosphere[Svendsenet al., 1983],
[Svendsenetal., 1987]. In orderto encompassthat � is unknown, aself-adjusting
algorithm was developed. For eachsensoroverpass,minimum and maximum
valuesof y}= measuredby the sensorareselectedastie pointsof seaice yz=]ACBED
andopenwater yz=]MSN , respectively. In doingthis,at leastsomefootprintshave to
becoveredby openwateror seaice entirely. Thesetie pointsincludetheactual
atmosphericconditions. For l ��� p and

� p seaice ( <mQ l and <mQ �
), yz=

canbe set to yz=]ACBED and yz=]MSN in Equation4.9, respectively. The resultingtwo
expressions,onefor seaice andonefor openwater, canbesolvedfor ~ which in
turncanbeinsertedinto Equation4.9yielding thefollowing two specialcases

<R� l6� <RQ � l�` yz=���@ MSN^ � yz=y}=]ACBED U yz=���@ MSN^ e
<�� � � <RQ � y}=���@ MIN^ � yz=yz=]MSN U yz=���@ MSN^ Y (4.10)

Thesetwo cases(Equation4.10)areindependentof theatmosphericinfluenceand
areusedasboundaryconditionsfor a third-orderpolynomial,assumingthat at-
mosphericeffectsonthebrightnesstemperaturesdecreasewith increasingsurface
emissivity and,thus,area continuousfunctionof < . This polynomialresultsin
a matrix equationwhich canbesolvedfor thecoefficientsof thepolynomialthat
arefinally usedto compute< . An error analysisconductedby Svendsenet al.
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[1987] revealserrorsof about r�p for thecentralArctic. However, errorsmaybe
significantlylargerelsewhereandparticularlyincreasewith decreasing< .

In the past, the SV algorithm hasbeenusedto retrieve the Arctic seaice
concentrationwith 85GHz SSM/I databy Lomax et al. [1995] and Lubin et
al. [1997]. Recently, Kaleschke(2000)produceddaily mapsof < of both polar
regionswith modifiedversionof the SV algorithm(http://www.seaice.de). The
studyof Lomaxet al. [1995] focusseson winter seaice conditionsandconfirms
the resultsobtainedby Svendsenet al. [1987]. Lomax et al. [1995] found that< obtainedwith theSV algorithmagreeswith < derivedwith theNT algorithm
within standarddeviationsof approximatelyh�p and ��p for clear-sky andover-
castArctic winter conditions,respectively. Lubin et al. [1997] comparedship
observationsof theseaicecoverwith theresultsof theSV andtheNT algorithms
for acruiseacrossthecentralArctic in summer1994.TheSV algorithmhasbeen
modifiedslightly: Lubin et al. [1997] usedfixed tie point for the entirecruise.
They statedthat < obtainedwith the SV algorithmis at leastasaccurateas <
retrievedwith theNT algorithm. Also, whencomparedto theNT algorithm,the
SV algorithmprovidesmoreaccurateinformationaboutthe seaice cover in the
MIZ andin areasof small- to meso-scalespatialinhomogenitieswithin thepack
icesuchasleadsandpolynyas.

4.3.2 Modifications to the SVENDSENalgorithm

Theprocedureto determinetie pointsof openwaterandseaiceusingminimaand
maximaof yz= of selectedFOVs is a possibleerrorsourceof theSV algorithm.
Themaximum yz= certainlyrepresentsopenwaterwith thesmallestweatherin-
fluence,i. e. low surfacewind speedsandsmallatmosphericwatercontents.How-
ever, theminimum yz= canstemfrom regionswheretheweatherinfluenceis high
(seeSection2.4.2 andSection5.3) or wherea melting seaice/snow surfaceis
presentor both. In this latter case,the seaice tie point would be significantly
smallerthan it would be, for instance,underclear-sky conditions. This would
causean underestimationof < in areaswherethe weatherinfluenceis small or
theseaice/snow surfaceis dry.

Lubin et al. [1997] investigatedthe error which would be madein < if the
weatherinfluenceexpressedasatmosphericopticaldepth� in theareaconsidered,
differsfrom theweatherinfluenceincludedimplicitely in thetie points.Generally,< is overestimatedfor largerandunderestimatedfor smallervaluesof � compared
to the � valuesgivenby the tie point selection.Figure4 in Lubin et al. [1997]
shows the rangeof � wherethe SV algorithmestimates< with an accuracy of



76 CHAPTER4. SEAICE CONCENTRATION RETRIEVAL� r�p . For typical conditions,i. e. largeropticaldepthsoveropenwaterthanover
seaice, theretrieval of < is almostindependentof � aslong as <���l ��� p . But
it becomesincreasinglysensitiveto changesin � for lowerseaiceconcentrations.
An increaseof � by 100gm � J , ascanbe associatedwith an upcomingfrontal
cloud band,correspondsto an increaseof � by � � Y l and might causeerrors
above � � p for < ��� � p . Figure 4 [Lubin et al., 1997] shows also, that the
SV algorithmis sensitive to changeseitherin the physicaltemperatureor in the
averageemissivity polarizationdifferencey�� , bothwith regardto theconditions
givenby the tie point selection.A changein ys� canbecaused,for instance,by
thin icepresentin anareaof predominantlythick iceor by polarization-dependent
volumescattering(seeSections2.3.3and2.3.4). If the seaice tie point is 10K
andtheBTPDin theconsideredareais 5K then,accordingto Lubin etal. [1997],< wouldbegenerallyoverestimatedin areaswith < 
���� p for typical � values.

The studiesof Lubin et al. [1997] andLomax et al. [1995] consideronly
eithersummeror winter conditions.Therefore,largechangesin theatmospheric
attenuationcanbeneglected.In theArctic, largestchangesin thesurfaceproper-
tiesoccurmostlikely in summerandearlyfall duringtheformationandthedecay
of melt ponds.Moreover, thesurfaceis predominantlywetduringArctic summer
melt. The Antarctic is quite differentwhencomparedto the Arctic, particularly
concerningthe typical snow properties,the weatherconditionsandtheir impact
on the snow (Section2.3.2). Both, snow propertiesandweatherconditionscan
vary on a day-to-dayscaleall the year round in the Antarctic. This causesthe
errorsdiscussedabove to occurmorefrequentlywhenapplyingtheSV algorithm
withoutmodificationin theAntarctic.

The high cyclonic activity in the Antarctic causefrequentchangesin the air
temperatureinfluencingthepropertiesandparticularlythetemperatureof thesur-
faceof the seaice and its snow cover. Due to the small penetrationdepthat
85GHz,thesebrightnesstemperaturesreactmuchfasterto changingsurfacetem-
peraturesthanthosemeasuredat theotherSSM/Ichannels.Assumingtypicalsea
ice emissivities of ��\�Q � Y n�� and �1|�Q � Y ��� , and yz=�Q�l � K, a typical surface
temperatureincreasefrom U3� ��� C to

���
C [Massomet al., 1997] yields a rela-

tive increaseof yz= by l � p . Usingaveragetie pointsof seaice (8K) andopen
water(35K) [Lubin et al., 1997],this increasewould causeanoverestimationof< by approximatelyl � p accordingto Equation4.9. This can be avoided us-
ing thenormalizedbrightnesstemperaturepolarizationdifference(NBTPD) (see
Section4.1). For the samesurfacetemperatureincreasethe relative changein
theNBTPDis below

� Y l*p . Furthermore,theSV algorithmassumestheweather-
inducedbrightnesstemperaturechangeto be always smallerover seaice than
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overopenwatersince� decreaseswith decreasingair temperatureswhich in turn
is linkedto anincreasingseaiceconcentration.Thisassumptionis violatedpartic-
ularly in areascoveredby frontal cloudbandswhere � canbesignificantlylarger
overseaice thanoveropenwater.

Takingthesefactstogether, theSV algorithmwill undergothefollowing mod-
ificationsto becometheSEALION algorithm:

• Usageof thenormalizedratherthantheplainbrightnesstemperaturepolar-
izationdifferenceto bemoreindependentof thesurfacetemperatureof the
seaiceandits snow cover.

• Usageof new openwater and seaice tie points of seaice derived from
selectedareasseparatelyfor eachmonth.

• Quantificationof the weatherinfluenceon the 85GHz SSM/I brightness
temperatureswith MWMOD andcorrectionof thesebrightnesstempera-
turesfor this influence[St.Germain,1993].
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Chapter 5

Description of the Algorithm

Thefirst sectionof this chaptersketchesthebasicmethodof theSEALION (SL)
algorithmto calculatetheseaiceconcentration.Thetie pointretrieval is described
in Section5.2 while Section5.3 givesan overview of the atmosphericinfluence
on the85GHz SSM/Ibrightnesstemperatures.This is followedby themethodto
correcttheseSSM/Idatafor this influenceandby thedescriptionof thecomplete
SL algorithm.An errorestimationis presentedin thelastsectionof this chapter.

5.1 BasicMethod

The baseof the SL algorithm is as follows. Ignoring atmosphericeffects, the
brightnesstemperature=?> emittedat frequency H andpolarizationP (P$Q¡  for
horizontaland P¢Q¤£ for verticalpolarization)from a partly seaice coveredunit
areawith the fractionsof openwater <xN , FY ice <{¥.¦ andMY ice <¨§©¦ canbe
writtenas[Svendsenetal., 1987]=?>?FSHªK,Q_<xN��[>�@ NOFSH�KS=]Ns`$<{¥.¦ª�[>�@ ¥.¦�FIHªKS=c¥.¦�`$<¨§©¦ª�!>�@ §©¦�FSH�KS=�§©¦ Y (5.1)

Theemissivities of openwater, FY ice andMY ice at frequency H andpolariza-
tion P aregivenby �!>�@ N*FSH�K , �[>�@ ¥.¦�FIHªK and �!>�@ §©¦�FSH�K , respectively, and =cN , =c¥.¦ and=�§©¦ denotethephysicaltemperatureof theseasurfaceandof theradiatinglayer
of FY iceandMY ice,respectively. Althoughaseaicecoverof a few millimeters
thicknessis optically thick at 85GHz(seeSection2.3) it is difficult to unambigu-
ouslydiscriminateopenwaterfrom seaice with 85GHz brightnesstemperatures
alone.This is mainly causedby snow which canleadto a broadrangeof surface
emissivitiesat85GHzandthus=?>?F � rkK values(seeSection2.3).Moreover, =?>?F � rkK

79
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canbeinfluencedlargelyby thephysicaltemperatureof theradiatinglayerwhich
mayapproachtheSSTduringmeltingconditions.

Thenormalizedbrightnesstemperaturepolarizationdifference(NBTPD) has
alreadybeendefinedin Equation4.2 andis usedin theSL algorithmat 85GHz:« F � r¬K . At thesurface,

« F � rkK is alsothe ratio of theemissivity polarizationdif-
ference��\	F � rkK�U­��|¬F � r¬K andthe sumof both emissivities ��\	F � r¬K,`®�1|¬F � r¬K . The
NBTPD is considerablylessinfluencedby snow propertiesandthephysicaltem-
peratureof the radiatinglayer thanthe =W>?F � r¬K values(seeSections2.3 and4.3).
NBTPDvaluescalculatedfrom seaiceemissivitiesmeasuredin situat90GHz in

Figure5.1: NBTPDof differentseaice typesandopenwatercalculatedfrom in
situ Antarctic [Comisoet al., 1992] and Arctic [Eppler et al., 1992] emissivity
measurementsat 90GHz. Diamondsrefer to WeddellSeasurfacetypes,squares
to Arctic multiyear (MY) ice. The crossesdenotethe NBTPD calculatedfrom
average first-year(FY) ice emissivitiestaken during cruisesof the Germanre-
search vesselPOLARSTERN during the Winter WeddellSeaProject (WWSP)in
1986[Grenfell et al., 1994]. Theerror bars denote

�°¯.±
calculatedwith Equa-

tion 5.2.
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theWeddellSea[Comisoet al., 1992]andin theArctic [Eppleret al., 1992]are
givenin Figure5.1. They aresmallover seaice andquite largeover openwater,
andallow to discriminatethesetwo surfaces.Theerrorbarsgiven in Figure5.1
denotetherangegivenby

�
onestandarddeviationof theNBTPD(

¯.±
) calculated

with ¯.± Q³² � ����\ ¯.´ IFI�µ\�`$��|�K J � J ` � ���1| ¯.´·¶FI��\¸`$�1|�K J � J U � ��\L�1|�¹ ´º¶µ´ I ¯.´·¶�¯.´ IFI�µ\�`$�1|�KI» ¼¾½¿ Y (5.2)

The first two termsof Equation5.2 denotethe contributionsof
¯.´ I and

¯.´º¶
, re-

spectively. The third term of Equation5.2 is the covarianceof ��\ and �1| . The
correlationcoefficient ¹ ´º¶µ´ I arenot providedby Comisoet al. [1992] and/orEp-
pler et al. [1992] and is assumedto be 0.9. Correlationcoefficientscalculated
from theseaice emissivities usedto derive theNBTPD shown in Figure5.1 and
from 85GHz SSM/I dataof theareaselectedto estimatetheseaice tie pointsfor
theperiod1992-1999(seeSection5.2)are0.975and0.988,respectively. There-
fore, the chosen¹ ´ ¶ ´ I valuecanbe regardedasa lower boundaryandstandard
deviationsmaybesmallerthanindicatedin Figure5.1.

TheNBTPD valuesof Figure5.1aresimilar for all seaice typesexceptgrey
ice andalsonilas(not shown). Antarcticseaice consistsprimarily of FY ice (see
Section2.3). Therefore,at HÀQ � r GHz onecansimplify Equation5.1by setting<Á�v<{¥.¦Â�³<¨§©¦ , �[>�@ ASF � rkK��Ã�[>�@ ¥.¦�FIHªK��v�!>�@ §©¦�FSHªK , =]AÄ�Å=�¥.¦Æ��=�§©¦ and<xN�QÆlÇU(< . Thisyields=?>¬F � rkK¸QÂF�lÇUb<zK��!>�@ N*F � rkKS=���@ Nz`$<Ä�!>�@ A�F � r¬KS=]AIe (5.3)

with the total seaice concentration< , the physicaltemperatureof the radiating
seaiceor snow layer =cA andtheemissivity of this layer �!>�@ A�F � r¬K at85GHzandpo-
larizationP . Insertingof Equation5.3into Equation4.2andsolvingfor < leadsto

<RQ � lq` =c\�@ AÈ`b=c|�@ A=]\�@ N�`b=c|�@ N « AÉU «« U « N � � d e (5.4)

where =c\�@ N , =c|�@ N and
« N are the tie points of openwater and =]\�@ A , =�|�@ A and

« A
arethe tie pointsof seaice. The frequency is omittedherefor clarity. Knowing
the tie points,Equation5.4 canbe usedto calculate< from surfacebrightness
temperatures.Equation5.4 is describedin moredetail in theAppendix.
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5.2 Tie Point Retrieval

Similar to the seaice concentrationalgorithmsdiscussedin Chapter4 the SL
algorithmutilizestwo setsof tie points,onefor seaice(Section5.2.1)andonefor
openwater(Section5.2.2).They areestimatedfor eachmonthseparatelyin order
to considerthehighlyvariableseaiceandsnow propertiesdiscussedin Section2.3
andto haveopenwatertie pointswhicharestatisticallyconsistentwith theseaice
tie points. Accountingfor the temporalvariability of surfacepropertiesrelevant
for the tie pointswasproven to have quite a high impacton the quality of the
resultsof seaiceconcentrationalgorithms[Burns,1993].

5.2.1 SeaIce

The in situ emissivity measurementsgivenby Comisoet al. [1992] arelimited to
theeasternWeddellSeaandto Australwinter andspring.They arenot represen-
tative for the entireAntarctic seaice cover andfor all seasons.Onegoal of the
SEA LION project[Lemke et al., 2000] is to calculate< for theentireSouthern
Oceanfor the periodfrom 1992to present.Therefore,seaice tie pointsarede-
rivedfrom NSIDCdaily gridded85GHzSSM/Ibrightnesstemperatures[NSIDC,
1996]. This ensuresthatseaice typesandsnow cover propertiesof all Antarctic
regionsandseasonscancontribute to theseaice tie points. At first, mapsof the
averageNBTPD at 85GHz � « 


andof its standarddeviation
¯.±

arecalculated
on a pixel-by-pixel basisfor eachmonth. Examplesof both mapsareshown in
Figures5.2and5.3for July1999.

Figure5.2 shows areasof high ( Ê¤Ë Y Ë � ) andlow ( Ì¤Ë Y Ë�hkr ) valuesof � « 

separatedby a region with a sharpgradient. Theseareascertainly belong to
openwater, seaice and the MIZ, respectively. Over seaice, � « 


is similar
to theNBTPDobtainedfrom in situemissivity measurementsat90GHz(seeFig-
ure5.1). Over openwater, � « 


is muchlarger thanthecorrespondingNBTPD
valuesshown in Figure5.1.Thisis causedby theatmosphericwatercontent(inte-
gratedcontentsof watervapor Í andcloudliquid water � ) andthesurfacewind
speedÎ which all decrease

« F � r¬K (seeSections2.4and5.3). TheparametersÎ ,Í and � canbecalculatedfrom SSM/I datawith themethodsdescribedin Sec-
tion 3.2 over openwater. Table5.1 shows monthly averagesandcorresponding
standarddeviationsof Î , Í and � calculatedwithin an approximately100km
wideopenwaterareaadjacentto theAntarcticseaiceedgeprovidedby thePEal-
gorithm(seeSection4.1and[Heygsteretal.,1996])andaveragedovertheperiod
1992-1999. The jump in the standarddeviationsof Î betweenApril/May and
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Figure5.2: Map of theaverageNBTPDat 85GHz: � « 

, for July 1999.

Table 5.1: Monthly averages of Î [m s� d ], Í [kg m� J ] and � [g m� J ] � the
correspondingaverage standard deviations(top, middleand bottomrow of the
monthsconsidered) calculatedover a selectedopenwater area (seetext) and
averagedover theperiod1992-1999.

Jan. Feb. Mar. Apr. May Jun.Ï	Ð�ÑqÒÀÓ�Ð�Ô Ï	Ð�Ô�Ò¢Ó�Ð�Õ Ñ�Ð�Ö�ÒÀÓ�Ð�Ñ Ñ�Ð�Ï�ÒÀÓ�Ð�Ô ×�Ø�Ð�Ù{ÒÀÖ�Ð�Ù ×�Ø�ÐÚØ{ÒÀÖ�Ð�ÙÑ�Ð�ÓqÒÀÓ�Ð�Ï Ô�Ð�Ó�Ò¢Ó�Ð�Õ Ô�Ð�Û�ÒÀÓ�Ð�Õ Ô�ÐÜ×*ÒÀÓ�Ð�Õ Ô�Ð�Ö�Ò¢Ó�Ð�Û Ô�ÐÚØqÒÀÓ�Ð�ÖÖ�ÕqÒÀÛ�Õ Ö�Ó�Ò¢Û�Ö Ö�Õ�ÒÀÛ�Ï Ö�Û�ÒÀÛGÙ ÖGÙxÒ¢Û�× Ö�Û�ÒÀÛ�×
Jul. Aug. Sep. Oct. Nov. Dec.×�×�ÐÚØxÒÀÖ�Ð�Û ×�×�Ð�ÕqÒÀÖ�Ð�Û ×�×�Ð�ÖxÒÀÖ�Ð�Ù ×�×�Ð�ÖqÒ¢Ö�Ð�Ù Ñ�Ð�Ï�Ò¢Ó�Ð�Ô Ô�Ð�Ñ�ÒÀÓ�Ð�ÏÔ�Ð�ÖqÒÀÓ�Ð�Ù Ô�Ð�Ö�Ò¢Ó�Ð�Ù Ô�Ð�Ó�ÒÀÓ�Ð�Ù Ô�Ð�Ï�ÒÀÓ�Ð�Û Ô�Ð�Ñ�Ò¢Ó�Ð�Õ Ñ�Ð�Û�ÒÀÓ�Ð�ÏÖGÙ{ÒÀÛ�Ø ÖGÙxÒ¢Û�× Ö�Û�ÒÀÛ�Ó Ö�Ñ�ÒÀÛ�Ï Ù�ÙxÒ¢Õ�Ø Ö�Û�ÒÀÛ�Û
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in October/Novemberstemsfrom changingclimate-codecoefficients (seeSec-
tion 3.2.1).Averagesof � includecloud-freeareas.

Thedecreaseof
« F � r¬K dueto thevaluesshown in Table5.1wouldbe ��Ë Y l�l .If onesubtractsthis amountfrom the openwaterNBTPD valuesof Figure5.1,

theresultingvaluesagreequitewell with thethosegivenin Figure5.2over open
water. The fields of Î , Í and � causingthis decreaseextendinto the seaice.
Consequently, � « 


is negatively biasedover seaice aswell (seeFigure5.2),
althoughthisbiascanbeexpectedto besmallerdueto thehighersurfaceemissiv-
ity.

Figure5.3: Map of thestandard deviation of theNBTPDat 85GHz:
¯.±

, for July
1999.

Figure5.3 shows a largeregion with
¯.±

valuesabove Ë Y ËÈl (white) surround-
ing the seaice. This canbeexpectedover thehighly polarizingandradiometri-
cally coldopenwaterwheretheatmosphericinfluencecausesa largerdecreaseof« F � r¬K if comparedto thelesspolarizingseaice(seeSections2.2.1and2.3).Over
seaice,

¯.±
is significantlysmallerthan0.01,exceptin polynyas(for instancein
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the WeddellSeaat 66
�
S, 0

�
E) and in the MIZ wherea highly variableseaice

concentrationcausesmorevariableNBTPD values. Andreas[1984] andOelke
[1997] pointedout thatclouds,temperatureanomaliesandprecipitationfieldsas-
sociatedwith cyclonescan extend into the seaice as far as 1000km. Even in
Austral winter, air temperaturesmay vary betweenU4h�Ë � C and Ë � C in the pack
ice within a few days[Massomet al., 1997]. Thus, the temporalvariability of« F � r¬K in theMIZ hastwo additionalimportantcontributions,onecausedby the
directatmosphericinfluencesuchasattenuationby cloudsandonerelatedto the
indirect atmosphericinfluenceon the seaice andsnow cover as is discussedin
Section2.3. This is illustratedby Figure5.3. Valuesof

¯.±
below Ë Y Ë�Ë�r arewide-

spreadin the leeof theAntarcticPeninsulaandin theRossSeawhile larger
¯.±

valuesarecommonin thenorthernandnortheasternpartsof theWeddellaswell
as the RossandAmundsenSeas(seeFigure2.6 for the geography).The latter
regionsarewell-known to befrequentlyoverpassedby cyclones.

The standarddeviation
¯.±

maybe partly causedby two additionalcontribu-
tions: a geophysicalanda statisticalone. The latter one increasestowardsthe
North, sincethe numberof SSM/I overflightscontributing to eachpixel of Fig-
ures5.2and5.3graduallydecreasesequatorwardsasis describedin Section3.1.2.
The northernpartsof the � « 


mapcontainvalueswhich have beenaveraged
over a smallernumberof overflightsthanthosein the southernparts. However,
neithera generallatitudinal increaseof

¯.±
nor a latitudinal preferencefor high

or low
¯.±

valuescanbeidentifiedin Figure5.3. This suggeststhatthestatistical
contribution to

¯.±
canbeneglected.Secondly,

¯.±
maybe influencedby spatial

seaice inhomogenitiesin regionswith enhancedseaice drift. In theseregions,
theseaice maybecompletelyreplacedby theonelocatedup-streamwithin one
to a few days.Regionsof a pronouncedseaice drift aretheMIZ with the influ-
enceof theCircumpolarCurrentandtheeasternmarginsof theWeddellandRoss
Seaswhereanorthboundcurrentdisplacestheseaiceby about5 to 10km perday
[Emeryetal., 1997],[ToudalandSaldo,2000].Muchof thevariability evidentin
Figure5.3 in theMIZ resultsprobablyfrom drifting seaiceandcanbetakenasa
dynamicchancein < ratherthanachangein seaice typewithin thepixel consid-
ered.Thereis no evidenceof anenhancedvariability of NBTPD valuesalongthe
easternmarginsof theWeddellandRossSeasin Figure5.3.

The secondstep in calculatingthe seaice tie points is the generationof
monthly maskswhich containonly pixels with � l�Ë�Ë�p seaice concentration
andwhich reveal thesmallestweatherinfluence.This is achievedby combining� « 


and
¯.±

asfollows:
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• All pixelswith � « 

larger than0.035areexcluded. This thresholdcan

beregardedasanupperlimit for
« F � r¬K valuesof Antarcticseaice(seeFig-

ure5.1)andallowsto discriminatethepackice from theMIZ in Figure5.2.
Thus,the remainingareasprobablyexhibit averageseaice concentrations
near l�Ë�Ë�p .

• All pixelswith
¯.±

larger than0.005areexcluded.This thresholdis based
on the earlier-discussed̄

.±
maps(Figure 5.3) aswell ason the standard

deviations given in Figure 5.1 and ensuresthat areasbeing continuously
influencedby theatmospherearenotusedto calculatetheseaice tie points.

Figure5.4a) shows themaskobtainedby this methodfor July 1999. Obviously,
SSM/I measurementsof almosttheentireAntarctic seaice cover (compareFig-
ure5.2)contributeto theseaice tie points.Themainshortcomingof this method
is that regions with highly variablesurfacepropertiesand a seaice concentra-
tion of l�Ë�Ë�p arealsoexcludedand, therefore,areunderrepresentedin the sea
ice tie points.In thisparticularmonth,pixelsof polynyasandof almosttheentire
BellingshausenandAmundsenSeas(60to 140

�
W) areexcludedfrom thetie point

estimation.Althoughthetwo seasmentionedexhibit quitelow � « 

values(see

Figure5.2),nearlyall pixelsaremaskedout dueto thehigh variability of
« F � r¬K

a) b)

Figure5.4: a): Mapof all pixelsthatareusedto estimatetheseaice tie pointsfor
July 1999.b): Total numberof yearscontributing to anaveragemaskwith pixels
usedto estimatetheseaice tie pointsfor July within theperiod1992-1999.
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(seeFigure5.3). This is probablycausedby the weatherinfluencesincethese
Seasareoverpassedby cyclonesin Australwinter morefrequentlythanotherre-
gions[Sinclair, 1994].Figure5.4b) showsthenumberof yearscontributingto an
averagemaskto estimatethe seaice tie point for July of the period1992-1999.
This imageillustratesthatonly pixelsbelongingto thesouthernRossSeaandthe
southern,centralandsoutheasternWeddellSeahave contributedregularly to the
seaice tie pointsof Julywhile regionsknown to besitesof polynyasareexcluded
in mostyears.

In thenext step,the85GHzSSM/Ibrightnesstemperaturesareaveragedsep-
aratelyfor eachpolarizationandfor eachpixel belongingto thesemonthlymasks.
Thesemonthlyaveragedbrightnesstemperatures– calledpre-tiepoints– arestill
biasedby monthlyaveragesof the integratedwatervaporcontent �ÝÍ 


andof
the integratedcloud liquid watercontent �%� 


typical for the packice region.
The former parameteris obtainedfrom ECMWF modeldata(seeSection3.3).
Reliable � dataarenot availableover Antarcticseaice, neitherfrom modelsnor
from remotesensinginstruments.Therefore,�Þ� 


is setto theaverage� value
calculatedfrom SSM/I datawith themethodgivenin Section3.2.3within anap-
proximately100km wide openwaterareaadjacentto the seaice edge(seealso
[Heygsteret al., 1996]). Furthermore,it is assumedthatover thepackice region
the �(� 


valueamountsonly to two thirds of the oneover openwater[Oelke,
1997],sincethelatentandsensibleheatfluxesfrom theoceanto theatmosphere
are significantly smallerover seaice than over openwater. Both �ÂÍ 


and�Ý� 

areusedtogetherwith thecoefficientsdescribedin Section5.3 to correct

thepre-tiepointsfor theweatherinfluence,yielding theseaice tie points =]\�@ A and=�|�@ A and,by usingEquation4.2,
« A at85GHz.

Figure5.5shows =?>�@ A and
« A valuesaveragedover theperiod1992-1999(im-

agesa) andb), respectively). Standarddeviationsof thesevaluesarealsoesti-
matedfor eachmonthandaveragedover theperiod1992-1999aswell, yielding
thevaluesgivenin Figure5.5. In Figure5.5a), freeze-upin March/April coincides
well with a sharpincreaseof theaveraged=W>�@ A values.Melt-onsetis markedby a
decreaseof the averaged=W>�@ A valuesbetweenNovemberandJanuaryto remark-
ably low valuesaround200K. Thesevaluescorrespondto anemissivity of ��Ë Y jandoccur in eachyear of the period investigatedas is evident in Figure5.6a)
showing the time-seriesof =?>�@ A for 1992-1999.This behavior is contraryto pas-
sive microwave observationsmadein the Arctic [Smith, 1998] wherea marked
brightnesstemperatureincrease(decrease)is observedat melt-onset(freeze-up).
Onepossibleexplanationfor thissharpdecreasein latespring/earlysummercould
bethepresenceof old, coarse-grainedsnow asis describedin Section2.3.4.Also,
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a) b)

Figure5.5: Monthly seaice tie pointsaveragedover the period 1992-1999.a):
brightnesstemperatures( =?>�@ A ), b): NBTPDvalues(

« A ). Theerror bars denote�°¯Èßfà�á â
and

�°¯.±�â
, respectively. For clarity, in imagea) datapointsanderror bars

at   -polarizationareshiftedslightly.

agradualincreaseof theaveraged=?>�@ A valuesbetweenAugustandNovembercan
beidentifiedin Figure5.5a). It is probablycausedby agrowing snow liquid water
fraction.Table5.2 lists the =W>�@ A and

« A valuesaveragedover theentireperiod.

Theaveragesof
« A shown in Figure5.5b) varyonly between0.022(January)

and0.032(October)andalmostagreewithin onestandarddeviation. However,
during oneannualcycle extremesof

« A may differ by up to 0.015,for instance
in 1992as is revealedby Figure5.6b) showing the time-seriesof

« A for 1992-
1999.Theinterannualvariability of =?>�@ A is reflectedby this

« A time-seriesaswell.
The averageof the in situ NBTPD valuesof the different FY ice typesshown

Table5.2: Openwaterandseaice tie pointsaveragedover theperiod1992-1999.
Standard deviationsaregivenby

¯
.=c\�@ N �$¯ [K] =c|�@ N ��¯ [K]

« N �$¯
231.7

�
0.5 151.6

�
1.0 0.209

�
0.002=]\�@ A ��¯ [K] =c|�@ A �$¯ [K]

« A ��¯
220.7

�
10.3 208.6

�
10.1 0.028

�
0.004
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a)

b)

Figure5.6: Time-seriesof theseaicetie pointsfor each monthof theperiod1992-
1999.a): brightnesstemperatures( =?>�@ A ), b): NBTPD(

« A ). Theerror bars denote�6¯Èß1à�á â
and

�6¯.±�â
, respectively.

in Figure5.1 is about0.021and is thusslightly smallerthan the averageof
« A

obtainedbetween1992and1999(seeTable5.2). It remainsunclearat this point
whetherthis is causedby the limitation of the in situ datato Austral winter and
springandseaiceandsnow typesof theWeddellSeaor whethertheareasselected
to calculate=?>�@ A and

« A exhibit averageseaice concentrationsof nkr�p ratherthanl�Ë�Ë�p .
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5.2.2 OpenWater

In orderto have thesamestatisticalbackgroundthantheseaice tie points,open
water tie points are also estimatedfrom NSIDC daily gridded85GHz SSM/I
brightnesstemperatureson a monthlybasis.For eachmonth, =?>?F � rkK is averaged
separatelyfor bothpolarizationsoverall pixelswhich:

• aresouthof 55
�
Swhichis theaveragepositionof theAntarcticCircumpolar

Currentto ensureaSSTcloseto 273K [White andPeterson,1996];

• arecloudfree,i. e. exhibit � valuesbelow 10gm � J ;
• exhibit Î valuesbelow 10ms� d and Í valuesbelow 10kgm � J .

The resultingmonthly averagedbrightnesstemperaturesstill include the influ-
enceof thecorrespondingmonthlyaveragesof Í and Î obtainedby averaging
all valuesof Í and Î belongingto the pixels selected.The monthly averaged
brightnesstemperaturesarecorrectedfor theinfluenceof theaveragevaluesof Í
and Î andyield theopenwatertie points =c\�@ N , =�|�@ N and,by usingEquation4.2,« N at 85GHz. Their valuesarevery similar for all monthsof the period1992-
1999.Table5.2 lists the =]\�@ N , =�|�@ N and

« N valuesaveragedover this period.The
average

« N valueis about0.015larger thanthe oneobtainedfrom in situ mea-
surementsshown in Figure5.1. However, thesurfacewind conditionsareunclear
for thesein situmeasurements.An averagewind speedof ��j ms� d duringthese
measurements,which is quiteatypicalvaluewhenlookingatTable5.1,wouldbe
sufficient to explainthementioneddifferenceof 0.015with awind-roughenedsea
surface.

5.3 Atmospheric Influence

As discussedin Sections2.2 and2.4 the atmosphericparametersÎ , Í and �
significantlyinfluence=W>?F � r¬K and

« F � r¬K . Theradiative transfermodelMWMOD
describedin Section2.5.1 is usedto quantify this weatherinfluencefor surface
emissivities �!> andatmosphericconditionslistedin Table5.3.Someothersettings
of MWMOD havealreadybeenexplainedin Section2.5.1.

5.3.1 SurfaceWind

Scatteringof microwave radiationat thewind-roughenedseasurfacehasa large
depolarizingeffect (seeSection2.2) andmaybiastheseaice concentrationesti-
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Table 5.3: Ranges and stepsizesof ��\ , �1| , Î , Í and � usedto quantify the
atmosphericinfluenceon =?>?F � r¬K .��\ , �1| Î [m s� d ] Í [kg m � J ] � [kg m � J ]

Datarange 0.44–0.98 0–30 0–30 0.0–0.5
Stepsize 0.01 1 1 0.02

mate. In orderto quantify this effect, 85GHz brightnesstemperaturesaremod-
eledfor dry, clear-sky conditions,wind speedsgiven in Table5.3 anda SSTof
273.15K at both polarizationsover openwater. The resultsare shown in Fig-
ure5.7a) andreveala significantdecreaseof thepolarizationdifference=]\ÇU(=�|
with increasingÎ .

a) b)

Figure 5.7: a) Influenceof the surfacewind speedon =W>kF � r¬K as modeledwith
MWMODfor dry, clear-sky conditionsandsurfacewindspeedsgivenin Table5.3.
b) Seaiceconcentration < thatwouldbecalculatedfromuncorrectedbrightness
temperaturesovera wind-roughenedseasurfacefor dry, clear-sky conditions.

The sensitivity ã�äÆQ å ß àå ä , i. e. the changeof =?>?F � r¬K due to a changeof Î
of 1ms� d , is calculatedandcomparedto ã�ä valuesobtainedby Fuhrhopet al.
[1997] in Table5.4.They areof thesameorderof magnitudebut maydiffer by up
to 1.6K m � d s. This is probablycausedby thefactthatthebrightnesstemperatures
shown in Figure5.7a) aremodeledfor dry, clear-sky conditions,i. e. Í Qæ�&QË kgm � J , while theresultsof Fuhrhopet al. [1997] arebasedon onecasestudy
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Table 5.4: Sensitivitiesã�ä obtained in SEALION and provided by Fuhrhop
etal. (1997)(ATMICE-Project). ã�ä [K m � d s]ÎÂQ 1 - 6ms� d ÎRQ 6 - 20ms� d

85h SEALION 0.8 1.4- 5.8
ATMICE 1.1 1.4- 4.2

85v SEALION U4Ë Y o 0.0- 2.2
ATMICE 0.0 0.0- 1.8

with a non-zeroatmosphericwater content. Since, for the weathercorrection
describedin Section5.3.3, the wind-inducedbrightnesstemperaturechangeis
subtractedfrom the =?>?F � r¬K valuesafterthecorrectionfor the Í and � influence,
thesensitivitiesderivedherearemoresuitable.Figure5.7,b) shows < valuesthat
would be calculatedwith the SL algorithmfrom uncorrected85GHz brightness
temperaturesfor dry, clear-sky conditions.Wind speedsbelow 5ms� d leadto a
slight underestimationof < while an increasingoverestimationof < occursfor
higher wind speeds. Averagedaily surfacewind speedsrangebetween5 and
15ms� d , reachingup to 20ms� d (see[Heygsteret al., 1996] and Figures3.2
and3.3). Therefore,on average,theoverestimationof < canbeashigh as j�Ë�p .
This demonstratesthenecessityto correct =?>?F � r¬K for the influenceof Î if using
SSM/I =?>?F � r¬K valuesto calculate< .

Themodeledbrightnesstemperatures(seeFigure5.7a)) arefitted with a 4th-
orderpolynomial in orderto obtaina relationbetweenÎ and =c\ and =c| . Maxi-
mum(average)differencesbetweenthemodeledbrightnesstemperaturesandthe
fit functionsare0.7K ( �®Ë Y l K) for =c| and0.8K (0.1K) for =]\ . Theequationof
this fit is =W>�@ ä-çè/é Q&=?>�@ ä è/é ` êA è dµë�ë�ë » ^kAEÎ A e (5.5)

where =?>�@ ä è/é ( =?>�@ ä-çè/é ) denotethe 85GHz brightnesstemperatureabove a calm
(wind-roughened)seasurfaceat polarizationP , and ^kA denotethecoefficientsof
the polynomial. They arelisted in Table5.5. Valuesof =?>�@ ä è/é are150.7K and
235.3K at horizontalandverticalpolarization,respectively. Equation5.5 allows
to calculate=W>?F � r¬K that would be measuredby the SSM/I above a seasurface
roughenedaccordingto Î underdry, clear-sky conditions.
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Table5.5: Coefficients ^kA of the polynomialof the modeledbrightnesstempera-
turesshownin Figure5.7a).^kA [K (ms� d ) � A ] ì*QÆl ì*Q­� ì*Q­h ì*Q­o

85h 1.378 U4Ë Y l�n � �	o Y osíVl�Ë¬�?î U3r�� Y h�íVl�Ë?�?ï
85v 0.264 U4Ë Y l�n�o l�� Y n}íVl�Ë¬�?î U4h�h Y lðíVl�Ë?�?ï

5.3.2 Atmospheric Water Content

Absorptionandemissionof electromagneticradiationby the atmosphericwater
vaporandhydrometeorsof non-precipitatingcloudsincrease=?>?F � r¬K anddecrease« F � r¬K . Scatteringby precipitationparticlesdecrease=W>?F � r¬K andincrease

« F � rkK ,
dependingonthepolarization(Section2.4).Sinceareaswith highvaluesof � and
thusthehighestprobability of precipiation,aremaskedout with the ñ -factoras
is describedin Section3.2.4,only thebrightnesstemperatureincreasedueto ab-
sorptionandemissionis discussedhere.In orderto quantifythis increase,85GHz
brightnesstemperaturesaremodeledwith MWMOD for valuesof �µ\ , ��| , Í and� givenin Table5.3. The influencesof Í and � areconsideredsimultaneously
since,at small Í values,the brightnesstemperatureincreasedue to � may be
largerthanat high Í valuesbecausetheatmosphereis moreopaquein thelatter
case.

Figure5.8a) andb) illustrate the reactionof =c|¬F � r¬K to an increasingatmo-
sphericwatercontentover openwater. For Î¡Q�Ë ms� d (Figure5.8a)), =c|¬F � rkK
may increaseby 70K for typical extremevaluesof Í and � of 20kgm � J and
200gm � J , respectively (compareFigures3.2 and3.3). Over a wind-roughened
seasurface,both the seasurfaceemissivity and the brightnesstemperatureare
considerablylarger(seeSection2.2.1andFigure5.7a)), at leastathorizontalpo-
larization,andtheabsolutebrightnesstemperatureincreasecanbeexpectedto be
smaller. This is illustratedby Figure5.8b), showing the brightnesstemperature
increasedue to Í and � over a rough seasurfaceat Î Q �	Ë ms� d . For the
above-mentionedtypicalextremesthis increaseis still around30K. Theabsolute
brightnesstemperatureincreasedueto Í and � is smalleratverticalpolarization
dueto thehigherseasurfaceemissivity (Section8.2).

The sensitivities ã�ò Q å ß àå ò and ã�ó�Q å ß àå ó , i. e. the changesof =W>?F � r¬K due
to changesof Í and � of 1kgm � J each,aregiven in Table5.6 in comparison
to theresultsof Fuhrhopet al. [1997]. It becomesevidentwithin theSEA LION
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b) d)

a) c)

Figure5.8: Brightnesstemperaturesat 85GHz,horizontalpolarization,modeled
with MWMODfor differentatmosphericwatercontentsoveropenwater(salinity:
34‰, SST: 272K): a) ÎtQôË ms� d ( ��|õQôË Y okn ), b) Î�Qö�	Ë ms� d ( ��|õQôË Y j�h ).Contourspacingis 5K. Total seaice concentrations < that wouldbecalculated
from uncorrectedbrightnesstemperatures for different atmosphericwater con-
tents: c) over a calm seasurface( < Q Ë�p , Î Q Ë ms� d ), d) over FY ice
( <RQRl�Ë�Ë�p ).

projectthat ã�ò is largerduringclear-sky conditionsanddecreaseswith increasing� values.Thesameis truefor ã�ó which is largerat low Í valuesanddecreases
with increasingÍ values.Thesensitivitiesobtainedherearequitesimilarto those
of Fuhrhopet al. [1997].
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Table 5.6: Sensitivities ã�ò and ã�ó obtained in SEALION and provided by
Fuhrhop et al. [1997] (ATMICE). The two smaller (larger) values of ã�ò
(SEALION) are for an increaseof Í from 8 to 20kgm� J at ��Q Ë Y h kgm� J
( �&Q¤Ë Y Ë kgm� J ). Thetwo smallervaluesof ã�ó (SEALION) are for an increase
of � from0.3 to 0.4kgm� J at Í QÂ��Ë kgm� J . Thetwo larger onesare obtained
for an increaseof � from0.0to 0.1kgm� J at Í Q � kgm� J .ã�ò [K m � J kg] ã�ó [K m � J kg]

85h SEALION 0.8- 2.5 55 - 258
ATMICE 2.1 85 - 188

85v SEALION 0.1- 1.1 27 - 135
ATMICE 0.8 33 - 71

Figure5.8c) shows < valuesonewould obtainover a calmseasurfacewith
Equation5.4andthetie pointsderivedin Section5.2withoutcorrectionof =?>?F � rkK
for theinfluenceof Í and � . Typicalvaluesof Í and � (8kgm � J and40gm � J ,
seeTable 5.1 and Sections3.2.2 and 3.2.3) would causean overestimationof< over calm openwater by � hkr�p . At the above-mentionedtypical extreme
values( Í QÃ��Ë kgm � J , ��Q���Ë�Ë gm � J ), this overestimationwould approachj�Ë�p . Both valueswould further increasefor a non-zerosurfacewind speed,
i. e. over a roughseasurface. Over seaice, the overestimationof < would be
considerablysmallerasis illustratedin Figure5.8d) for l�Ë�Ë�p of FY ice. Note
that the vertical scalein this imageis one tenth of that in the previous image.
In this case,i. e. for emissivities ��|ÝQiË Y nWl and �µ\ÞQÅË Y n�o , the overestimation
would rarelyexceedr�p . However, seaice propertiesvary significantlyandmay
causeemissivitieswell below theseemissivity valuesand,therefore,considerably
largeroverestimationsof < . As hasalreadybeenconcludedfor Î , SSM/I85GHz
brightnesstemperatureshave to be correctedfor the influenceof Í and � to
calculate< .

Themodeledbrightnesstemperaturesshown exemplarilyin Figure5.8a) can
berelatedto Í and � by a2D-polynomial=�òq@ ó/çè/é Q�=�ò è ó è/é ` êAº@ ÷ è/é ë�ë�ë » ^�÷µASFI�!>?FIÎ}K�KµÍ A � ÷ Y (5.6)

Equation5.6 allows to calculateeach =W>?F � r¬K valuein the Í - � -planeusing Í ,� , the 85GHz brightnesstemperatureof a dry, clear-sky atmosphere=�ò è ó è/é
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and coefficients ^�÷µASFI�!>?FIÎsK1K dependingon the 85GHz surfaceemissivity �[> . A
lookup-tableof 85GHz �[>?FSÎsK�K valuesmodeledwith MWMOD for openwater
(salinity: 34‰, SST: 273K) for adry, clear-sky atmosphereand Î valuesgivenin
Table5.3is compiledin theappendix.Maximumandaveragedifferencesbetween
the modeledbrightnesstemperaturesandthe fit functionsare lessthan0.1K at
both polarizations.Table5.7 shows a samplesetof coefficients for a calm sea
surface.

Table5.7: A samplesetof coefficients ^�÷�A [K(kgm � J ) � JE÷ ] of the 2D-polynomial
of themodeledbrightnesstemperaturesat �!>?FSÎÆQ�Ë ms� d K�Q�Ë Y o�n . Thecolumns
denoteø}Q_Ë YGY�Y o , therows ì*Q®Ë Y�YGY o .

0.0 8.793 ù Ø�Ð�Ö�Ï�Ï ×�×�ÐÚØÄú�×�Ø �?î ù ×�Õ�Ð�Û6úõ×�Ø �?ï
3.204 ù Ø�Ð�Ó�Ñ�Û ×�Û�Ð�ÛÄúõ×�Ø �?î ù ÛGÙkÐ�ÑÄúg×�Ø �?ï Ñ�Ö�Ð�ÓÄúõ×�Ø �Wûù Ó�Ï	Ð�ÛÄúõ×�Ø �?î Ö�Ï	Ð�Û6úg×�Ø � » ù Ó�Ô�Ð�Ï©úõ×�Ø �?ï ×�Ó�Ð�Ï°ú�×�Ø �?ü ù ÓGÙkÐ�Ó6úõ×�Ø �?ýù ×�×�Ð�ÛÄúõ×�Ø �?ï ù ×�Õ�Ð�Õ6úõ×�Ø �?ü Ó�Ï	Ð�ÑÄúõ×�Ø �Wû ù ×�Û�Ð�ÔÄúg×�Ø �?ý ÖGÙkÐ�ÙÄúõ×�Ø � d éÓGÙkÐ�Õ6ú�×�Ø �Wû ù Ù	Ï	Ð�Ö6úõ×�Ø �?þ ù ×�×�ÐÜ×Çúõ×�Ø �?þ Ñ�Ø�Ð�Õ6úg×�Ø � d�d ù Ó�Ö�Ð�Û6úõ×�Ø � dIJ

5.3.3 Corr ection for the Atmospheric Influence

UsingtheSL algorithmtheinfluenceof Î , Í and � onSSM/I85GHzbrightness
temperatureshasto be quantifiedandsubtractedfrom thesedataseparatelyfor
openwaterandseaicedueto thefollowing reasons:

• Eachpixel with <m��l�Ë�Ë�p hasa certainfraction of openwater. In this
fraction, =W>kF � r¬K valuesareinfluencedby Í , � and Î , whereasin thesea
ice fractiontheinfluenceof Î canbeneglected.

• Seasurfaceemissivities differ from thoseof seaice. Consequently, the
correctionof =?>?F � rkK for theweatherinfluenceis differentfor bothsurfaces.

• TheSL algorithmcalculates< for eachpixel iteratively (seeSection5.4).
At eachiterationstep,anew < valueis obtained,i. e. fractionsof openwater
andseaicechangecontinuouslyduringtheretrieval. Thisaltersthesurface
emissivity distribution andhasto beconsideredin thecorrectionof =W>?F � r¬K
for the weatherinfluence.As a result,the amountof the weather-induced
brightnesstemperaturechangesubtractedfrom =?>?F � rkK changesbetweentwo
iterationsteps.
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Theweathercorrectionis appliedto =?>?F � r¬K asfollows. First of all, thecloud
maskderivedwith the ñ -factormethodis usedoverbothopenwaterandseaice.
Most areaswith � 
 Ë Y l kgm � J (Section3.2.4)areexcludedfrom the weather
correctionandseaice concentrationretrieval successfully. Thesecondstepis the
correctionof =W>?F � r¬K for theinfluenceof Í and � in theremainingareasusingthe
datasetsdescribedin Chapter3 andthecoefficientsgivenin Section5.3.2. This
canbeachievedoveropenwaterby=?>�@ ò è ó è/é Q&=W>?F � r¬KªU êAº@ ÷ è/é ë�ë�ë » ^�÷µAIFI�!>?FIÎsK1K�Í A � ÷ e (5.7)

where=?>�@ ò è ó è/é is =?>¬F � rkK measuredby theSSM/Iandcorrectedfor theinfluence
of Í and � , and ^�÷µA arethecoefficientsrequiredfor this correctionaccordingto�!>?FSÎ}K . Theseemissivities areselectedusing Î andthe lookup-tablegivenin the
appendix.Overseaice,Equation5.7is usedtogetherwith monthlyaveragesof �
asis shown in Table5.1 andemissivities which areindependentof Î . They are
estimatedfor eachmonthfrom theseaice tie points =?>�@ A givenin Section5.2and
themonthlyaveragedsurfacetemperature�s=�� 
 derivedin Section3.3:�!>°Q =?>�@ AÉUVy}=�ÿ ¿�s=�� 
 Y (5.8)

This is theonly partof theSL algorithm,wherethecontributionof theoxygenab-
sorptionto =W>?F � r¬K , denotedby yz=�ÿ ¿ , is consideredexplicitely (seeSection2.4).
The SSM/I measurementsaswell as the modeledvaluesof =?>?F � r¬K include im-
plicitely the oxygenabsorption.Therefore,in order to obtain the seaice emis-
sivity from the ratio of =?>�@ A and =�� , onehasto subtractyz=�ÿ ¿ from =W>�@ A . This is
doneusingEquation5.8togetherwith the yz=�ÿ ¿ valuescompiledin theappendix.
Thesevaluesareinterpolatedto matchemissivity stepsof 0.01.Onceapairof sea
iceemissivities is selectedit is usedfor theentiremonth.Therelativeerrormade
in thecalculationof �!> usinganincorrect � =�� 
 valuefor thetemperatureof the
radiatingseaiceand/orsnow layeris smallerthan r�p for over-/underestimations
of �s=�� 
 of 10K in therangebetweenU�okË � C and Ë � C.

Overopenwater, asathird step,thecorrectionfor theinfluenceof Î hasto be
applied.This is doneusingthewind datadescribedin Chapter3, thecoefficients^kA givenin Section5.3.1andtheequation=?>�@ ò è ó è ä è/é Q&=W>�@ ò è ó è/é U êA è dµë�ë�ë » ^kA[Î A e (5.9)
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where=?>�@ ò è ó è ä è/é is the85GHzSSM/I brightnesstemperaturecorrectedfor the
influenceof Í , � and Î andwith =?>�@ ò è ó è/é givenby Equation5.7.

5.4 CompleteAlgorithm

This sectiongivesa detaileddescriptionof the SL algorithm. Its flow chart is
displayedin Figure5.9.TheSLalgorithmallowsto calculatethedaily totalseaice
concentration< . Thedatausedin theSL algorithmhave alreadybeendescribed
in Chapter3. Additional requirementsare:

• Tie points have to calculatedin advancefor the retrieval of < for each
month.

• Daily cloudmaskshave to bederived in advanceto theretrieval of < (see
Section3.2.4).

• All datahave to be mappedinto a grid with commonresolution,e.g. the
NSIDCSSM/I grid with l�� Y r}íXl�� Y r kmJ [NSIDC, 1996].

TheSL algorithmcalculates< iteratively. For eachpixel, thefirst iterationstep
(
� Q Ë ) – afterapplyingthecloudmaskof thedayconsidered– is to computea

first-guessof thetotal seaice concentration<�� é�� with Equation5.4, thetie points
given in Section5.2 and

« F � r¬K obtainedfrom the uncorrectedSSM/I data. The
secondstepis to model85GHz brightnesstemperaturesthatwould bemeasured
by theSSM/I aboveanareacoveredwith seaice accordingto <�� é�� andfor atmo-
sphericconditionsgivenby Î , Í and � yielding = �[ACw�@ � é��> . Fromthesevaluesthe« �[ACw�@ � é�� valueis derivedandcomparedto theSSM/Imeasurement.Ify « Q��� « �[AZw�@ �
	 � U « F � r¬K��� Ì&Ë Y Ë�ËÈl (5.10)

holds, <�� é�� is the final seaice concentrationandthe iterationis stoppedfor this
pixel (seeFigure5.9). Thethresholdof 0.001correspondsto approximatelyl*p
changein < .

Otherwise,theiterationis continued(
� Q � `¢l ) andtheSSM/Imeasurements

arecorrectedfor theweatherinfluenceexpressedby Î , Í and � . In doing this,
one hasto distinguishbetweenthe fractionsof openwater and seaice within
the pixel considered.It is necessaryto assumefirst, that eachpixel is covered
completelyby eitheropenwateror seaice andperformthe weathercorrection
separatelyfor bothcasessinceemissivities areknown for thepuresurfacetypes
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Figure 5.9: Schemeof the SEALION algorithm. The quantities
« �EACw�@ �
	 � and= �[ACw�@ ��	 �> (

� Q iterationstep)denotemodeledvaluesof
« F � rkK and =?>?F � rkK . They are

obtainedat theseaice concentration <U�
	 � and for givenatmosphericconditions
(Chapter3).

« F � rkK is the NBTPDvaluemeasuredby the SSM/I.Thequantities« BEMWVS@ �
	 � and = BEMWVS@ �
	 �> are theNBTPDandbrightnesstemperaturevaluesmeasured
by theSSM/Iandcorrectedfor theweatherinfluencein the

�
th-order.
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only. For theopenwaterfraction, the lookup-tablein theappendixprovidesthe
requiredemissivities �!>?FSÎzK . For the seaice fraction, that pair of emissivities is
usedwhichhasalreadybeenderivedfor themonthconsideredwith Equation5.8.
Knowing theseemissivities, =?>¬F � rkK canbecorrectedfor theinfluenceof Í and �
usingEquation5.7andthecoefficientsgivenin Section5.3.2.Overtheopenwater
fraction,this is followedby thecorrectionfor theinfluenceof Î with Equation5.9
andthe coefficientsgiven in Section5.3.1. Sincethe wind-inducedseasurface
rougheningdependson the wind fetch, which is considerablysmaller in open
waterareassurroundedby seaice thanin theopenocean,Î is reducedto Jî Î in
theareacoveredbyseaicepre-definedwith thePEalgorithmseaiceconcentration
dataset[Heygsteret al., 1996].

Now, onehastwo85GHzbrightnesstemperaturepairsfor asurfaceconsisting
of openwateror seaice only, correctedfor the actualweatherinfluence. These
pairs,theatmosphericparameters,theemissivitiesandthemeasured,uncorrected
85GHz SSM/I brightnesstemperaturesremainfixedoncethey arecalculatedfor
eachpixel. In orderto obtaintheweather-correctedbrightnesstemperatureover
a mixed pixel, i. e. with Ë�p �ö<m�il�Ë�Ë�p given by <���	L� d � , thesebrightness
temperaturesareinsertedinto Equation5.3. Here,theproducts�!>�@ N*F � r¬KS=���@ N and�!>�@ AIF � r¬KI=cA correspondto theweather-corrected=W>?F � r¬K valuesoveropenwaterand
seaice, respectively. This resultsin

�
th-orderweather-corrected85GHz bright-

nesstemperaturesat polarization P : = BEMWVS@ �
	 �> . Insertingthem into Equation4.2
yields the

�
th-orderweather-corrected85GHz NBTPD value:

« BEMWVS@ �
	 � which is
usedto calculateanew valueof < : < �
	 � . At thispoint, i. e. afteronecompletecy-
cle,onehastwo differentseaiceconcentrations:thefirst guess<�� é�� and <�� d � , one
pairof (using <U� é�� ) modeled85GHzbrightnesstemperaturesandthecorrespond-
ing NBTPD value: = �[AZw�@ � é��\ , = �EACw�@ � é��| ,

« �EACw�@ � é�� , andonepair of weather-corrected
85GHzSSM/IbrightnesstemperaturesandthecorrespondingNBTPDvalueused
to calculate<�� d � : = BEMWVS@ � d �\ , = BEMWVS@ � d �| and

« BEMWVS@ � d � . Therearenovaluesfor = B[MXVS@ � é��> and« B[MXVS@ � é�� .
The next stepis to checkwhetherthe new seaice concentration< �
	 � agrees

with theSSM/I measurements.Therefore,= �[ACw�@ �
	 �> and
« �[AZw�@ �
	 � arere-calculated

for the sameatmosphericconditions,consideringthe new seaice distribution
givenby <���	 � . It canhappenthat thenew <U�
	 � valueleadsto a larger y « value
(seeEquation5.10)thantheold one, <U�
	L� d � . In this case,dependingon thesigns
of thelasttwo valuesof y « , < �
	L� d � is setto Ë Y rWFI< ��	L� J � `�< �
	L� d � K (differentsigns)
or Ë Y rÈFI<���	T�?î � `�<���	T� J � K (equalsigns)and = �[ACw�@ ��	 �> is re-calculated.The iteration
is thusforcedto alternatearoundtheminimum y « value.Thenew modeledpo-
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larization
« �EACw�@ �
	 � is comparedto

« F � r¬K (Equation5.10)andsoon. This iteration
convergesin about nkr�p of all pixelswithin thefirst 30 steps,a thresholdwhich
is usedto stoptheiterationin any case.Pixelsbelongingto theremainingr�p are
contaminatedby valuesof � and/or Í and/or Î incompatibleto the brightness
temperaturesobserved. This canhappen,for instance,dueto thecoarserspatial
resolutionof theatmosphericdataused.Theretrievalsof � andthe ñ -factorare
certainlyinfluencedby thebeamfillingerror [Bennartz,1999], i. e. by subpixel-
scalecloudswithin thesensor’s FOV. In particular, pixelswhich arenot excluded
from theretrieval of < with thecloudmaskandexhibit large � valuescontribute
to theseremaining r�p . The iterationmay stopat

� Q�h�Ë without y « falling
below 0.001. In this caseit is checked whether y « haschangedwithin the last
few iterations.If not andif y « is additionallybelow 0.01the lastvalueof < is
accepted.Otherwise,thepixel is flaggedascloudaccordingto thecloudmask.

Oncedaily mapsof < areobtained,linear temporalinterpolationis usedto
replacepixelsflaggedasclouds.Only pixelsflaggedascloudsover a maximum
of threeconsecutive daysarereplaced,assumingthat heavy weatherconditions
last shorterthanthreedaysandassumingthat < valuesremainalmostconstant
within threedays.Especiallythesecondassumptionis oftenviolatedin theMIZ
and in regions of pronouncedseaice melt during Austral summer. Using the
daily gridded85GHz SSM/I brightnesstemperaturesthedynamicchangesin <
associatedwith rapidly overpassingfronts in the MIZ are smoothedout a bit,
causinga smaller influenceon the seaice concentrationretrieval. The above-
mentionedmaximumlengthof threeconsecutive daysto replacecloud-flagged
pixelsensuresthat theimpactof majorair massandthussurfaceair temperature
changeson the seaice cover areconsidered.The typical time-scaleof suchair
masschangesis about4 to 7 days[King andTurner,1997]. In Section5.5aswell
asin Section7 thelaststepof theSL algorithmis discussed:Thereplacementof
SEA LION ice concentrationsby PELICON ice concentrations(i. e. Ë�p ) in all
pixelssupposedto beopenwaterin a distanceto thePELICONice edgegreater
than25km.

5.5 Err or Analysis

Numerousdatafrom differentdatasourcesareusedin theSL algorithm,eachwith
a specificerror contribution to the < valuesobtained. In order to estimatethis
contribution theconceptof statisticalerrorpropagationis appliedto Equation5.4
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yielding¯ JY Q �8Z <Z =c\�@ A � J ¯ Jß ¶ á â ` �[Z <Z =�|�@ A � J ¯ JßT\ á â ` ��Z <Z =]\�@ N � J ¯ Jß ¶ á ]` �^Z <Z =�|�@ N � J ¯ JßT\ á ] ` ��Z <Z =c\ � J ¯ Jß ¶ ` ��Z <Z =�| � J ¯ JßT\U � Z <Z =]\�@ A Z <Z =�|�@ A ¯ Jß ¶ á â @ ß_\ á â U%� Z <Z =]\�@ N Z <Z =�|�@ N ¯ JßG¶ á ] @ ßT\ á ] U%� Z <Z =c\ Z <Z =�| ¯ JßL¶ @ ßT\U 12 termswith mixedcovariances. (5.11)

with (P Q_£ or   for verticalor horizontalpolarization):¯ Jß à Q ¯ Jä ² êA è dµë�ë�ë » ^kA ì�Î A � d ¼ J ` ¯ Jò ² êAº@ ÷ è/é ë�ë�ë » ^�÷µA�F!�!>?FSÎ}K1K�ìSÍ A � d � ÷ ¼ J` ¯ Jó ²têAº@ ÷ è/é ë�ë�ë » ^�÷�A�FI�[>?FSÎsK�KEø?Í A � ÷ � d ¼ J ` ¯ Jß_`a`cbed e (5.12)

In Equation5.11,
¯ Y is the standarddeviation of < causedby the errorsof the

inputdata:thetie pointsgivenin Section5.2,theatmosphericparametersderived
in Section3.2 andtheSSM/I data(Section3.1.2). Theseerrorsarethestandard
deviationsof theseaice tie points:

¯Èß ¶ á â
,
¯Èß \ á â

(seeFigure5.6),of theopenwater
tie points:

¯ÈßL¶ á ]
,
¯Èß \ á ]

and of the weather-corrected85GHz SSM/I brightness
temperatures:

¯ÈßL¶
,
¯Èß \

. The former two errorpairsaswell asthecorresponding
covariances̄ Jß ¶ á â @ ßT\ á â , ¯ Jß ¶ á ] @ ßT\ á ] resultfrom thetie point retrieval andremainfixed
for eachdayof onemonth.Thelattererrorpairandthecorrespondingcovariance¯ Jß ¶ @ ßT\ hasto be calculatedduring the ice concentrationretrieval becausethese
quantitiesvary daily – mainly dependingon the atmosphericparameters( Í , Î
and � ) usedfor theweathercorrection.

Equations5.7and5.9arethebasisfor Equation5.12whichallowsto estimate¯Èß à
(P�Qv  or £ ) with the knowledgeof the sensornoise

¯Èß_`c`abed QÁl Y l K (see
Table3.2)andthestandarddeviationsof Í , Î , and � :

¯ ò ,
¯ ä and

¯ ó . In order
to considerthedifferentbasicspatialresolutionsof the85GHz SSM/I channels,
thus l�rõí$l�h kmJ , andof the otherSSM/I channelsusedto derive Í , Î and �
(Section3.2), thus ��nÞí�okr kmJ , thesestandarddeviations are set to twice the
retrieval accuracy of Í , � and Î given in Section3.2:

¯ ò³Q o kgm � J , ¯ ó%Q
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¯ ä&Q o ms� d . The resultingvaluesof

¯Èß à
, onefor openwater

andonefor seaiceat polarization  or £ , arecombinedaccordingto theactual <
valuesasis describedin Section5.4.Thecovariancē Jß ¶ @ ßT\ is calculatedthesame
way. All termswith mixedcovariancesbetweenthe seaice tie points,the open
water tie pointsandthe weather-correctedbrightnesstemperatures,for instance¯ Jß ¶ á â @ ßT\ á ] areneglected,becausethecrosstalkbetweentheseparametersis small.¯ Y Q9f g JF g `8hsK » FSã�dª`�ã�JO`�ã î KXi ½¿ (5.13)

with ã�d³Q = J| ¯ Jß ¶ á â `(= J\ ¯ Jß_\ á â U%��=]\�=�| ¯Èß ¶ á â @ ßT\ á âã�JmQ g Jh Jkj = J| ¯ JßG¶ á ] `b= J\ ¯ Jß \ á ] U%��=c\�=c| ¯ JßL¶ á ] @ ß \ á ]mlã î Q ¯ JßG¶ � = J|�@ A `$��=c|�@ A =c|�@ N gh `b= J|�@ N g Jh J �` ¯ Jß \ � = J\�@ A `���=]\�@ A·=c\�@ N gh `b= J\�@ N g Jh J �U � ¯ JßL¶ @ ßT\ � =]\�@ Aº=�|�@ A?` g F[=c|�@ Aº=]\�@ N�`b=]\�@ A·=�|�@ N�Kh `b=c|�@ NÉ=c\�@ N g Jh J �g Q =c\�@ A·=c|4UV=c|�@ Aº=]\h Q =c\T=�|�@ N�UX=�|�=]\�@ N
Equation5.13is obtainedcalculatingthederivativesof Equation5.11andis used
to determinē Y for eachday in 1999. Over the monthly averagedopenwater
fraction,theaveragē Y value(not shown) remainsalmostconstantat a valueofl�n Y � p � Ë Y � p . Relative contributionsto this averageopenwater

¯ Y valueare:Ë Y ��p from ã�d , Ë Y hqp from ã�J and n�n Y r�p from ã î (seeEquation5.13). This is
reasonablesincea) thevariability of theseaice tie pointscanbeexpectedto be
negligible over openwater, b) the openwatertie pointsexhibit a very low vari-
ability (compareTable5.2) andc) only theday-to-dayvariability of the85GHz
brightnesstemperaturesandof the atmosphericparametersis large. This large
averageerror, however, togetherwith thelargeoverestimationof < evenfor small� valuesevident in Figure5.8c) is the main reasonfor the last stepof the SL
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a) b)

c) d)

e) f)

Figure5.10: Comparisonbetweenthe monthlyaveraged seaice concentration< andthecorrespondingstandard deviation
¯ Y obtainedwith Equation5.13for

selectedmonthsof 1999.Valuesof < below l�r�p are omitted.In order to reduce
thedatavolume, all platesshowonly1000datapairs.

algorithm. Spuriousseaice concentrationsin thepre-definedopenwaterregion
arereplacedby PELICON ice concentrations[Heygsteret al., 1996] in all open
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waterpixelsat adistancegreaterthan25km to thePELICONiceedge.This will
bediscussedin Section7.

Table5.8: Monthlyaveragedstandard deviation
¯ Y [ p ] estimatedfromtheerrors

of the input data with Equation5.13 for each monthof 1999over the averaged
monthlyseaicecover.

Jan. Feb. Mar. Apr. May Jun.×�Ø�Ð�ÕqÒ¢Ó�Ð�Û ×�Ø�Ð�Ù{ÒÞÓ�Ð�Ó Ñ�Ð�ÔxÒÀÖ�ÐÚØ Ï	ÐÚØxÒ¢Ó�Ð�Ñ Û�Ð�ÕqÒÀÓ�Ð�Õ Û�Ð�ÛxÒÀÓ�Ð�Ñ
Jul. Aug. Sep. Oct. Nov. Dec.ÙkÐ�Ô�ÒÀÖ�ÐÚØ Û�Ð�ÖxÒÀÓ�Ð�Ù ÙkÐ�ÕxÒÀÓ�Ð�Ù ÙkÐ�ÔqÒ¢Ó�Ð�Ö Û�Ð�ÕqÒÀÓ�Ð�Ù Ô�Ð�ÑxÒÀÓ�Ð�Ö

Figure5.11: Relativedistribution of theseaice concentration classeswithin the
monthlyaveragedseaice extentof 1999: l�r�pôÌ­< Ì®r�Ë�p (dark grey), r	Ëqp��<¤Ì&n�Ë�p (mediumgrey) and < 
 n�Ë�p (light grey).

Table5.8shows
¯ Y obtainedwith Equation5.13for eachmonthof 1999.Over

the seaice fraction, the averageerror is anti-correlatedwith the seaice extent
( ¹ÄQæU4Ë Y ��� ). Thiscanbeexplainedwith thedependencebetween̄ Y and < asis
illustratedby Figure5.10.Smallseaiceconcentrationsaremorelikely associated
with largeerrorsthanhighseaiceconcentrationsin absoluteaswell asin relative
terms. On the onehand,this is causedby the larger absolutevariability of =c\
and =�| , forcing ã î (seeEquation5.13)to belargeroveropenwaterthanoversea
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ice. On theotherhand,thenumberof pixelsexhibiting high < valuesincreases
significantlytowardsAustralwinter asis shown in Figure5.11.Consequently, in
Australwinter a largernumberof smallabsoluteerrorscontributeto themonthly
averagedvalueof

¯ Y forcing it to be small. This is evident in Figure5.10 indi-
catingthat

¯ Y remainsof the orderof r�p at high seaice concentrationsduring
Australwinter (seeimagesb) to e)). However, at low seaice concentrations,the
monthly averaged̄ Y valueeasilyapproaches��Ë�p correspondingto a relative
error of l�Ë�Ëqp or more. This is in line with the findingsmadein Section5.3.
The choosen̄ ó valueof 0.06kgm � J cancausespuriousseaice concentrations
of ��Ë�p or more(compareFigure5.8c)). Therefore,atmosphericparametersused
to correctSSM/I 85GHz datafor the weatherinfluencemust be selectedvery
carefully.

Table5.9 revealsthat in thelow ice concentrationclass( l�r�ptÌR<ôÌÂr�Ë�p ),
theaveragē Y valuesagreewith eachotherwithin onestandarddeviation( � Y oqp )
throughouttheyear. Therefore,at low seaice concentrations̄ Y is independent
of theseason.This is differentfor thehigh ice concentrationclass( < 
 n�Ë�p ),
whereFigure5.10aswell asTable5.9 indicatea significant(standarddeviation
is here Ë Y oqp ) decreaseof the averagē Y valuesat freeze-up(March/April) and
an increaseat melt-onset(November/December).Thesechangescoincidewith
the marked increase/decreaseof =]\�@ A and =c|�@ A shown in Figure5.6. The term ã î
(compareEquation5.13)hasa relative contribution to themonthlyaveraged̄ Y
valueof about n�Ë�p . A significantchangein the seaice tie points might have
a large contribution to ã î . However, the impact of the changein =]\�@ A and =�|�@ A
Table5.9: Monthly averaged

¯ Y valuesbinnedinto threeseaice concentration
classesdefinedin Figure5.11andaveragedovereach of theseclasses.Thevalues
aregivenin p .

Jan. Feb. Mar. Apr. May Jun.l�r�p�Ì&<¤Ì_r�Ë�p l�h Y hqp l�� Y ��p l�h Y oqp l�l Y r�p l�l Y n�p l�� Y ��pr�Ë�p � <æÌ&n�Ë�p n Y r�p n Y oqp � Y j�p r Y ��p � Y Ëqp r Y n�pn�Ë�p���< � Y l*p � Y ��p j Y ��p o Y Ë�p o Y �qp o Y l*p
Jul. Aug. Sep. Oct. Nov. Dec.l�r�p�Ì&<¤Ì_r�Ë�p l�� Y ��p l�� Y j�p l�l Y oqp l�h Y Ë�p l�Ë Y r�p l�l Y j�pr�Ë�p � <æÌ&n�Ë�p r Y j�p r Y � p o Y Ë�p r Y h�p r Y lOp j Y oqpn�Ë�p���< h Y ��p o Y oqp h Y n�p o Y h�p o Y ��p � Y oqp



5.5. ERROR ANALYSIS 107

betweenMarchandApril (NovemberandDecember)on ã î is foundto benegli-
gible. Therefore,thechangein themonthlyaveragesof

¯ Y is mostlikely caused
by an increase(decrease)of both pairs =c\ , =�| and

¯Èß ¶
,
¯Èß_\

betweenMarch and
April (NovemberandDecember).This seemsto be reasonablefor two reasons.
Firstly, thesnow canbeexpectedto undergo diurnalmelt-freezecyclesandthus
to becomecoarse-grainedassoonasthe diurnal variationof solarradiationand
air temperaturehasbecomelargeenoughto forcethis cycle. Thiswould increase
thecontribution of volumescatteringresultingin a decreaseof thesurfaceemis-
sivity andtherefore=]\ and =c| . Oncealmosttheentireseaicecover is affectedby
this cycle,

¯ÈßL¶
and

¯Èß \
would decreaseaswell. Secondly, duringAustralwinter,

four seaice typescontributeto theseaicecover: FY ice,old ice,pancake iceand
youngice, while during Austral summerpancake ice andyoungice have disap-
pearedalmostcompletely. Consequently,

¯Èß ¶
and

¯ÈßT\
would decreasebecauseof

thefewerdifferentseaice types.In fall (March/April), pancake iceandyoungice
re-appear. Moreover, snow propertiesbecomehighly variableagain,depending
on the progressof cooling andthe spatialdistribution of freshsnow. Both pro-
cessesleadto anincreasingvariability of surfaceemissivitiesand,therefore,to an
increaseof

¯Èß ¶
and

¯Èß ¶
.
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Chapter 6

Applications

This chapteris organizedin two parts. The first and major part discussesthe
resultsobtainedwith the SEA LION (SL) algorithmfor the seaice cover of the
SouthernOceanin comparisonwith VIS/IR data,ship observationsandseaice
productsderivedwith othermethodsfrom microwaveradiances.Thesecondpart
givesonecasestudyfor theapplicationof theSL algorithmin theArctic.

6.1 Antar ctic

This sectionfocussesfirst on a few examplesof thedaily seaice concentration<
obtainedwith theSL algorithm, <JnSó�o . Theiceconcentrationdevelopmentduring
melt-onsetis shown in comparisonwith resultsof the Bootstrap(BS) algorithm
(seeSection4.2)andthePELICON(PE)algorithm(seeSection4.1)in Figure6.1
for theAmundsen/RossSeaquadrant.Ice concentrationsobtainedwith thesetwo
algorithmsaredenotedby <"p�nWo and < ±_q o , respectively. Threedaysat melt-onset
in Austral spring1996areselected.The temporalspacingbetweenthe daysse-
lectedis twoweeksin orderto documenttheprogressof theseaicedecay. Evident
in all columnsfrom topto bottomis aretreatingseaiceedgeandwideningcoastal
polynyas. Onecanidentify, from top to bottom,an increasingnumberof small
regionswith lowerseaiceconcentrationsin thepackice.

However, in themiddlecolumnshowing <Jn q o severaldifferencescanbeiden-
tified in comparisonto theleft andright column:

• theseaice concentrationgradientacrosstheMIZ andin thevicinity of the
coastalpolynyasis steeper,

109
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PEA SLA BSA

Figure6.1: Daily seaice concentration for selecteddaysat melt-onsetin Aus-
tral spring1996; left column: < ±Tq o (PEA=PEalgorithm),middlecolumn: <JnSó�o
(SLA=SEalgorithm),right column: <"p�nWo (BSA=BSalgorithm). Valueslessthanl�r�p are set to zero in order to excluderemainingspuriousice causedby the
weatherinfluence. Each image showsthe quadrant betweenn�Ë � W and l � Ë � W
with theSouthPoleat theupperright corner.
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• thecoastalpolynyasarelarger,

• theseaiceconcentrationin thepackiceis muchmorevariablewith frequent
dropsbelow r	Ëqp suggestingsubpixel-scaleareasof low ice concentration
or openwater.

Table6.1: Average andcorrespondingstandard deviation
¯

andskewnessof the
seaice concentration distributionof theareashownin Figure6.1. r is thenum-
ber of pixelswith <¤Ê&h�Ë�p .

Average
¯

Skewness r< ±_q o : Nov. 16 77.6 14.5 Uðl Y ��h 31445
Nov. 30 72.9 17.7 U3Ë Y ��� 26391
Dec.14 73.0 17.7 U3Ë Y r�� 21058<Jn q o : Nov. 16 84.4 15.5 Uðl Y h�� 31792
Nov. 30 78.3 19.4 U3Ë Y � h 24987
Dec.14 67.7 16.3 U3Ë Y � � 20502<"p ß o : Nov. 16 89.4 16.2 Uðl Y nkr 33575
Nov. 30 82.8 18.3 Uðl Y ��Ë 28661
Dec.14 80.5 19.1 Uðl Y Ë�Ë 22843

Thesedifferencesbecomeevenmorestriking whenconsideringthatthe <JnSó�o
valuesshown in Figure6.1 areaveragedover four NSIDC l�� Y r�í$l�� Y r kmJ grid
cells in orderto matchthe coarserspatialresolutionof the NSIDC grid usedto
map <"p�nWo and < ±Tq o ( ��r í$��r kmJ ) and, therefore,to judgewhetherthe larger
numberof detailsis justcausedby thebetterspatialresolution.Strictly speaking,
this shall be donewith the antennapatternof the SSM/I for the corresponding
frequencies,i. e. 19 and37GHz. By doing this, only a few moredetailsevident
in themapsof <JnSó�o would get lost, particularlythoseof thesizeof onegrid cell.
The comparisonof the seaice areasderived from <JnSó�o , <"p�nWo and < ±_q o given
in Section6.1.3will allow a few conclusionsaboutany differencesin < within
the pack ice throughoutthe year. In order to get a first ideaon this, Table6.1
lists the average,standarddeviation andskewnessof < obtainedwith the three
algorithmsin theareadisplayedin Figure6.1.To overcometheweatherinfluence
evident in the right columnof Figure6.1 shown by low valuesof <"p�nWo (blue)
in regionsindicatedasopenwaterby theothertwo algorithms,only pixelswith<¤Ê&h�Ë�p areconsideredin this table.Table6.1illustratestheseaicedecayin the
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areaselectedby a decreasingnumberof pixelswith seaice concentrationsaboveh�Ë�p , a decreasingaverageseaice concentrationanda decreasingskewness.The
latter parameterdescribesthe distribution of < within the seaice coveredarea.
Therefore,in thisparticularcase,adecreasingskewnessindicatesthatthenumber
of pixels with low valuesof < increasesat the expenseof the numberof pixels
with high valuesof < . Following theresultsobtainedwith theSL algorithm,the
seaice retreatsquitefastin theareaandtheperiodconsideredcomparedto <"p�nWo
and < ±Tq o .

In order to specify the locationsof the largestdifferencesbetweenthe ice
concentrationmapsshown, themapsshown in themiddle columnof Figure6.1
( <JnSó�o aresubtractedfrom thecorrespondingmapsof <"p�nWo and < ±_q o . Mapsof the
resultingdifferencesaredisplayedin Figure6.2. Figure6.2d) to f) reveala band

Figure 6.2: Differencesof the sea ice concentrations shownin Figure 6.1 for
selecteddaysin spring1996,a) to c): < ±_q o U�<JnSó�o , d) to f): <"p�nWogU$<JnSó�o . The
geographicallocationis thesameasin Figure6.1.
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of positivedifferencesalongtheMIZ, approximately1 to 2pixelswide( ��r�Ë km),
whichcannotbeidentifiedin imagesa) to c) of Figure6.2.Positivedifferencesare
evident in all imagesin areasof coastalpolynyas. Thesedifferencesaresmaller
in imagesa) to c), i. e. < ±_q o seemsto give a betterestimateof thepolynya area
than <"p�nWo .

Thenegativedifferenceevidentin Figure6.2a) alongtheMIZ and,mostpro-
nounced,neartheletter“a)” is causedby aninsufficientcorrectionof theweather
influenceyielding anoverestimationof <JnSó�o . Mapsof the ñ -factorandtheinte-
gratedcloudliquid watercontent� of this particulardayandregion (not shown)
reveal largevaluesfor this latterparameteradjacentto theMIZ where � exceeds
120gm � J . Thecloudmaskthathasbeenobtainedwith the ñ -factormethodfor
this day (not shown) missesthis area. Consequently, the areais not excluded
from theretrieval of < andonly theaverage� valueof � r�Ë gm � J obtainedfor
November1996overtheopenwaterareaalongtheseaiceedge(seeTable5.1and
its discussion)is usedfor theweathercorrection.Therefore,assuminganaverage
seaice concentrationof r�Ë�p in this part of the MIZ andfollowing the increase
of < due to � shown in Figure5.8c) andd) an overestimationof <JnSó�o in the
rangeof l�Ë�p to ��Ë�p canbeexpected– a valuewhich agreeswith theobserved
seaice concentrationdifference.Positive differencesscatteredover thepackice
coveredareain all imagesof Figure6.2canbeassociatedwith subpixel-scalear-
easof low ice concentrationsor openwaterwhich aredetectedusingthe85GHz
SSM/IchannelsandtheSL algorithmbut whichcannotberesolvedwith methods
dependingon theotherSSM/I channels.

6.1.1 Comparisonwith OLS Imagery

This sectioncomparesmapsof <JnSó�o and < ±Tq o with imagescollectedwith the
OLS sensor. The focusof this comparisonis to highlight the larger numberof
detailsevidentin themapsof <JnSó�o comparedto < ±_q o . A comparisonwith VIS/IR
imageryrequiresdaylightandclear-sky conditions.Consequently, the following
four casesdiscussAustralsummerconditionsonly andfocusoncloud-freeareas.
For thecomparison,25 OLS pixels(seeTable3.1 for original spatialresolution)
areaveragedin orderto matchthespatialresolutionof theNSIDC l�� Y r,íÄl�� Y r kmJ
grid usedfor mapping< ±Tq o and <JnSó�o .

TheVIS imagesshow theshortwavealbedoasgreyscalevalues.Dark(bright)
areasdenotea low (high)albedo,thusopenwatercanbeidentifiedby blackareas
while the ice andcloudscanbe associatedwith grey andwhite areas. The IR
imagesareconvertedinto infraredtemperaturesusing
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=�s�t�QÆl�n�ËÇ` l���Ë��r�rvu (6.1)

where=�s�t is theinfraredtemperaturein K and u is theOLSmeasurementbinned
to values Ë Y�YGY ��r�r for temperaturesbetween190 and 310K [Schl̈uter, 2000].
Since �&s�t is very closeto unity for most naturalsurfaces,=ws
t can be regarded
asthesurfaceor cloud-toptemperatures.Openwaterareasexhibit a surfacetem-
peraturearoundUÄl Y � � C andappearwhite in theIR imagesshown. Superimposed
on theVIS imagesareisolinesof <JnSó�o and < ±_q o at l�r�p , ��Ë�p and n�Ëqp , color-
codedasindicatedin thelegend.TheIR imagesaresuperimposedby theisolines<JnSó�o�QÁl�r�p (solid red line) and < ±_q o­QÁl�r�p (dottedblack line). The l�r�p
isolinecanberegardedastheseaiceedgein caseof acompactseaicecover.

Figure6.3 from mid-November, 1996,shows a typical situationfor themelt-
onsetin theAmundsen/RossSeaarea.While mostof this region is still covered
by packice with <�ÊRn�Ë�p and =�s�t(�ÆU©� � C, severalpolynyascanbeidentified
along the coastby a low albedoandvaluesof =�s�t typical of openwater. This
seemsto bequiterealisticbecauseduringNovembertheincreasingsolarradiation
accompaniedby risingair temperaturesstopstheseaiceproductionin thecoastal
polynyas[Markus et al., 1998]. The decayof the Antarctic seaice cover starts
not only from theMIZ but from thecoastalpolynyasaswell. Thereasonfor this
is a positive feedbackmechanism.As long asair temperaturesare low enough
to generatenew ice in thesepolynyas,they remainmoreor lesscoveredby thin
seaice. Oncethe air temperatureexceeda critical value, the heat loss at the
openwatersurfaceis to small to form new ice. The openwaterfraction of the
polynya increasesandconsiderablylesssolar radiationis reflectedback. Both
air andwaterheatup slowly, thinningthesurroundingseaice until it disappears.
The total areaandthe openwater fraction of the polynya increase.Figure6.3,
topandmiddlerow, revealsquiteagoodagreementbetweenthecoastalpolynyas
andareasencircledby the l�r�p isolineof <JnSó�o , while just onepolynya exhibits
a small areaencircledby the l�r�p isoline of < ±_q o . However, the ��Ë�p isoline
of < ±Tq o agreeswell with the seaice edgeof all coastalpolynyasshown. In the
pack ice, alsosomepolynya-like featurescanbe identifiedby a few dark spots
evidentin theVIS imagesshown in theright columnof Figure6.3revealinga low
albedo.Themajority of thesefeaturesarewithin the ��Ë�p isolineof <JnSó�o andin
two casesevenwithin the l�r�p isoline of <JnSó�o . At leastsomeof thesefeatures
arecertainlyice-freebecausethey coincidewith areasof =�s�t%Ê U3� � C in theIR
image. However, thesepolynyasseemto be too small to be detectedby the PE
algorithmsince < ±_q o remainsabove ��Ë�p .
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Figure6.3: OLSimagessuperimposedwith SSM/Iseaice concentration isolines
for November16, 1996. Top and middle: VIS-imagesand isolinesof <JnSó�o and< ±_q o , respectively. Bottom: IR-temperature andseaice edge. Left column:area
of � � Ë�Ë í � � Ë�Ë kmJ between90

�
W and 180

�
W (SouthPole at the upper right

corner).Rightcolumn:zoomof theareamarkedin left column: l�okË�ËÇí�lGokË�Ë kmJ .
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Figure6.4: Sameasin Figure6.3for January23,1998.
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Figure 6.5: Sameas in Figure 6.3 for January2, 1996. Left column: area of� � Ë�Ë}íÞ� � Ë�Ë kmJ between0
�
W and90

�
W (SouthPoleat thelower right corner).

Rightcolumn:zoomof theareamarkedin left column: j�Ë�ËsíÀj�Ë�Ë kmJ .
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Figure6.6: Sameas in Figure 6.3 for January3, 1996. Each image in the left
column:areaof � � Ë�ËÄíõ� � Ë�Ë kmJ betweenË � E and n�Ë � E (SouthPoleat lower left
corner).Rightcolumn:zoomof theareamarkedin theleft column: j�Ë�Ëªí¨j�Ë�Ë kmJ .
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Figure6.4shows thesameregion laterin themeltingperiodof theyear1998.
Threelargecoastalpolynyascanbe identifiedin theOLS imagesof the left col-
umn.Almostall detailsof theseaiceedgeof two of thesepolynyasareevidentin
the l�r�p isolinesof <JnSó�o asis demonstratedby theVIS andIR imagesof theright
column. Thesameholdsfor thecloud-freepartof theouterseaice edgevisible
theright half of the imagesin theright columnof Figure6.4. The l�r�p isolines
of < ±_q o show fewer detailsin both thecoastalpolynyasaswell asthe outerice
edge.While bothalgorithmsallow to detecttheiceberg B10A evidentin thehalf
of theimagesof theleft columnof Figure6.4,only <JnSó�o is above n�Ë�p .

Figure6.5 displaysa flaw polynya i. e. a polynya adjacentto shelf ice, in the
WeddellSea.Theentirepolynya is cloud-free.Theseaice edgeof this polynya
taken from the VIS and IR imagesshown agreeswithin onepixel, i. e. within
10km with the l�r�p isoline of <JnSó�o while the agreementof the l�r�p isoline of< ±_q o with thisseaiceedgeis poor. The ��Ë�p isolineof < ±_q o agreesmuchbetter.
Theforth caseshown in Figure6.6 is anexampleof theouterseaice edgein the
easternWeddellSea. Most coastalpolynyasindicatedby the <JnSó�o isolinesare
obscuredby clouds. However, in the cloud-freepart, the l�r�p isoline of <JnSó�o
agreeswithin 10km with the seaice edgeidentifiedin the VIS andIR images,
thusmuchbetterthanthe l�r�p isolineof < ±_q o .

To summarizethesecasestudies: As can be expectedfrom exploiting the
muchhigher spatialresolutionof the 85GHz SSM/I channelscomparedto the
otherSSM/I channelsusedin thePEalgorithm,theseaice concentrationderived
with theSL algorithmrevealsmuchmoredetails.It is shown thatduringAustral
summerthe seaice edgeindicatedby VIS/IR imagerycoincideswithin 10km
with the l�r�p isolineof <JnSó�o . This is a substantialimprovementcomparedto the
resultsprovidedby thePEalgorithm.

6.1.2 Comparisonwith Ship Observations

This sectionfocusseson thecomparisonbetweenselectedin situ observationsof
theseaicecoveraboardtheU.S.ResearchVesselNathanielB.Palmer, denotedby<JnWxys ± in the following discussion,andtheseaice concentrationcalculatedfrom
SSM/I data.Thelatterdataset,denotedin summaryby <Jnzn�§{s , consistsof <"p�nWo ,< ±_q o and <JnSó�o . Detailsof theselectionaredescribedin Section3.4.

Figure6.7 shows the results: the relative occurenceof <JnWxys ± in comparison
with thatof <"p�nWo ( < ±_q o , <JnSó�o ) in stepsof l�Ë�p , theaveragedifferencebetween<"p�nWo ( < ±_q o , <JnSó�o ) and <JnWx|s ± andtheequationof the linear regressionbetween<JnWxys ± and <"p�nWo ( < ±_q o , <JnSó�o ). In termsof therelativeoccurence,<JnSó�o and <"p�nWo
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Figure 6.7: Relativeoccurencesof the total sea ice concentrations observed
aboard the U.S.Research vesselNATHANIEL B. PALMER ( <JnWxys ± ) during 1994-
1998in comparisonwith thoseobtainedfromSSM/Idata( <Jnzn�§{s ). Imagesa), b)
andc) showthecomparisonwith <JnSó�o , <"p�nWo and < ±_q o , respectively. All values
are binnedinto l�Ë�p intervalls. Average differencesbetween<JnWx|s ± and <Jnzn�§{s
(e.g. �æ<Jn q o U <JnWx|s ± 
 �

its standard deviation) and linear regressionequa-
tionsaregivenin additionin theupperleft cornersof each image.

agreequite well with <JnWxys ± (imagesa) andb)), whereas< ±Tq o revealsdiscrep-
anciesparticularlyat high ice concentrations.Thecorrespondingaveragediffer-
encesarealsosimilar for <JnSó�o and <"p�nWo ( U©j�p and U3r�p , respectively), while
thatbetween< ±_q o and <JnWxys ± is considerablylarger. Themostconvincing linear
regressionbetween<Jnzn�§{s and <JnWx|s ± , givenby thecorrespondingequationin each
image,is obtainedwith <JnSó�o (seeFigure6.7a)). However, theobtainedslopeof�¡Ë Y j is considerablysmallerthan1. Using <"p�nWo yields the smallestslopeand
thelargestbiasand,therefore,theworstfit. In conclusion,theresultsfor all three
algorithmsare quite similar and certainly not sufficient to judge the quality of



6.1. ANTARCTIC 121<JnSó�o in comparisonto <"p�nWo and < ±_q o . This is alsoindicatedby quite low linear
regressioncoefficients, rangingbetween0.534for the comparisonof <JnSó�o and<JnWxys ± and0.562for thecomparisonof <"p�nWo with <JnWxys ± .

As alreadymentionedin Section3.4,shipobservationsof theseaicecoverare
quite difficult to comparewith seaice concentrationsobtainedfrom spaceborne
remotesensingdata,particularlydueto thelargedifferenceof theareawhichcan
beobservedby bothmethods.However, acomparisonbetweenshipobservations
and < obtainedfrom SMMR datawith theBS algorithmmadeby Grenfellet al.
[1994] revealsmuchbetterresults.They obtainedacorrelationcoeffient of 0.849
anda linear regressionwith a slopeof 0.97anda biasof � Y ��p which is almost
a perfectagreement.Thedifferencebetweenbothcomparisonscanbeexplained
with thedifferentshipobservationdatasets.Grenfelletal. [1994]havebeenable
to usehourlyshipobservations.Thisallowsto calculateaweightedaverageof the
seaice concentrationalongtheship’s track. Moreover, uncertainitiesin theship
observationscanbeestimatedfrom thespreadof iceconcentrationsaveragedover
theparticularSMMR pixel. This is a significantadvantagecomparedto thedata
setusedin thisthesis,whereoftenonly oneshipobservationfalls into onegrid cell
of ��r}í¢��r kmJ . This doesnot allow to estimatetheweightedaverageandspread
of C.Theagreementbetween<JnSó�o and <JnWxys ± mightbeimprovedcomparing<JnSó�o
and <JnWxys ± mappedinto the l�� Y r�í}l�� Y r kmJ grid. However, in doingso,ontheone
handthe probability that morethanoneship observation falls into onegrid cell
is significantlyreduced.On theotherhand,a point observationof the ice cover
canbeexpectedto agreemoreoftenwith theaverageseaiceconditionsof asmall
thanof a largearea,sincehomogeneousseaice conditionsaremoreprobableon
smallerspatialscales.Thismight bea pointdeservingfurtherstudies.

6.1.3 SeaIce Ar ea

In thisandthefollowing sectionseaiceareasandextentscalculatedfrom <JnSó�o are
shown in comparisonto thosecalculatedfrom <"p�nWo and < ±_q o . Seaice concen-
trationsbelow l�r�p maybecausedby theweatherinfluence(compareFigure6.1,
right column)andaresetto zero. In the next step,the seaice areais calculated
by performingthesumof all pixelswith <�Êöl�r�p , weightedby < . Figure6.8
(top) illustratesthe annualcycle andthe interannualvariability of the Antarctic
seaice areafor theperiod1992-1999.All threealgorithmsyield a similar mini-
mumseaiceareain Februaryof about � Y r í¾l�Ë�ü kmJ . Themaximumseaicearea
occursin late Austral winter andis found to amount �³l�rgí�l�Ë�ü kmJ basedon< ±_q o in agreementwith thefindingsof Thomas[1998]. However, <JnSó�o and <"p�nWo
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Figure6.8:Time-seriesof thedaily Antarcticseaicearea(top)andareadifference
(bottom)derivedfrom <"p�nWo , < ±_q o and <JnSó�o for 1992-1999.

both result in a larger averagemaximumseaice areaof �³l�� Y rgí�l�Ë�ü kmJ and�vl�j Y r í l�Ë�ü kmJ , respectively. Figure6.8 (bottom)revealsmoredetailsabout
thedifferencesbetweentheseaiceareasobtained.

On average,theSEA LION (SL) seaice areaexceedstheoneobtainedfrom< ±_q o (PE seaice area)during almostthe entireyear– except in Decemberand
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January. ThedifferencebetweenthePEandtheSL seaice areasincreasesfrom
late Austral summerto Austral winter, remainsratherconstantthroughoutthis
seasonanddecreasesrapidlyduringspringbecomingeventuallynegative. In con-
trast,theSL seaiceareafallsbelow theoneobtainedfrom <"p�nWo (BSseaicearea)
for almosttheentireperiod.Startingin mid-winterthedifferencebetweentheSL
andtheBS seaice areasincreasesrapidly to a maximumin Decemberbeforede-
creasingto its minimumduringearlyfreeze-upwheredifferencesmayfall belowË Y rðíÀl�Ë ü kmJ andsometimestheSL seaiceareamayexceedtheBSseaicearea.

Figure6.9showsthedaily SL seaiceareaaveragedovertheperiod1992-1999
(grey) in comparisonto correspondinglyaveragedPE(blue)andBS (red)seaice
areas.Frommid-Marchto mid-November, PEseaice areasshown in Figure6.9
aresmallerthanthemeandaily seaice areasobtainedfrom <"p�nWo and <JnSó�o . This
indicateseithera smalleraveragenumberof pixelscoveredby seaice or a lower
averageseaiceconcentrationwithin eachpixel. Thisis discussedin Section6.1.4.
TheaverageBS andSL seaice areasagreewithin their standarddeviationsdur-

Figure6.9: Daily Antarctic seaice areaderivedfromseaice concentrationsob-
tainedwith the threementionedalgorithmsand averagedover theperiod 1992-
1999. Thick lines denotethe average seaice area, thin lines denotethe range
givenby

�
onestandard deviation.
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ing almostthe entirefreeze-upperiod. However, startingin mid-September, the
averageSL seaice areabegins to decrease,at first moderatelyandafterOctober
morerapidly until theminimumseaice areais reached.During themoderatede-
crease,theaverageBS andPEseaice areasremainconstantor decreaseslightly
by asimilaramount.Thisdifferencebetweentheresultsobtainedwith thePEand
BSalgorithmsandwith theSL algorithmmustbecausedby adifferentchangein
the averageseaice concentrationbecausethe averagedaily seaice extent alters
by a similar amountfor all threealgorithmsasis demonstratedin Figure6.11. In
searchingfor anexplanationof this differentseaice concentrationchangein late
winter/earlysummerat leasttwo reasonsseemto bepossible:

• Theseaice tie pointsusedto calculate<JnSó�o aretoo small. In this case,the
difference

« A-U « (seeEquation5.4) would be too large and <JnSó�o would
be underestimated.This seemsto be unrealisticsincethe averageseaice
tie pointsfor September/Octoberarequitelargeandagreewith in situmea-
surements(seeFigures5.1and5.6).

• The seaice tie pointsusedby the PE andBS algorithmsare inadaequate
during theseSeptember/Octoberandcauseanoverestimationof < ±_q o and<"p�nWo . Thesealgorithmsuse seasonal(BS) or yearly seaice tie points
(PE). During September/Octoberone can expect the highestsnow load
on Antarctic seaice. A high snow load may lead to wide-spreadflood-
ing and the formation of slushat the snow-ice interfacewhich causesa
polarization-dependentdecreaseof the 19 and 37GHz SSM/I brightness
temperatures([Garrity, 1992]andGarrity(2000),personalcommunication).
Consequently, for a l�Ë�Ë�p seaicecoverwith slushat thesnow-iceinterface
the SSM/I brightnesstemperaturesaresmallerandthe correspondingpo-
larization differenceis larger than revealedby the seaice tie points (see
Tables4.1 and 4.2 on page73). This effect, however, causesan under-
estimationof the seaice concentrationand, therefore,doesnot explain
the above-mentioneddiscrepancy in the seaice concentrationchangein
September/October. An increasedsnow liquid water fraction would have
theoppositeeffect,causingabrightnesstemperatureincrease,adepolariza-
tion, thuslarger brightnesstemperaturesanda smallerpolarizationdiffer-
encethanrevealedby the seaice tie pointsand,finally, an overestimation
of theseaiceconcentration.Thismightexplainthediscrepancy mentioned.
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6.1.4 SeaIce Extent

Theseaice extentis thesumof theareaof all ice-coveredpixels.Again only sea
ice concentrationsabove l�r�p are considered(seebeginning of Section6.1.3).
Figure 6.10 illustrates the interannualvariability and the annualcycle of the

Figure 6.10: Time-seriesof the daily Antarctic seaice extent (top) and extent
difference(bottom)derivedfrom <"p�nWo , < ±_q o and <JnSó�o for theperiod1992-1999.
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Figure6.11: Daily Antarctic seaice extentderivedfrom seaice concentrations
obtainedwith thethreementionedalgorithmsandaveragedovertheperiod1992-
1999. Thick lines denotethe average seaice extent,thin lines denotethe range
givenby

�
onestandard deviation.

Antarctic seaice extent varying, on average,betweenh Y r�í�l�Ë	ü kmJ in Austral
summerand l�n Y r í­l�Ë	ü kmJ in Austral winter for the period1992-1999. This
agreeswith thefindingsof Comisoet al. [1997] andThomas[1998]. SEA LION
(SL) seaiceextentsseemto besmallerthanthoseobtainedfrom <"p�nWo (BSseaice
extent)and < ±_q o (PEseaice extent)all yearround.This is shown in moredetail
in Figure6.10(bottom)displayingthedifferencesbetweentheSL seaice extent
andthePEandBS seaice extents.Clearly, SL seaice extentsaresystematically
smallerthanthePEandBSseaiceextents.In comparisonto thedifferenceof the
SL andPEseaice extents,thedifferencebetweentheSL andBS seaice extents
are,onaverage,twice aslarge.Thefew outliersevidentin bothtime-seriesof the
extentdifferencearecausedby datagaps.

Figure6.11showsdaily SL seaiceextentsaveragedovertheperiod1992-1999
(grey) in comparisonto correspondinglyaveragedPE(blue)andBS (red)seaice
extents.Almost throughouttheentireyear, averageBS seaice extentsarelarger
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thanaveragePEandSL seaice extents. TheaverageSL andPE seaice extents
agreewithin their standarddeviation betweenMarch andSeptemberanddiffer
only slightly more in October/November. This indicatesthat the considerably
smalleraveragePEseaiceareashown in Figure6.9 is causedby a loweraverage
seaice concentration.For regionsexhibiting high ice concentrations(pack ice)
Comisoetal. [1997]havealreadystatedthat <"p�nWo agreesmuchbetterwith seaice
concentrationsderivedfrom AVHRR IR imagerythan < providedby theNASA
Team(NT) algorithm( <"} ß o ). The differencebetween<"p�nWo and <"} ß o is found
to be � l�Ë�p (seealso Table 6.2). Using < ±_q o insteadof <"} ß o would make
no differencesincethe extendedweathercorrectionusedin the PE algorithmis
confinedto regionswith seaice concentrationsbelow r�Ë�p [Thomas,1998].

Whatshouldbeevident in Figures6.9and6.11is theearlierdetectionof the
melt-onsetduethebetterspatialresolutionof the85GHz SSM/I channelsashas
alreadybeenshown in Figures6.1and6.2. In fact,theaverageSL seaice extent
startsto fall below theaveragePEseaice extent in lateOctober/earlyNovember
and,until March,remainsbelow theaverageBS andPEseaiceextents.

6.1.5 SeaIce Anomalieswithin 1992-1999

In orderto gain informationaboutthespatialandtemporalvariability of thesea
icecover, monthlyandyearlyaveragesaswell ascorrespondinganomalies(yearly
anomaly Q yearly meansaveragedover the entireperiod U singleyearly mean;
monthlyanomalyQ monthlymeansaveragedoverentireperiod U singlemonthly
mean)andtheirstandarddeviationsarederivedfromthetime-seriesof <JnSó�o , <"p�nWo
and < ±_q o . Seaice concentrationsbelow 15 p areomitted(seebeginningof Sec-
tion 6.1.3).Averagesof <JnSó�o , < ±Tq o and <"p�nWo areverysimilarfor theentireperiod
andareshown in theimagesof theleft columnof Figure6.12.

However, thedifferenceimagesgivenin theright columnof Figure6.12vary
considerably. Imageb) shows that,on average,<JnSó�o exceeds< ±_q o , particularly
alongthecoastandin thesouthernRossSea.Smallestdifferencescanbeidenti-
fied in theWeddellSea.In contrast,imaged) revealsthat,on average,<JnSó�o falls
below <"p�nWo exceptalongthe coastand in the southernRossSea. The positive
differencesevident in imagesb) andd) alongthecoastaremostlikely dueto the
smallercontaminationof < by landwithin theFOV whenusingthe85GHzSSM/I
channels[Bennartz,1999]. Thepositivedifferenceslocatedin thesouthernRoss
Seacanbe explainedby two facts: the smallersensitivity of the 85GHz SSM/I
channelsto thin iceandthebetterspatialresolution.Thesmallersensitivity causes
highericeconcentrationsin thin iceareaswhenusingtheSL algorithminsteadof
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Figure6.12:Seaice concentration averagedover theperiod1992-1999(left col-
umn)anddifferencesbetweentheseaverages(right column).Valuesbelow l�r�p
are setto zero in theleft imagesandare not consideredwhenderivingthediffer-
ences.
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usingtheBSor thePEalgorithms.This,togetherwith thebetterspatialresolution
allowsamorerealisticestimationof theopenwaterfractionof polynyaswhich is
particularlyimportantduringmelt-onset.Thedifferenceshown in imagef) is in
line with thediscussiongivenin Sections4.2 and6.1.4)andwith thefindingsof
Comisoetal. [1997] revealinganaveragevaluefor < ±_q o�UV<"p�nWo closeto Uðl�Ëqp
(seeTable6.2). In comparison,theSL algorithmprovidesaverageseaiceconcen-
trationswhichareaboutr�p largerthanthoseobtainedwith thePEalgorithmand
whichareabouth�p smallerthanthosecalculatedwith theBSalgorithmasis doc-
umentedin Table6.2. Therefore,taking into accounttheresultsof Comisoet al.
[1997], theSL algorithmprovidesat leastin thepackice a seaice concentration
which is morerealisticthantheonegivenby thePEalgorithm.

Table6.2: Averagesandcorrespondingstandard deviation,
¯

, of thedifferences
givenin theright columnof Figure6.12.FI< ±Tq o U(<"p�nWo�K �$¯ F!<JnSó�o Ub< ±_q o�K ��¯ FI<JnSó�o Ub<"p�nWo�K ��¯FµU � Y l � � Y j¬KÈp F!o Y � � � Y oWKÈp F�U4h Y r � h Y �¬KÈp

It is well known, thatanomaliesof theAntarcticseaicecoverarelinkedto the
Antarctic CircumpolarWave(ACW) asstatedby WhiteandPeterson[1996]. The
ACW is azonaloceanicwavepropagatingeastwardaroundAntarcticaandacting
asa transportmediumof atmospheric,oceanicandcryosphericanomaliesof, for
instance,theaverageSST, thesurfacesalinity, thesurfaceair pressureandthesea
iceextent.Oneentireloop takesabout8 to 10years( o�Ë � longitudeperyear).The
anomaliesusuallyappearin a bi- or tri-polar structure,i. e. reveal two or three
minimaandmaxima,respectively.

Figure 6.13 shows the anomaliesof the annualmeanseaice concentration
obtainedwith theSL algorithmfor theperiod1992-1999.Certainly, thisperiodis
too shortto observe seaice concentrationanomaliestraveling with theACW for
a full cycle. Thereis only poorevidencefor a bi- or tri-polar distribution of the
yearlyanomaliesshown in Figure6.13.However, whenfocussingononearea,for
instancetheAmundsen/RossSeasector( UÄl���Ë � to Uðl � Ë � ), thechangein thesign
of theanomalyparticularlyfrom 1995to 1998( ` , U , ` , U ) is quiteconvincingand
seemsto indicateapropagatingwave.

Figure6.14shows the anomaliesof the monthly meanseaice concentration
in Septemberfor theperiod1994-1999.In imagea) onecanclearlyidentify three
wavesby alternatingpositiveandnegativeanomalyvaluesalongtheMIZ. Forced
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Figure6.13: Yearly anomaliesof theyearlymeanseaice concentration obtained
with theSLalgorithmandaveragedover theperiod1992-1999.

by theACW this anomalydistributionpropagateseastward. This is illustratedby
the next imagesshown in Figure6.14 at leastpartly. The negative anomalyat
theAntarcticPeninsula(imagea)) becomespositive in imageb), negative image
c) andswitchesbackpositive valuesin imaged). Thesamehappensat approxi-
mately l���Ë � W with reversedsigns.In theremainingareas,theanomaliesreverse
signsat leastonceduringtwo years.

Averagingthe anomaliesof the annualmeanseaice concentrationobtained
with the BS, the PE andthe SL algorithmsyields the imagesa), b) andc) dis-
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Figure6.14: Selectedmonthlyanomaliesof themonthlymeanseaice concentra-
tion obtainedwith theSLalgorithmandaveragedovertheperiod1992-1999.The
digits in thecenterof each image indicateyearandmonthof theanomaly.

Figure6.15: Average yearlyseaice concentration anomalyobtainedwith a) the
BSalgorithm,b) thePEalgorithmandc) theSLalgorithmfor 1992-1999.
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playedin Figure6.15,respectively. Theseimagesreveal that the yearly anoma-
lieschangesignificantlyduring1992-1999with aninterestingspatialdistribution
which is very similar for the threealgorithmsused. Following the imagesof
Figure6.15,theeasternWeddellSea,almosttheentireice-coveredareaoff East
AntarcticaandparticularythesouthernRossSeaaresitesof a low variability of
theyearlyseaice concentrationanomaly. This agreeswith theanomaliesshown
in Figure6.13where,for instance,in the southernRossSea,the anomaliesare
below r�p throughouttheperiod.Thiscanbeexpectedsincethispartof theRoss
Seais not influencedby the ACW and,becauseof its geography, exhibits very
constantweatherconditions.This is alsovalid for the region eastof theAntarc-
tic Peninsulawhere,on average,the largestamountof old ice canbe found. In
contrast,thecentralWeddellSeaandlargeareasof theAmundsenandRossSeas
revealhighly varyinganomaliesof theannualmeanseaice concentration.These
anomaliesaremostlikely causedby theACW, at leastin thelattertwo areas.

6.2 Ar ctic

Originally, theSL algorithmhasbeendevelopedto calculatetheseaice concen-
tration in theSouthernOcean.This sectionfocusseson extendingthealgorithm
in theNorthernHemisphere.In theArctic, highly resolveddataof theintegrated
cloud liquid watercontent � areavailablefrom the NWP modelHIRLAM (see
below). They canbe usedinsteadof the cloudmaskdescribedin Section3.2.4.
Thesmallpenetrationdepthat85GHzcausingalargeinfluenceof thesnow cover
onseaiceontheSSM/Imeasurementallowsto usetheSL algorithmin theArctic
aswell – at leastoversnow-coveredareas.

Applying theSL algorithmin theArctic requiressomemodifications.At first,
onehasto calculateanew setof tie points.Secondly, atmosphericquantitiessuch
astheintegratedwatervaporcontentÍ , thesurfacewind speedÎ and � canbe
taken from several NWP models. The resultsshown in Section6.2.1arebased
on investigationsof theseaice cover in theGreenlandSea.Therefore,Í , � andÎ aretaken from the DanishNWP modelHIgh ResolutionLimited Area Model
(HIRLAM) runningoperationallyat the DanishMeteorological Institute (DMI,
see[Sasset al., 1999]). In the GreenlandSea,this modelprovidesdatawith a
spatialresolutionof Ë Y l�r � íÞË Y l�r � ( �RrzíÝl�r kmJ at j�r � N), thussimilar to thatof
theSSM/I 85GHz channels.Moreover, fieldsof Í , Î and � areavailableevery
hour, keepingthetemporaldifferencebetweenmodeldataandSSM/I databelow
half anhour. For furtherdetailsof HIRLAM seeSasset al. [1999].
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Thespringcasestudydiscussedin Section6.2.1focussesfirst on theretrieval
of <JnSó�o usingHIRLAM datafor theweathercorrection.Then,a comparisonbe-
tween <JnSó�o , <"} ß o andSAR imagestakenby theCanadianRADARSAT-1 satel-
lite is given. This satellite,launchedin November1995,allows to acquirethe
backscattercross-section̄

�|�| in the C-band(5.3GHz) with 50m spatialresolu-
tion in theScanSARwidemodewith aswathwidthof 460km [Raney etal.,1991].
Thesedataareoperationallyusedby theCanadianIce Serviceandby theDMI to
obtainhigh-resolutionoperationalseaicemapsof theNorthernHemisphere.

6.2.1 Spring CaseStudy

Figure6.16displaysthe locationof theareaconsideredin theGreenlandSea.A
total of 12 SSM/I overflightsduring the period April 10 to 24, 1999,are used
to calculate < . All data,SSM/I as well as model data,are interpolatedinto ar�í¾r kmJ grid usingBackus-Gilbert-Interpolation[Stogryn,1978], [Poe,1990].
Seaiceandopenwatertie pointsarecalculatedfrom SSM/Idataof all overflights
with thesamemethodusedin Antarcticawith oneexception:thecorrectionof the

Figure6.16: Locationof the investigatedarea in the GreenlandSea. Thelarge
rectanglesurroundsthe region considered to retrieve < . The colored squares
denotethelocationof theRADARSAT-1 SARframesusedfor thecomparison.
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seaice tie pointsfor the influenceof � is basedon HIRLAM dataover seaice.
Theresultingtie pointsarelistedin Table6.3.

Table6.3: Tie pointscalculatedfromSSM/Idataof 12overflightswithin April 10
to 24,1999,in theareashownin Figure6.16.« A ��¯ =c|�@ A �%¯ [K] =]\�@ A ��¯ [K]Ë Y Ëk� � � Ë Y Ë�Ë�h �Wl�� Y o � j Y � ���	o Y j � � Y j« N ��¯ =�|�@ N �$¯ [K] =]\�@ N �$¯ [K]Ë Y �Wl�l � Ë Y Ë�Ëkr l�r�Ë Y � � � Y Ë ��hÈl Y l � Ë Y n

The HIRLAM datacauseproblemswhen correctingthe weatherinfluence.
Although the temporaldifferencebetweenthe datasetsusedis small and their
spatialresolutionis similar, mapsof Í , Î and � derivedfrom SSM/I dataover
openwater with the methodsdescribedin Section3.2 often disagreewith the
modeldata.This is evident in (Figures6.17and6.18,imagesa) to f)). Thebest
agreementbetweenHIRLAM andSSM/I datacanbe identifiedfor Î . Thegen-
eraldistribution of Í is similar. However, HIRLAM providessmallervaluesofÍ thanthe SSM/I data,especiallyin areaswhere Í is small anyway. Adding
2kgm � J to themodeledÍ values(Figure6.17,a)) would improvetheagreement
with imaged) but this cannotbedonefor the Í dataof April 20 shown in Fig-
ure6.18becausethemaximumHIRLAM Í valuesin imagea) arequitesimilar
to themaximumSSM/I Í valuesin imaged). Concerning� , thedisagreement
betweenHIRLAM andSSM/Idatais evenmorepronouncedbecause� varieson
smallerscales.In Figure6.17,betweenIcelandandSvalbard,SSM/I � valuesare
alwaysbelow 100gm � J (f)) while HIRLAM � valuesexceed100gm � J several
times(c)). This is similar in Figure6.18.As a result,theweathercorrectionpro-
videstoohighvaluesfor thecorrectedbrightnesstemperaturesin areaswherethe
SSM/Idatabut not theHIRLAM datashow aweatherinfluence.Consequently, in
areaswheretheHIRLAM datadonotreflecttheactualweatherconditions,< will
beover- or underestimated– dependingon thedifferencebetweenactual(SSM/I)
andmodeled(HIRLAM) valuesof Í , � and Î .

This canbeseenin imagei) of Figures6.17and6.18. Especiallyin areasof
openwaterwhereSSM/I � valuesexceedthosetaken from HIRLAM data,the
weatherinfluencecausesa significantoverestimationof <JnSó�o . Over seaice, if
HIRLAM providestoo largevaluesof Í , � and Î , then <JnSó�o is underestimated.
Thecloudbandextendingfrom theEastcoastof GreenlandtowardsIcelandevi-
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a) b) c)

d) e) f)

g) h) i)

Figure 6.17: Seaice retrieval for SSM/Ioverflight on April 14, 1999, 8GMT.
Imagesa) to c), d) to f), andg) to i) display(fromleft to right) Í , Î and � taken
fromHIRLAMandSSM/Idata,and <"} ß o , <"p�nWo and <JnSó�o , resepectively. Thedark
grey areain themiddlerow is theseaiceextentgivenby <"p�nWo .
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a) b) c)

d) e) f)

g) h) i)

Figure6.18:SameasFigure6.17for SSM/Ioverflighton April 20,1999,9GMT.

dentin themiddleof Figure6.17c) leadsto anunrealisticdecreaseof <JnSó�o in this
areaasis shown in Figure6.17i) (comparewith imagesg) andh)). In comparison,
themapshowing theSSM/I � data(Figure6.17f)) shows only poorevidenceof
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thecloudbandmentionedoveropenwater, andit is questionablefrom this image
whetherthis bandcontinuesoverseaice.

In orderto performa morepreciseweathercorrection,at leastover openwa-
ter, HIRLAM dataarereplacedby SSM/I datain all pixelswhere <"p�nWo is belowl�r�p . By usingthis combinationof HIRLAM andSSM/Idatatheoverestimation
of <JnSó�o is considerablyreducedover openwaterasis illustratedby Figure6.19
(compareimagei) of Figures6.17and6.18).Remainingareaswith non-zero<JnSó�o
valuesdistantfrom the packice canbe attributedto the differentspatialresolu-
tions of the basicinput datawhich is l�� Y rõí�l�� Y r kmJ for the 85GHz dataand��r¨í}��r kmJ for Í , Î and � . Also, thisspuriousicemaybecausedby uncertaini-
tiesin theretrieval of Í , Î andparticularly � from theSSM/Idata.Overseaice,
however, thismodificationcannotdecreasetheerrorin <JnSó�o .

a) b)

Figure6.19: Mapsof <JnSó�o obtainedfor theSSM/Ioverflightson April 14, 1999,
(image a)) and April 20, 1999, (image b)) with a weathercorrectionbasedon
HIRLAMdataoverseaiceandSSM/Idataoveropenwater.
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Figures6.20 to 6.23 show RADARSAT-1 SAR scenesof April 14 and 20,
1999,respectively, superimposedwith isolinesof <"} ß o and <JnSó�o . Thesescenes
(Orbits17961and18047)have beenacquiredin thedescending,ScanSARwide
mode.Theoriginalspatialresolutionis 50m. Averagingover

� í � pixelswith this
resolutionyields theSAR pixelsshown in Figures6.20to 6.23. In thesefigures,
bright (dark)areasdenotea large(small)backscattercoefficient

¯ �|�| . If consider-
ing freefloatingseaice, i. e. no landfastice, then

¯ �|�| canbeexpectedto increase
with seaiceageand/orroughness.Thin icesuchasnilasis undeformedandof low
porosity. It appearsdark,sincealmostno scatteringtakesplace.Thicker ice such
asFY iceandMY icescattersasignificantamountof themicrowaveradiation– it
appearsbright. Exceptionsarelandfastice appearingdarksinceit usuallygrows
moreundisturbedandremainsundeformed,androughice suchasbrashice and
pancakeiceappearingbright. Openwaterexhibitsbothdarkandbrightsignatures
dependingon theincidenceangleandtheseasurfacestate.

Figures6.20and6.21show awell developedtransitionbetweenacompactsea
iceedgeformedunderconvergentconditions(tophalf) anda diffuseseaice edge
with lotsof icestreamersformedunderdivergentconditions(bottomhalf). These
different conditionscan be explainedby a front, which is supposedto extend
from themiddleof thebottomedgeof theseimagestowardstheupperleft corner,
separatingeasterlywinds on its northernside from northwesterlywinds on its
southernside. Over openwater, thesetwo differentwind regimescanhardlybe
identifiedontheSARscenesshown. However, thechangein thewind directionis
evidentby achangein thebackscatterpatternacrossthisfront in thenon-averaged
SARscene(notshown)wheresouthof thefront mentionedthebackscatterpattern
revealsthestructuretypical for boundarylayerrolls aligningparallelto thewind
direction. The poorly visible cloud bandin imagef) of Figure6.17canalsobe
attributedto this front.

Both <JnSó�o and <"} ß o depictthecompactpartof theiceedgequitewell. How-
ever, the <JnSó�o isolinesindicatea muchsteeperice concentrationgradientin the
MIZ in agreementwith theSAR scene.While theSAR ice edgecorrespondsto<"} ß o valuesbetween50and ��Ë�p , <JnSó�o takesvaluesbetween70and

� Ë�p . In the
diffusepartof the ice edge,the isolinesof <"} ß o aswell asthoseof <JnSó�o extend
over a larger areaacrossthe MIZ. In the outerpartsof the ice edgeand in the
transitionzonebetweentheareacoveredwith ice filamentsandthepackice, the��Ë�p isolineof <JnSó�o agreesbetterwith thefeaturesevidentin theSARscenethan<"} ß o . The ��Ë�p isolinesof <JnSó�o evidentdistantfrom theice edgeareassociated
with spuriousicecausedby aweatherinfluence.

The seaice edgeshown in Figures6.22and6.23 is alsolesscompact,sug-
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Figure6.20: RADARSAT-1 SARscenefromApril 14, 1999,7:26GMT, superim-
posedwith isolinesof <"} ß o between20 and n�Ë�p . Isoline spacingis l�Ë�p with
colors indicatedin thelegend.

gestingadivergentseaicemotionin theMIZ. The �	Ëqp and h�Ë�p isolinesof both<"} ß o and <JnSó�o agreebestwith theSAR ice edge.Theice concentrationgradient



140 CHAPTER6. APPLICATIONS

Figure6.21:SameasFigure6.20with isolinesof <JnSó�o .

givenby theseparationof theisolinesof <JnSó�o is againsteeperthantheonetaken
from <"} ß o isolines.The transitionbetweentheouter, diffusepartandthe inner,
compactpart of the SAR ice edgecanbe identifiedby an almostuninterrupted
bandof backscattervaluessimilar to thoseof the ice filaments. Facing the ice



6.2. ARCTIC 141

Figure6.22: SameasFigure 6.20usingtheRADARSAT-1 SARscenefromApril
20,1999,7:51GMT. Black linesdenotethecoastline.

filaments,this transitioncorrespondsto <"} ß o valuesbetween60 and j�Ë�p while<JnSó�o takesvaluesbetween80 and n�Ë�p .

In thebottomthird of Figures6.22and6.23onecanidentify two islands.The
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Figure6.23:SameasFigure6.23with isolinesof <Jn q o .

areabetweentheseislandsandthecoastis coveredby land-fasticeasis indicated
by thelow backscattervalues.Theseaice drifting in theEast-GreenlandCurrent
(from top to bottomin theseimages)hasto move aroundthe bigger islandand
piles up north of this islandbecomingheavily deformedas is shown by larger
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backscattervaluesnorth of the islandcomparedto furthernorthalongthecoast.
Southeastof this islandtheSARimagesrevealquitelow backscattervalueswhich
may be attributedto thin ice or land-fast ice. The former ice type seemsto be
more likely becausethis region is not shelteredagainstoceanswell or the sea
ice drifting southwards. Therefore,in the caseshown in Figures6.22and6.23,
somebigger ice floes seemto have preventedthe seaice drift from the north
allowing the formationof a polynya during northerlywinds on the leewardside
of this island. In the shearzonebetweenthe thin ice covering the polynya and
the seaice drifting southwardsleadsandfracturescandevelop causinga lower
seaiceconcentrationandamixtureof low andhighbackscattervalues.Thesame
happensfurthersouthalongthecoastin thetransitionzonebetweenland-fastand
drifting seaice. This is evidentin Figures6.22and6.23southof thebiggerisland
mentionedwheretheshearzonecorrespondsto <"} ß o valuesfalling below

� Ë�p
while <JnSó�o takesvaluesbelow j�Ë�p . In a greaterdistanceto thecoast( �Æh�Ë km)<JnSó�o valuesquickly exceed n�Ë�p while <"} ß o valuesremainmostly between80
and n�Ë�p .

Moreknowledgeabouttherelationshipbetween̄
�|T| and < is requiredto judge

whetherthesmallareaswithin thepackicewith <JnSó�o valuesbelow n�Ë�p (seeFig-
ure6.23)arereal. It canbeexpectedthatover thin ice theSL algorithmprovides
high ice concentrationsat considerablysmallerthicknessesthanthe NT andBS
algorithmsbecausethelargerpenetrationdepthat 19 and37GHz causesa larger
contribution of the waterunderneaththe seaice to the brightnesstemperatures
measured.Therefore,darkareasevidentin a SAR scenewithin thepackice, i. e.
thin ice, canlessoften be attributedto low <JnSó�o valuescomparedto <"} ß o , and
areasof openwateror dark nilascanbe identifiedwith theSL algorithmwith a
higherreliability thanfor instancewith theNT algorithm.This is in line with the
findingsof Lubin et al. [1997].

To sumup theresultsof this casestudy, both <"} ß o and <JnSó�o depicttheSAR
ice edgequitewell. ThehigherspatialresolutionwhenusingtheSSM/I 85GHz
channelsrevealssomeadvantages,namelya morerealisticseaice concentration
gradientacrossacompactaswell asadiffuseseaiceedge,andabetteragreement
with small-scalefeaturessuchasicestreamersandlocal iceconcentrationminima
causedby leadsor polynyas.However, theretrieval of <JnSó�o is verysensitiveto the
qualityof theatmosphericparametersusedfor theweathercorrection,particularly
of � . A differencein the locationof aboutten kilometersbetweenthe modeled� valuesandthose� valueswhich influencetheSSM/I measurementscancause
absoluteerrorsup to l�Ë�Ëqp . Theseerrorscanbereducedconsiderablyusingat-
mosphericparametersderivedfrom coincidentSSM/I measurements.Therefore,
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it is highly desirableto putmoreeffort in theinvestigationof the ñ -factormethod
[Miao etal.,2000],with thegoalto obtain � from SSM/Imeasurementsoveropen
wateraswell asoverseaice.



Chapter 7

Summary and Discussion

The SEA LION (SL) seaice concentrationalgorithmallows to calculatethe to-
tal seaice concentration< usingthe85GHz SSM/I polarization

« F � r¬K , which is
the85GHz brightnesstemperaturepolarizationdifferencedividedby thesumof
the85GHz brightnesstemperaturesat horizontalandverticalpolarization.With
a physicalbackgroundsimilar to known seaice concentrationalgorithmssuchas
the NASA Team(NT) algorithm[Cavalieri et al., 1991], the NT algorithmwith
anextendedweathercorrection,calledPELICON(PE)algorithm[Heygsteretal.,
1996], [Thomas,1998]andthe Bootstrap(BS) algorithm[Comisoet al., 1997],
the SL algorithmalsoneedsseaice tie points ( =]\�@ A�e1=c|�@ AIe « A ) andopenwater tie
points( =]\�@ N,e1=c|�@ Nªe « N ) – brightnesstemperaturesandpolarizationstypical for sea
ice andopenwater, respectively. They arediscussedin Section7.1. The large
weatherinfluenceon SSM/I 85GHz datarequiresa correctionasis discussedin
Section7.2. Oncethe tie pointsarecalculated,atmosphericdataandcorrection
coefficientsneededfor theweathercorrectionareprocessedandthecloud-mask
(seeSection3.2.4)is applied,onecanstartto calculate< . This follows anitera-
tion where,startingwith anarbitrarily choosenfirst-guess< value,thedifference
( y « ) betweenthemeasured(SSM/I)andeventuallyweather-corrected

« F � r¬K and
themodeled

« F � r¬K is minimized.A thresholdof y « of 0.001ensuresa theoret-
ical retrieval accurayof � l*p in < . If y « obtainedfrom the

« F � rkK values
belongingto thecurrentguessof < is too large,the85GHzSSM/Imeasurements
arecorrectedfor the weatherinfluence. The resultingweather-corrected

« F � rkK
valuesareusedto calculatea new guessof < which, in turn, is usedto obtaina
new modeled

« F � r¬K value.Thisyieldsthenext combinationof modeledandmea-
sured,weather-corrected

« F � r¬K valueswhicharecomparedwith eachotherandso
on. Theiterationis stoppedafter30stepsor if y « fallsbelow thethresholdmen-

145
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tionedearlier. Pixelswhere y « is still too largeareflaggedasbadvalues.These
pixelsandthoseflaggedascloudsapplyingthecloudmaskarereplacedusinga
lineartemporalinterpolationover a maximumof threeconsecutivedays.Seaice
concentrationsobtainedwith theSL algorithmarecomparedwith thoseobtained
with theabove-mentionedalgorithmsandwith independentdata(seeSection7.3).

7.1 Discussionof Tie Points

Thetie pointsareobtainedfrom NSIDC daily gridded85GHz SSM/I brightness
temperatures[NSIDC, 1996]of selectedareasfor eachmonthof theperiod1992-
1999.Theopenwatertie pointsarecalculatedfrom openwaterareasof theSouth-
ernOceanwhich,onadaily basis,

• canbeassumedto bealmostcloud-freeusingmapsof theintegratedcloud
liquid watercontent� ,

• exhibit anintegratedwatervaporcontentÍ below 10kgm � J andasurface
wind speedÎ below 10ms� J ,

• haveaseasurfacetemperaturecloseto 273K.

By this approachtheopenwatertie pointshave to becorrectedonly for theinflu-
enceof Í and Î within therangesmentionedabove obtainedfrom SSM/I data
asdescribedin Section3.2. Monthly openwatertie pointsremainconstantwith
anaveragestandarddeviation of Ë Y r K at verticaland l Y Ë K at horizontalpolari-
zation.Consequently, their variability hasa negligible influenceon theerrorin <
(compareSection5.5).

The areasto calculatethe monthly seaice tie points from SSM/I dataare
selectedcarefully. Requirementsfor theseareasare:

• analmostcontinuoushigh-percentage( � l�Ë�Ë�p ) seaice cover throughout
themonthconsidered,

• asmallweatherinfluencewithin thesamemonth.

Theserequirementsareachievedusingmapsof monthly averaged
« F � r¬K values

andof its standarddeviationwhichallow to selectanareawith low average
« F � r¬K

valuesassociatedwith a high averageseaice concentration,andwith a low vari-
ability of the

« F � r¬K valuesassociatedwith a constantseaice concentrationand
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a small weatherinfluence. Using thesemapsto calculate=c\�@ A and =c|�@ A ensures
that theseaice tie pointsarealmostindependentof a changein theseaice con-
centrationandin theweatherinfluence.Thevaluesof =c\�@ A and =c|�@ A obtainedfor
theperiodconsideredexhibit a well-definedannualcycle asis illustratedby Fig-
ures5.5 and5.6, imagesa)). The time-seriesof =c|�@ A andthe oneof the surface
air temperatureestimatedfrom ECMWF datafor theareasselectedto obtain =c\�@ A
and =c|�@ A (seeFigure3.5) show a positive trend. Averagesof =c|�@ A andthesurface
air temperaturecalculatedfor the monthsApril to Octoberfor 1992-1994and
for 1997-1999revealanincreaseof thesurfaceair temperaturefrom Uðl�r Y r � C toUðl�h Y Ë � C andof =�|�@ A from 213.9K to 215.2K. Believing theECMWF surfaceair
temperatures,the positive trendof =c|�@ A givessomeconfidenceaboutthe seaice
tie pointsbecause,assumingthat theaveragesurfaceemissivity hasnot changed
drasticallybetween1992and1999,increasing=c|�@ A valuescanbeexpectedfrom
increasingsurfaceair temperatures.

In March/April, =]\�@ A and =c|�@ A valuesaveragedover the period1992-1999in-
creaseby � �	Ë K from Austral summervalues(Januaryto March) to Austral
wintervalues(April to August).After August,theseaveragedseaicetie pointsin-
creasefurtherby �æl�Ë K, reachingmaximumvaluesin Novemberbeforedecreas-
ing rapidly to Austral summervaluesbetweenNovemberandJanuary. Simulta-
neously, theaveragestandarddeviation of =c\�@ A and =�|�@ A increasesin March/April
from typical Austral summervaluesof � n K to ��l�o K turning out to be typi-
cal for earlyAustralwinter. Theaveragestandarddeviationsgraduallydecrease
throughouttherestof theyearreachingtheir summervaluesin December.

In orderto explainthisbehaviour, onehasto considerthesnow metamorphism
becausesnow hasa major impacton 85GHz SSM/I datadueto thesmall pene-
trationdepthat this frequency. Startingin January/February, only FY ice andold
ice canbe found in the SouthernOcean. Moreover, mostof the remainingsea
ice is coveredwith old, coarse-grainedsnow with a snow liquid water content
dependingon thehourof theday. Freeze-upstartsin March/April whena lot of
differentsurfacetypescontribute to the areasselectedto estimate=]\�@ A and =�|�@ A :
youngice, bareor coveredby a thin freshsnow layer, FY ice becomingSY ice,
coveredwith freshsnow or old, coarse-grainedsnow, andold ice, coveredwith
freshsnow or old, coarse-grainedsnow. Thisgrowing numberof differentsurface
typesbetweenAustralsummerandfreeze-upcausestheincreaseof thevariability
of =]\�@ A and =c|�@ A . Laterin theyear, thesnow coverbecomesmoreuniform,andthe
ratiobetweenyoungiceandFY iceand/orold icewithin theareasselectedto cal-
culate=]\�@ A and =c|�@ A decreases.Consequently, thespreadof the =c\�@ A and =�|�@ A values
decreases,particularlyin Australspringwhenthesnow liquid watercontentstarts
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to increase.
Moreover, thin iceaswell asfreshsnow havea larger85GHzemissivity than

bareold iceor adry coarse-grainedsnow cover. Therefore,themarkedincreaseof=]\�@ A and =�|�@ A in March/April might beexplainedby anincreasingarealfractionof
a) thin ice andof b) old ice coveredwith freshsnow. Brightnesstemperaturesin-
creasewith thesnow liquid watercontent.Therefore,theincreaseof =c\�@ A and =�|�@ A
valuesbetweenAugustandNovembershown in imagea) of Figures5.5 and5.6
canbeattributedto agrowing snow liquid watercontentcausedby increasingsur-
faceair temperatures.Thedecreasingseaice tie point valuesbetweenNovember
andJanuaryarelikely associatedwith anincreasingarealfractionof seaice cov-
eredwith old, coarse-grainedsnow andof meteoricicewhichis almostfreshwater
iceandhasaconsiderablylargerpenetrationdepth[Ulaby etal.,1986]. It remains
unclearat this stagewhy thelargesnow liquid watercontentduringAustralsum-
merhasnoeffecton =]\�@ A and =c|�@ A . Onemightassumethatthesnow consistsof icy
grainsbeingspacedtoo widely to hold thewaterin its porespace.

The annualcycle of the
« A valuesis lesspronounced(seeimageb) of Fig-

ures5.5and5.6).However,
« A valuesaveragedovertheperiod1992-1999varybe-

tween0.22(January)and0.32(October),increasegraduallyduringAustralspring
anddecreaserapidly betweenNovemberandJanuary. The above-mentionedin-
creaseof =]\�@ A and =c|�@ A in March/April seemsto be shifted in time towardsJan-
uary/Marchin the

« A valueswhich is difficult to explain. The snow exhibits its
largestwetnessin Januarywhenthe surfaceair temperaturesarelargest. Corre-
spondingly, in this month the most pronounceddepolarizationdue to the snow
wetnesscanbeexpected.This is illustratedby the

« A valuesbut not by =c\�@ A and=c|�@ A . In February/March,the surfaceair temperatureshave startedto decrease
causinga smallersnow wetness.This would explain the larger polarizationin
Februarycompardto Januaryas is shown in Figure5.5b) and, for mostyears,
alsoin Figure5.6b). However, it turnsout that in someyears(1994,1996)the
increaseof

« A in January/Februaryis causedby afurtherdecreaseof =c\�@ A and =�|�@ A .
This cannotbeexplainedby a decreasingsnow wetnessandmaybeattributedto
polarization-dependendvolumescattering[BarberandNghiem,1999].

A changeof theareasselectedto calculatetheseaicetie points,for instanceby
choosinganother

«
thresholdor by choosingareaswith surfaceconditionstypical

for that particularareain order to obtainregional seaice tie points,might lead
to an improvementin the seaice concentrationretrieval. So far, during Austral
summermostbrightnesstemperaturesusedto obtain =]\�@ A and =c|�@ A aretakenfrom
theWeddellSeaalthoughquiteahighamountof seaiceremainsin theAmundsen
andRossSeasin this season.This is causedby the thresholdschoosenfor the
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monthlyaveraged
« F � r¬K valueandits standarddeviation,excludingmostseaice

pixelsof theAmundsenandRossSeasfrom theareaselectedto derive theseaice
tie points.

Certainly, thedependenceof microwaveradiationat85GHzonthesnow prop-
ertiesdeservesfurtherstudies.It wouldhavebeenquiteniceto modelthe85GHz
brightnesstemperatureswith a radiative transfermodelsuchasMWMOD (see
Section2.5.1) for the differentpropertiesinvolved, aswasdoneby Fuhrhopet
al. [1997]. Unfortunately, themodulesspecifyingtheradiative transferin thesea
iceandsnow within this modelhavenotyet beenvalidatedfor frequenciesabove
40GHz.

7.2 Discussionof WeatherCorr ection

The error estimationconductedin Section5.5 revealsquite a small contribution
of thevariability of thetie pointsto thestandarddeviation derivedfor <JnSó�o . Far
larger errorsare associatedwith the weatherinfluence,which is the changein
thebrightnesstemperaturedueto scatteringby theoceansurfaceanddueto ab-
sorptionandattenuationof microwaveradiationby theatmosphericwatercontent
(integratedcontentsof the water vapor, Í , and of the cloud liquid water, � ).
The relative contribution of theseerrorsto the standarddeviation of <JnSó�o is, on
average,largerthan n � p .

The brightnesstemperaturechangedue to the weatherinfluencehas been
quantifiedwith the radiative transfermodel MWMOD (seeSection2.5.1) over
a largerangeof Î , Í and � values,andof 85GHz surfaceemissivities. In order
to avoid a conflict with the questionableresultsobtainedwith the seaice mod-
ulesof MWMOD for frequenciesabove 40GHz (seeSection2.5.1),the seaice
andits snow cover hasbeensimulatedusingappropriatesurfaceemissivity val-
uesas input for MWMOD. This, of course,is oneshortcomingof the method
proposedsincetheinteractionof microwave radiationat 85GHz with theseaice
andits snow coverunderdifferentatmosphericconditionshasnotbeensimulated
explicitely in this thesis.

By performingpolynomial fits of the modeled85GHz brightnesstempera-
turesone obtainsthe coefficients usedto correctthe 85GHz SSM/I brightness
temperaturesfor the weatherinfluence. This requiresto know the atmospheric
parametersÎ , Í and � which areeithertakenfrom NumericalWeatherPredic-
tion (NWP) modelsof theEuropeanCentre for MediumRangeWeatherForecast
(ECMWF) andof the DanishMeteorological Institute (DMI), or arecalculated
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with known algorithmsfrom dataof theotherSSM/I channels.Theoftencoarser
spatialresolutionof theatmosphericparameterscancausesevereproblems,par-
ticulary in caseof � which,sinceassociatedwith clouds,exhibitsahightemporal
andspatialvariability. For instance,if usingtheSSM/I � dataset(spatialresolu-
tion Q ��r�íX��r kmJ ) for theweathercorrectionof the85GHz SSM/I brightness
temperatures(spatialresolution Qil�� Y r í l�� Y r kmJ ), eachpixel of the SSM/I �
datasetcoversfour 85GHz pixels. This meansthatan inhomogenuousdistribu-
tion of � within one ��r©í���r kmJ pixel cancauseabrightnesstemperaturechange
in eachof thesefour 85GHzpixelswhichmaydiffer from thebrightnesstempera-
turechangeassociatedwith thecurrent� valuein the ��rðí ��r kmJ pixel. In order
to mitigatethis errorandthelack of reliable,highly resolved � dataover thesea
ice, the ñ -factormethod([Miao et al., 2000]) is usedto excludecloud-covered
pixels from the seaice concentrationretrieval with the SL algorithm. Although
thismethodsuccessfullymasksoutabout j�r�p of all � valuesabove50gmJ over
openwateraswell asoverseaice, the � influencein theremaining��r�p canlead
to aconsiderableoverestimationof <JnSó�o .

It hasalsoturnedout thattheSSM/I � datasetseemsto missareaswith low �
valuesascanbeconcludedfrom Figure2.14in comparisonto Figures3.2and3.3.
Thehigh averagecloudcover revealedby Figure2.14is by no meansconfirmed
in the � maps.This is probablyonly partly causedby thehigh percentageof ice
cloudsat high southernlatitudeswhich reveal very small � values. Low-level
cloudslike Stratusresult,on average,in larger � values.Stratuscloudsarealso
very commonat theselatitudesand,therefore,shouldbeevident in theSSM/I �
maps.

For thesereasons,theaveragestandarddeviation of <JnSó�o of �Â�	Ëqp obtained
in Section5.5over openwatercannotberegardedasanupperlimit but seemsto
bequitea commonvalue.Therefore,after <JnSó�o hasbeencalculatedspuriousice
concentrationsarereplacedby < ±_q o valuesin all openwaterpixelsat a distance
greaterthan25km to thePELICONseaiceedge[Heygsteret al., 1996].

Theinaccuracy in <JnSó�o maybecomesmallerif the � datasetusedexhibits the
samespatialresolutionthanthe85GHz data.This is thecasefor thecasestudy
discussedin Section6.2whereHIRLAM dataareusedinsteadof ECMWF data.
However, this casestudyrevealsthat, despitethe muchbetterspatialresolution
of theHIRLAM dataset,a time lag betweenHIRLAM andSSM/I dataof about
half anhourcanalreadycauserelativeerrorsin <JnSó�o above l�Ë�Ë�p . Moreover, in
polarregions,thusin Antarcticaaswell asin theArctic, only a few observations
areavailableto validatethemodeleddata.In conclusion,sincethequality of the
atmosphericparametersrequiredfor theweathercorrectionof the85GHzSSM/I
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brightnesstemperaturesseverelylimits theusageof theSL algorithm,it is highly
desirableto searchfor new, morereliabledatasetsof theseparameters.

7.3 Summary of Results

Antarctic seaice concentrationsarecalculatedwith the SL, the PE and the BS
algorithmsfor eachdayof theperiod1992-1999.Visually, seaiceconcentrations
obtainedwith theSL algorithm( <JnSó�o ) show by far moredetailsthanthoseof the
two algorithms,< ±_q o and <"p�nWo , respectively.

• Coastalpolynyasappearassharp-edgedareasof a significantly lower sea
iceconcentrationin daily aswell asmonthlyaveragedmapsof <JnSó�o .

• Polynyasforcedby divergentseaice motionoccurwithin thepackice es-
peciallyin theAmundsenandRossSeasandcanbeidentifiedonly ondaily
mapsof <JnSó�o .

• The seaice concentrationgradientacrossthe marginal ice zone(MIZ) is
muchsteeperbasedon daily mapsof <JnSó�o .

Moreover, in a time-seriesshowing <JnSó�o in the Pacific Sectorone can easily
track thehugeiceberg B-10A by the polynya forming on its leeward sideunder
favourablesurfacewind conditions.

Over theperiod1992-1999,<JnSó�o takesaveragevaluesbetweenthoseof <"p�nWo
and < ±_q o – thelattervaluesbeingabout

� p smallerthan <"p�nWo values,confirming
thedifferenceof l�Ë�p foundby Comisoet al. [1997] in packice areas.In detail,<JnSó�o valuesareabout r�p larger than < ±_q o valuesandabout h�p smaller than<"p�nWo values. Therefore,believing the findingsof Comisoet al. [1997] average<JnSó�o valuesaremorerealistic thanthoseof < ±Tq o . Monthly andyearly seaice
concentrationanomaliescalculatedfrom all threeSSM/I seaice concentration
time-seriesfor theperiod1992-1999yield quitesimilar results.

The averageAntarctic seaice areaobtainedfrom <JnSó�o valuesfor theperiod
1992-1999is in bestagreementwith theBootstrap(BS) seaice area,particularly
during freeze-up.In contrast,startingin March, theaveragePELICON(PE)sea
ice areabecomesincreasinglysmallerthanboththeBS andtheSEA LION (SL)
seaice area.This differenceis mostlikely causedby a differencein theaverage
seaiceconcentrationbecauseaverageAntarcticseaiceextentsobtainedfrom the
seaice concentrationsof all threealgorithmsarequitesimilar or evenagreewith
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eachotherwithin onestandarddeviationbetweenMarchandSeptember. Particu-
larly duringAustralspringandsummer, SL seaice extentsaresmallerthanthose
of thetwo otheralgorithms.Thiscanbeexplainedby thebetterspatialresolution
of the85GHz SSM/I data.They allow to detectsmalleropenwaterareaswithin
the pack ice andto give a morerealisticestimateof coastalpolynyasandtheir
openwaterfractionthantheotherSSM/Idata.

Resultsof all threeseaice concentrationalgorithmsarecomparedto about
850shipobservationsof theseaice cover takenevery six hoursaboardtheU.S.
researchvesselNathanielB. Palmerin 1994-1998.Thiscomparisonshowsapoor
correlationbetweenthe satellitedataandthe ship observations. The correlation
coefficientsrangebetween0.5and0.6.Lowestdifferencesbetweenshipobserva-
tionsandthesatellitedataarefound for <"p�nWo ( r�p ) and <JnSó�o ( j�p ). SL seaice
concentrationsare validatedwith VIS/IR imagesof the Operational Lincescan
System(OLS). Datafor 21 daysanddifferentareas(MIZ andcoastalpolynyas)
are investigatedrevealing that the OLS seaice edgecorrespondswithin 10km
with the l�r�p isolineof <JnSó�o . For < ±_q o values,theOLS seaice edgeis in better
agreementwith the ��Ë�p isoline.Moreover, thegradientof <JnSó�o valuesacrossthe
MIZ is morerealisticthantheoneinferredfrom <"} ß o values.This is illustrated
for botha compactanda diffuseseaice edgein theGreenlandSeafor two days
in April 1999by acomparisonof <JnSó�o and <"} ß o mapswith RADARSAT-1 SAR
scenes.



Chapter 8

Conclusionsand Outlook

8.1 Conclusions

A new weather-correctingseaice concentrationalgorithm,calledSEA LION al-
gorithm, hasbeendeveleoped.This algorithmallows to derive the total seaice
concentrationfrom 85GHz SSM/I datatakingfull advantageof thebetterspatial
resolutionassociatedwith thesechannels.The SSM/I datausedhave beencor-
rectedfor theweatherinfluenceusinga radiative transfermodelandatmospheric
parameterstakenfrom modelsand/orderivedfrom dataof theotherSSM/I chan-
nels. In orderto considertheannualcycle of seaice andsnow propertieswhich
may changealsofrom yearto year, a setof monthly seaice tie pointshasbeen
derivedandis appliedwithin theSEALION algorithm.This algorithmis usedto
calculatea time-seriesof thedaily total seaice concentrationof theAntarcticfor
theyears1992-1999.Main findingsfrom a comparisonof this seaice concentra-
tion time-serieswith thoseobtainedwith known seaice concentrationalgorithms
(NASA TeamandBootstrap)andindependentdatasetsareoutlinedbelow.

• TheSEA LION algorithmallows to calculateseaice concentrationsaboven�Ë�p with anaccuracy of aboutr�p , whichis similar to thealgorithmsmen-
tionedabove. However, particularlyfor seaice concentrationsbelow r�Ë�p
the averageerror increasesto about l���p . The error dependsstronglyon
the accuracy of the atmosphericdatarequiredfor the weathercorrection
andwould improve drasticallyif moreaccurateatmosphericdatacouldbe
used.

• TheSEA LION algorithmprovides,on average,seaiceconcentrationsthat
arelarger(by r�p ) thantheNASA Teamseaice concentrationandthatare
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smaller(by h�p ) thantheBootstrapseaiceconcentrations.

• Polynyas in the pack ice as well asalong the coastcan be identified ac-
curatelywith the SEA LION algorithm as is shown by comparisonwith
spacebornevisible/infraredimagery. Despitenumerouscasesof an insuf-
ficient weathercorrectionof the SSM/I datausedwithin onemonth,per-
sistentpolynyas remainvisible in mapsof the monthly averagedseaice
concentrationveryclearly.

• A comparisonwith SAR datashows the capabilityof the SEA LION al-
gorithmto maptheseaice edgeundera divergentaswell asa convergent
seaice motion. Theseaice concentrationgradientsacrossthemarginal ice
zone(MIZ) are found to be much steeperin seaice concentrationmaps
obtainedwith the SEA LION algorithmcomparedto the NASA Teamal-
gorithm.While thetransitionbetwentheMIZ andthepackiceevidentin a
SAR sceneagreeswith the r�Ë�p to ��Ëqp isolineof theNASA Teamseaice
concentration,theSEALION algorithmtakesvaluesbetween80and n�Ë�p .

• A comparisonof Antarcticseaice areasandextentsderivedwith thethree
algorithmsmentioneddemonstratesthat, on average,the NASA Teamal-
gorithm yields too low seaice concentrationsduring Austral winter. The
SEA LION and Bootstrapseaice areasagreequite well and are at leastl í$l�Ë�ü kmJ larger thantheNASA Teamseaice area.Moreover, theSEA
LION algorithmallows anearlierdetectionof theseaice retreatat thebe-
ginningof melt-onsetsincetheSEA LION seaice extentstartsto decrease
earliercomparedto theotheralgorithms.
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8.2 Outlook

ThecomingAdvancedMicrowaveScanningRadiometer(AMSR) operatesat fre-
quenciescloseto thoseof theSSM/I andis additionallyequippedwith channels
at 6GHz. Its datawill allow an improvementof known seaice concentration
products,mainly dueto thesmallereffectivefield-of-view (FOV) of ��rsí¢��r kmJ
at 18.7GHz (SSM/I: ��n íÝokh kmJ at 19.4GHz) andof l�r�í$l�r kmJ at 36.5GHz
(SSM/I: hkj í$��n kmJ at 37GHz). Furthermore,the correspondingnew seaice
concentrationalgorithmwill run moreeconomicallysincea simpleweathercor-
rection schemewill be sufficient becauseof the frequenciesused. In addition,
the AMSR will provide 89GHz datawith a smallerFOV ( r í$r kmJ ) than the
otherAMSR channels.Thesedatacanbeusedto determinehigherresolvedand
thusmorerealisticseaice concentrations,at leastunderclear-sky conditions.In
this context, themethodproposedin this thesiswill bevery usefulsincesurface
propertiescanbeassumedto bequitesimilar at 85and89GHz.

Many improvementsare neccessaryto obtain more preciseresultswith the
SEA LION algorithm. Concerningthe tie pointssomeideashave alreadybeen
statedin Section7.1. A sufficient weathercorrection,however, turnsout to be
the main difficulty. Modeledvaluesof the cloud liquid watercontent � cannot
beexpectedto becomeconsiderablymorereliablein polarregionssinceonly few
observationsareavailablefor validation.Dataderivedfrom microwaveradiances
seemto be more promising. The ñ -factor methodof Miao et al. [2000] (see
Section3.2.4)hasalreadybeenusedto calculate� but, so far, this is validated
over openwateronly. It is plannedto improve the performanceof the ñ -factor
methodover seaice and to extend this methodto the AMSR dataset as well.
Moreover, theSEALION algorithmmaybeimprovedusingmapsof themodeled
surfacewind speedcoveringbothopenwaterandseaice,particularlyin theMIZ
andareascoveredby largepolynyas.Here,theopenwaterfractionmightbelarge
enoughto causea significantchangeof SSM/I brightnesstemperaturesdue to
scatteringat thewind-roughendwatersurface.

Sofar it is impossibleto usetheSEALION algorithmin anoperationalmode
becausethetie pointsarecalculatedfor eachmonthin advanceandthe ñ -factor
methodusedto generatea cloud maskrequiresalsoonemonthof data. How-
ever, once� dataderivedfrom microwaveradiancesand/ortakenfrom Numerical
WeatherPredictionmodelshave improvedin quality, particularyover ice-covered
regions,a modificationtowardsan operationallyrunningSEA LION algorithm
mightbefeasible.In thiscase,onewouldbeableto correcttheSSM/I(or AMSR)
datamoreefficiently for theinfluenceof � , andtheusageof thedata-consuming
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cloudmaskcouldbeavoided. It would bepossibleto calculateseaice tie points
onadaily or evenonanorbitalbasisusingtheweather-correctedSSM/I (AMSR)
data. This would allow a further improvementof the seaice concentrationob-
tained,particularysince it might be possibleto estimateindividual seaice tie
points for different regions. This could be a greatadvantagedealingwith Arc-
tic summerconditionswhenareascoveredby melt-pondsandby dry snow may
appearwithin oneswath. Whetherbecomingoperationalor not – seaice con-
centrationsinferred from 85GHz SSM/I data(or 89GHz AMSR data)with an
enhancedSEA LION algorithmwould bevery helpful to validateseaice extents
derived from active microwave radiometerssuchasSAR or QuickSCAT, andto
monitorpolynyasregularly.
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Lookup-table for ~ P����^�
This sectionprovidesthe lookup-tableof seasurfaceemissivities ( ��\ and �1| for
verticalandhorizontalpolarization)asa functionof thesurfacewind speedÎ forË ms � d Ì®Î Ì­h�Ë ms� d computedwith MWMOD at a frequency of 85GHz for
aSSTof 272K anda surfacesalinityof 34‰.

Table8.1: Seasurfaceemissivitiesfor typical surfacewind speeds.Theemissivi-
tiesare roundedto thenearest Ë Y r�p .Î [m s� d ] �1| ��\ Î [m s� d ] �1| ��\

0 0.480 0.840 16 0.630 0.850
1 0.485 0.835 17 0.655 0.855
2 0.490 0.830 18 0.680 0.865
3 0.490 0.830 19 0.705 0.875
4 0.495 0.830 20 0.730 0.885
5 0.500 0.825 21 0.755 0.895
6 0.500 0.825 22 0.780 0.905
7 0.505 0.825 23 0.810 0.915
8 0.515 0.825 24 0.835 0.925
9 0.520 0.825 25 0.855 0.935
10 0.530 0.825 26 0.875 0.940
11 0.545 0.825 27 0.890 0.945
12 0.560 0.830 28 0.900 0.945
13 0.575 0.835 29 0.900 0.940
14 0.595 0.840 30 0.895 0.930
15 0.615 0.845
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Lookup-table for �������
This sectionprovidesthe lookup-tableof thecontribution of theoxygenabsorp-
tion to thebrightnesstemperatureyz=�ÿ ¿ thatwould bemeasuredby theSSM/I at
85GHzunderdry, clear-sky conditionsindependentof thepolarizationP . Theval-
ueslistedarecomputedwith MWMOD (Section2.5.1)at a frequency of 85GHz
for emissivitiesbetween0.5and0.95for a typicalpolaratmosphereandasurface
temperatureof Ë � C. Valuesof y}=�ÿ ¿ decreasewith adecreasingsurfacetempera-
ture,however, thechangein thevalueslistedis below ��p for surfacetemperatures
down to U3h�Ë � C.

Table8.2: Contributionof theoxygenabsorptionto thebrightnesstemperatureat
85GHz. �!> y}=�ÿ ¿ [K] �!> yz=�ÿ ¿ [K]

0.50 17.8 0.75 8.3
0.55 15.9 0.80 6.4
0.60 14.0 0.85 4.4
0.65 12.0 0.90 2.5
0.70 10.2 0.95 0.6

The Calculation of �
This sectiondescribesin moredetailhow to deriveEquation5.4. Onestartswith
Equation5.3

=]\ Q Fµl�Ub<zK��µ\�@ N]=���@ Ns`%<ð�µ\�@ Aº=cA Y=c| Q Fµl�Ub<zK���|�@ NÉ=���@ N}`$<Ä�1|�@ Aº=]A Y (8.1)

andEquation4.2 « Q =c\xUX=�|=]\�`(=�| (8.2)

Here,
«

is thenormalizedbrightnesstemperaturepolarizationdifferenceNBTPD
at 85GHz, =c\ and =c| arethe brightnesstemperaturesat 85GHz for vertical ( £ )
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andhorizontal(   ) polarization,< is thetotal seaice concentration,��\�@ N , ��|�@ N and��\�@ A , �1|�@ A aretheemissivities of openwaterandthe radiatingseaice and/orsnow
layerat polarization£ or   , respectively, and =���@ N and =]A arethephysicaltemper-
aturesof theseasurfaceandtheradiatingseaiceand/orsnow layer. Onegetsthe
openwaterandseaice tie pointsby writing=?>�@ N�Q­�!>�@ NÉ=���@ N and =?>�@ AcQ®�!>�@ Aº=]A Y (8.3)

Wedefinefurther � =]N Q =c\�@ N�`(=�|�@ N-eyz=]N Q =c\�@ NgUV=c|�@ N-e� =]AôQ =c\�@ AÈ`b=c|�@ A andy}=]AôQ =c\�@ A]UX=c|�@ A Y (8.4)

By substitutingEquation8.1 into Equation8.2 andusingEquations8.3 and8.4
oneobtains « Q Fµl�Ub<zK�yz=]N�`$<Äyz=cAF�lÇUb<zK � =]N�`$< � =]A.Y (8.5)

Introductionof « N�Q yz=]N� =]N and
« A�Q yz=cA� =]A (8.6)

leadsto « Q Fµl�UV<}K « N�`%< « A|� ßLâ� ß ]l�Ub< `$< � ßLâ� ß ] Y (8.7)

Equation8.7canbeeasilysolvedfor < :<�Q « U « N« U « N}`�� ßGâ� ß ] F « AcU « K (8.8)

andre-arrangedto obtainEquation5.4<RQ � lq` =c\�@ AÈ`b=c|�@ A=]\�@ N�`b=c|�@ N « AÉU «« U « N � � d Y



160 Appendix



Bibliography

Aagaard,K., andCarmack,E. C., TheArctic OceanandClimate: A perspective. In Jo-
hannessen,O. M., Muench,R. D., andOverland,J.E., editors,ThePolar Oceansand
their role in shapingthe Global Environment, AGU Monograph,85. Am. Geophys.
Union,Washington,D.C.,1994.

Ackley, S.F., andWeeks,W. F., Seaice propertiesandprocesses:Proc. W.F. WeeksSea
Ice Symposium,SanFrancisco. CRRELMonograph,90-1.Cold RegionsResarchand
EngineeringLaboratory(CRREL),Hanover, New Hampshire,1990.

Adolphs,U., Ice thicknessvariability, isostaticbalanceandpotentialfor snow ice forma-
tion on icefloesin thesouthpolarPacificOcean.J. Geophys.Res., 103(C11),24,675–
24,691,1998.

Agnew, T. A., Le, H., andShokr, M., Characteristicsof largewinter leadsover theArctic
Basinfrom 85.5GHz DMSPSSM/I andNOAA/AVHRR imagery. CanadianJ. Rem.
Sens., 25(1), 12–20,1999.

Akitaya,E., Studiesondepthhoar. Contr. Inst.Low Temp.Science, 26A, 1–67,1974.

Andreas,E. L., Heatandmoistureadvectionover Antarcticseaice.Mon.Wea.Rev., 113,
736–746,1984.

Andreas,E. L., A theoryfor thescalarroughnessandthescalartransfercoefficientsover
snow andseaice.Bound.Lay. Meteorol., 38, 159–184,1987.

Antarctic Meteorology ResearchCenter (AMRC), Observations aboard the R.V.
NathanielB. Palmer:1994-1998.http://www.ssec.wisc.edu,1999.

Barber, D. G.,Fung,A. K., Grenfell,T. C.,Nghiem,S.V., Onstott,R. G.,Lytle, V. I., Per-
ovich, D. K., andGow, A. J.,Therole of snow on microwave emissionandscattering
overfirst-yearseaice. IEEE Trans.Geosci.Rem.Sens., 36(5), 1750–1763,1998.

Barber, D. G., and Nghiem, S. V., The role of snow on the thermal dependenceof
backscatterover seaice.J. Geophys.Res., 104(C11),25,789–25,803,1999.

Barry, R. G., andChorley, R. J.,Atmosphere, WeatherandClimate. Routledge,London,
U.K., 1989.

161



162 BIBLIOGRAPHY

Bauer, P., and Schl̈ussel,P., Rainfall, total water, ice water, andwatervaporover sea
from polarizedmicrowave simulationsandSpecialSensorMicrowave/Imagerdata.J.
Geophys.Res., 98(D11),20,737–20,759,1993.

Bauer, P., and Grody, N. C., The potential of combining SSM/I and SSM/T2 mea-
surementsto improve the identificationof snowcover andprecipitation.IEEE Trans.
Geosci.Rem.Sens., 33, 251–261,1995.

Bennartz,R., On the useof SSM/I measurementsin coastalregions.J. Atmos.Ocean.
Technol., 16, 417–431,1999.

Bentamy, A., Queffeulou, P., Quilfen, Y., andKatsaros,K., Oceansurfacewind fields
estimatedwith satelliteactiveandpassivemicrowaveinstruments.IEEETrans.Geosci.
Rem.Sens., 37(5), 2469–2486,1999.

Bergeron,T., Problemsandmethodsof rainfall investigation.In Thephysicsof precipita-
tion, AGU Monograph,5, pages5–30.Am. Geophys.Union,Washington,D.C.,1960.

Burns,B., Comparisonof SSM/I ice concentrationalgorithmsfor theWeddellSea.Ann.
Glaciol., 17, 344–350,1993.

Cavalieri, D. J., Gloersen,P., andCampbell,W. J., Determinationof seaice parameters
with theNIMBUS-7SMMR. J. Geophys.Res., 89, 5355–5369,1984.

Cavalieri, D. J., Crawford, J. P., Drinkwater, M. R., Eppler, D. T., Farmer, L. D., Jentz,
R. R., and Wackerman,C. C., Aircraft active and passive microwave validation of
the seaice concentrationfrom the DefenseMeteorologicalSatelliteProgramSpecial
SensorMicrowave Imager. J. Geophys.Res., 96(C12),21,998–22,008,1991.

Cavalieri, D. J., St.Germain,K. M., andSwift, C. T., Reductionof weathereffects in
the calculationof sea-iceconcentrationwith DMSP SSM/I. J. Glaciology, 41(139),
455–464,1995.

Cavalieri, D. J., Gloersen,P., Parkinson,L., Comiso,J. C., andZwally, H. J., Observed
hemisphericasymmetriyin globalseaicechanges.Science, 278, 1997.

Cavalieri, D. J., and St.Germain,K. M., Arctic seaice researchwith satellitepassive
microwave radiometers.IEEE Geosci.andRem.Sens.Soc., 97, 1995.

Cavalieri, D. J., A microwave techniquefor mappingthin seaice. J. Geophys.Res.,
99(C6),12,561–12,572,1994.

Chang,P. S.,andLi, L., Oceansurfacewind speedanddirectionretrievalsfromtheSSM/I.
IEEE Trans.Geosci.Rem.Sens., 36(6), 1866–1871,1998.

Colbeck,S.C., An overview of seasonalsnow metamorphism.Rev. Geophys., 20(1), 45–
61,1982.



BIBLIOGRAPHY 163

Comiso,J. C., Grenfell, T. C., Bell, D. L., Lange,M. A., and Ackley, S. F., Passive
microwave in situ observationsof winter WeddellSeaice. J. Geophys.Res., 94(C8),
10,891–10,905,1989.

Comiso,J. C., Grenfell, T. C., Lange,M., Lohanick, A. W., Moore, R. K., andWad-
hams,P., Microwave remotesensingof theSouthernOceanice cover. In Carsey, F. D.,
editor, Microwaveremotesensingof seaice, pages243–259.Am. Geophys.Union,
Washington,D.C.,1992.

Comiso,J. C., Cavalieri, D. J., Parkinson,C. L., andGloersen,P., Passive microwave
algorithmsfor seaice concentration– A comparisonof two techniques.Rem.Sens.
Environ., 12(60),357–384,1997.

Comiso,J. C., andSullivan, C. W., Satellitemicrowave andin-situ observationsof the
WeddellSeaicecoverandits marginal icezone.J. Geophys.Res., 91(C1),9663–9681,
1986.

Comiso,J.C.,andZwally, H. J.,Antarcticseaiceconcentrationinferredfrom NIMBUS-5
ESMRandLANDSAT imagery. J. Geophys.Res., 87(C8),5836–5844,1982.

Comiso,J.C., Characteristicsof Arctic winter seaice from satellitemultispectralmicro-
waveobservations.J. Geophys.Res., 91(C1),975–995,1986.

Comiso,J. C., Surfacetemperaturesin the polar regions from NIMBUS 7 temperature
humidity infraredradiometer. J. Geophys.Res., 99(C3),5181–5200,1994.

Cox, C., andMunk, W., Statisticsof the seasurfacederived from sunglitter. J. Marine
Res., 13, 198–227,1954.

Curry, J. A., Ardeel, C. D., andTian, L., Liquid watercontentandprecipitationchar-
acteristicsof stratiformcloudsasinferredfrom satellitemicrowave measurements.J.
Geophys.Res., 95(D10),16,659–16,671,1990.

Deirmendjian,D., Electromagnetic scattering on spherical polydispersions. Elsevier,
New York, N. Y., 1969.

Drinkwater, M. R., andLiu, X., Seasonalto interannualvariability in Antarctic sea-ice
surfacemelt. IEEE Trans.Geosci.Rem.Sens., 38(4), 1827–1842,2000.

Drinkwater, M. R., and Lytle, V. I., ERS-1radarand field-observed characteristicsof
autumnfreeze-upin theWeddellSea.J. Geophys.Res., 102(C6),12,593–12,608,1997.

Drinkwater, M. R., Active microwave remotesensingobservationsof WeddellSeaice.
In Jeffries, M. O., editor, Antarctic seaice: Physicalprocesses,interactionsandvari-
ability, AntarcticResearchSeries,74,pp.187–212.Am. Geophys.Union,Washington,
D.C.,1998.

Eicken, H., Lange,M. A., andAckley, S. F., Quantificationof sea-icetexturesthrough
automateddigital imageanalysis.In Ackley, S. F., and Weeks,W. F., editors,Sea



164 BIBLIOGRAPHY

ice propertiesand processes:Proc. W. F. WeeksSeaIce Symposium,SanFrancisco,
CRRELMonograph,90-1,pp.28–32.Cold RegionsResarchandEngineeringLabora-
tory (CRREL),Hanover, New Hampshire,1990.

Eicken,H., Lange,M. A., Hubberten,H.-W., andWadhams,P., Characteristicsanddistri-
bution patternsof snow andmeteoricice in theWeddellSeaandtheir contribution to
themassbalanceof seaice.Ann.Geophysicae, 12, 80–83,1994.

Eicken, H., Fischer, H., andLemke, P., Effectsof snow cover on Antarctic seaice and
potentialmodulationof its responseto climate change.Ann. Glaciol., 21, 369–376,
1995.

Eicken,H., Deriving modesandratesof ice growth in theWeddellSeafrom microstruc-
tural,salinityandstable-isotopedata.In Jeffries,M. O.,editor, Antarctic seaice: Phys-
ical processes,interactionsandvariability, AntarcticResearchSeries,74,pp.89–122.
Am. Geophys.Union,Washington,D.C.,1998.

Emery, W. J., Fowler, C. W., and Maslanik, J., Satellite-derived mapsof Arctic and
Antarcticseaice motion: 1988to 1994.Geophys.Res.Lett., 24(8), 897–900,1997.

Eppler, D., Farmer, L. D., Lohanick,A. W., Anderson,M. R.,Cavalieri, D. J.,Comiso,J.,
Gloersen,P., Garrity, C., Grenfell,T. C., Hallikainen,M., Maslanik,J.A., Mätzler,C.,
Melloh, R. A., Rubinstein,I., andSwift, C. T., Passive Microwave Signaturesof Sea
Ice. In Carsey, F. D., editor, Microwaveremotesensingof seaice, AGU Monograph,
68,pp.47–71.Am. Geophys.Union,Washington,D.C.,1992.

Fleagle,R., andBusinger, J., An introductionto atmosphericphysics. AcademicPress,
New York, 1963.

Fuhrhop,R., Heygster, G., Johnsen,K.-P., P. Schl̈ussel,,Schrader, M., andSimmer, C.,
Studyof passive remotesensingof theatmosphereandsurfaceice.ESA-Report, Con-
tract No.11198/94/NL/CN, 1997.

Fuhrhop,R., Grenfell, T. C., Heygster, G., Johnsen,K.-P., Schl̈ussel,P., Schrader, M.,
and Simmer, C., A combinedradiative transfermodel for seaice, openocean,and
atmosphere.RadioSci., 33(2), 303–316,1998.

Fuhrhop,R., and Simmer, C., SSM/I brightnesstemperaturecorrectionsfor incidence
anglevariations.J. Atmos.Ocean.Technol., 13(1), 1997.

Fuhrhop,R., andSimmer, C., MWMODUserManual,Version1.12. Institut für Meeres-
kunde,Kiel, Germany, 1998.

Garrity, C., Characterizationof snow on floating ice andcasestudiesof brightnesstem-
peraturechangeduring the onsetof melt. In Carsey, F. D., editor, Microwaveremote
sensingof seaice, AGU Monograph,68,pp.313–328.Am. Geophys.Union,Washing-
ton,D.C.,1992.



BIBLIOGRAPHY 165

Gasiewski, A. J.,Microwaveradiative transferin hydrometeors.In Janssen,M. A., editor,
Atmosphericremotesensingby microwaveradiometry, JohnWiley & sons,inc, New
York, 1993.

Künzi, K. F., Patil, S., andRott, H., Snow-cover parametersretrieved from NIMBUS-
7 ScanningMultichannelMicrowave Radiometer(SMMR) data.IEEE Trans.Geosci.
Rem.Sens., GE-20(4), 452–467,1982.

Schl̈uter, N., Satellitenfernerkundung von Wolken mit Infrarot- und passivenMikrow-
ellensensoren in der Antarktis. PhD thesis, University of Bremen, Fachbereich1
(PhysikundElektrotechnik)andReportsfrom the Instituteof EnvironmentalPhysics
1, Universityof Bremen,2000.

Gloersen,P., Wilheit, T. T., andCampbell,W. J.,Polarseaice observationsby meansof
microwave radiometry, in: AdvancedStudyof Snow andIce,pp.541–550.Nat.Acad.
Sci., 1974.

Gloersen,P., Cavalieri, D. J., Chang,A. T. C., Wilheit, T. T., Campbell,W. J., Johan-
nessen,O. M., Katsaros,K. B., Künzi, K. F., Ross,D. B., Staelin,D., Windsor, E.
P. L., Barath,F. T., Gudmandsen,P., Langham,E., andRamseier, R. O., A summary
of resultsfrom the first NIMBUS-7 SMMR observations.J. Geophys.Res., 84(D4),
5335–5344,1984.

Gloersen,P., Campbell,W. J.,Cavalieri,D. J.,Comiso,J.C.,Parkinson,C.L., andZwally,
H. J., Arctic andAntarctic seaice, 1978–1987.Satellitepassive–microwaveobserva-
tionsandanalysis. Scientificandtechnicalinformationprogram.NationalAeronautics
andSpaceAdministration(NASA), Washington,D.C.,1992.

Gloersen,P., and Barath, F. T., A scanningmultichannelmicrowave radiometerfor
NIMBUS-GandSeaSat-A.IEEEJ. Ocean.Eng., OE-2, 172–178,1977.

Gloersen,P., andCavalieri, D. J.,Reductionof weathereffectsin thecalculationof seaice
concentrationfrom microwave radiances.J. Geophys.Res., 91(C3),3913–3919,1986.

Gohin,F., Someactive andpassive microwave signaturesof Antarcticseaice from mid-
winter to spring1991.Int. J. Rem.Sens., 16(11),2031–2054,1995.

Goodberlet,M. A., Swift, C. T., andWilkersen,J. C., Remotesensingof oceansurface
windswith theSpecialSensorMicrowave Imager. J. Geophys.Res., 94(C10),14,547–
14,555,1989.

Greenwald, T. J., Stephens,G. L., VonderHaar, T. H., and Jackson,D. L., A physi-
cal retrieval of cloud liquid waterover theglobaloceansusingSpecialSensorMicro-
wave/Imager(SSM/I) observations.J. Geophys.Res., 98(D10),18,471–18,488,1993.

Greenwald,T. J.,Combs,C.,Jones,A., Randel,D., andVonderHaar,T., Furtherdevelop-
mentin estimatingcloudliquid waterover landusingmicrowave andinfraredsatellite
measurements.J. Appl.Meteorol., 36, 389–405,1997.



166 BIBLIOGRAPHY

Grenfell, T. C., Comiso,J. C., Lange,M. A., Eicken, H., andWensnahan,M. R., Pas-
sive microwave observationsof the WeddellSeaduring australwinter andspring.J.
Geophys.Res., 99(C5),9995–10,010,1994.

Grenfell,T. C.,Barber, D. G.,Fung,A. K., Gow, A. J.,Jezek,K. C.,Knapp,E.J.,Nghiem,
S.V., Onstott,R. G.,Perovich, D. K., Roesler, C. S.,Swift, C. T., andTanis,F., Evolu-
tion of electromagnaticsignaturesof seaice from initial formationto theestablishment
of thick first-yearice. IEEETrans.Geosci.Rem.Sens., 36(5), 1642–1654,1998.

Grenfell, T. C., andComiso,J. C., Multifrequency passive microwave observationsof
seaice in theBeringandGreenlandSeas.IEEE Trans.Geosci.Rem.Sens., GE-24(6),
826–831,1986.

Grenfell,T. C.,Surface-basedpassivemicrowavestudiesof multiyearseaice.J. Geophys.
Res., 97(C3),3485–3502,1992.

Guissard,A., andSobieski,P., An approximatemodelfor themicrowave brightnesstem-
peratureof thesea.Int. J. Rem.Sens., 8(1), 1607–1627,1987.

Haas,C.,Theseasonalcycleof ERSscatterometersignaturesoverperennialAntarcticsea
ice andassociatedsurfaceicepropertiesandprocesses.Ann.Glaciol, 33, 2001.

Hallikainen,M., Ulaby, F. T., andAbdelrazik,M., Dielectricpropertiesof snow in the3
to 37GHzrange.IEEETrans.Ann.Propagat., AP-34, 1329–1340,1986.

Hallikainen,M., Ulaby, F. T., andVanDeventer,T. E., Extinctionbehaviour of dry snow
in the 18 and90 GHz range.IEEE Trans.Geosci.Rem.Sens., GE-25(6), 737–745,
1987.

Hallikainen,M., andWinebrenner, D. P., The physicalbasisof seaice remotesensing.
In Carsey, F. D., editor, Microwaveremotesensingof seaice, AGU Monograph,68,
pp.29–46.Am. Geophys.Union,Washington,D.C.,1992.

Harder, M., Lemke, P., and Hilmer, M., Simulationof seaice transportthroughFram
Strait: Naturalvariability andsensitivity to forcing.J. Geophys.Res., 103(C3), 5595–
5606,1998.

Heygster, G., Toudal,L., Turner, J., Thomas,C., Hunewinkel, T., Schottm̈uller, H., and
Viehoff, T., PELICON:Projectfor estimationof long-termvariability of iceconcentra-
tion. Tech.ReportContractEV5V–CT93–0268(DG12 DTEE),EuropeanCommunity
(EC),1996.

Hollinger, J. P., Lo, R., andPoe,G., SpecialSensorMicrowave/Imager User’s Guide.
Naval ResearchLaboratory, Washington,D.C.,1987.

Holton, J. R., An introductionto dynamicmeteorology. InternationalGeophysicsSeries,
48.AcademicPress,SanDiego,Ca.,1992.



BIBLIOGRAPHY 167

Hunewinkel, T., Markus, T., and Heygster, G., Improved determinationof the seaice
edgewith SSM/I datafor small-scaleanalyses.IEEE Trans.Geosci.Rem.Sens., 36,
1795–1808,1998.

Jeffries, M. O., Shaw, R. A., Morris, K., Veazey, A. L., andKrouse,H. R., Crystalstruc-
ture, stableisotopes( ���X� O) anddevelopmentof seaice in the Ross,Amundsenand
BellingshausenSeas,Antarctica.J. Geophys.Res., 99(C1),985–995,1994.

Jeffries,M. O.,andWeeks,W. F., Structuralcharacteristicsanddevelopmentof seaice in
thewesternRossSea.Antarctic Science, 5(1), 63–75,1992.

Jeffries, M. O., Antarctic Sea Ice: Physical processes,interactions and variability.
AntarcticResearchSeries,74.Am. Geophys.Union,Washington,D.C.,1998.

Johannessen,O. M., Muench,R. D., andOverland,J.E., editors,ThePolar Oceansand
their Rolein Shapingthe Global Environment. AGU Monograph,85. Am. Geophys.
Union,Washington,D.C.,1994.

Johannessen,O. M., andMiles, M. W., Two decadesof microwave satelliteobservations
of Arctic seaice variability and trends.In Proc. IGARSS’99, Hamburg, Germany,
pages311–313.IEEE CatalogNo.99CH36293,1999.

Jones,A. S.,andVonderHaar,T. H., Passive microwave remotesensingof cloud liquid
waterover landregions.J. Geophys.Res., 95(D10),16,673–16,683,1990.

Karstens,U., Simmer, C., andRuprecht,E., Remotesensingof cloudliquid water. Mete-
orol. andAtmos.Phys., 54, 157–171,1994.

Key, J.,andHaefliger, M., Arctic ice surfacetemperatureretrieval from AVHRR thermal
channels.J. Geophys.Res., 97(D5), 5885–5893,1992.

King, C. J., and Turner, J., Antarctic Meteorology and Climatology. Atmosphericand
SpaceScienceSeries.CambridgeUniversityPress,Cambridge,U.K., 1997.

Kwok, R., Schweiger, A., Rothrock,D. A., Pang,S., andKottmeier, C., Seaice motion
from satellitepassive microwave imageryassessedwith ERSSAR andbuoy motions.
J. Geophys.Res., 103(C4),8191–8214,1998.

Lachlan-Cope,T. A., andTurner, J.,Passivemicrowaveretrievalsof precipitationover the
SouthernOcean.Int. J. Rem.Sens., 18(8), 1725–1742,1997.

Lange,M. A., Ackley, S. F., Wadhams,P., Dieckmann,G. S., andEicken,H., Develop-
mentof seaice in theWeddellSea.Ann.Glaciol., 12, 92–96,1989.

Lange,M. A., andEicken,H., Textural characteristicsof seaice andmajormechanisms
of ice growth in theWeddellSea.Ann.Glaciol., 15, 210–215,1991.

Launiainen,J., andVihma,T., On thesurfaceheatfluxesin theWeddellSea.In Johan-
nessen,O. M., Muench,R. D., andOverland,J. E., editors,ThePolar Oceansand



168 BIBLIOGRAPHY

their role in shapingtheGlobalEnvironment, AGU Monograph,85,pp.399–419.Am.
Geophys.Union,Washington,D.C.,1994.

Lemke,P., HiblerIII, W. D., Flato,G.M., Harder, M., andKreyscher, M., Ontheimprove-
mentof seaice modelsfor climatesimulations:The SeaIce Model Intercomparison
Project(SIMIP). Ann.Glaciol., 25, 183–187,1997.

Lemke,P., Heygster, G.,Toudal,L., andTurner, J.,TheSEALION project:SEaicein the
Antarctic LInked with OceaN-atmosphereforcing. In Proc. EGS2000,Nice, France,
April 2000, 2000.

Liebe,H. J., Hufford, G. A., andCotton,M. G., Propagationmodelingof moist air and
suspendedwater/iceparticlesat frequenciesbelow 1000GHz. In Proc. AGARD52nd
Specialistmeetingof theelectromagneticwavepropagationpanel, pages3.1–3.10.Ad-
vis. Groupfor Aerosp.Res.andDev., Bruessel,Belgium,1993.

Liu, A. K., andCavalieri, D. J.,On seaice drift from thewaveletanalysisof theDefense
MeteorologicalSatelliteProgram(DMSP)SpecialSensorMicrowave Imager(SSM/I)
data.Int. J. Rem.Sens., 19(7), 1415–1423,1998.

Lo, R. C., A comprehensive descriptionof the emissionmicrowave imagerSSMI envi-
ronmentalparameterextractionalgorithm.NRL Memo.Rep.,5199,1983.

Lomax, A. S., Lubin, D., and Whritner, R. H., The potentialof interpretingtotal and
multiyear-ice concentrationin SSM/I 85.5GHz imagery. Rem.Sens.Environ., 54, 13–
26,1995.

Long, D. G., Hardin, P. J., andWhiting, P. T., Resolutionenhancementof spaceborne
scatterometerdata.IEEETrans.Geosci.Rem.Sens., 31(3), 700–715,1993.

Lubin, D., Garrity, C., Ramseier, R., andWhritner, R. H., Total seaice concentration
retrieval from the SSM/I 85.5 GHz channelsduring the Arctic summer. Rem.Sens.
Environ., 62, 63–76,1997.

Marbouty, D., An experimentalstudyof temperaturegradientmetamorphism.J. Glaciol.,
26(94),303–312,1980.

Markus, T., Kottmeier, C., and Fahrbach,E., Ice formation in coastalpolynyas in the
WeddellSeaandtheir impacton oceanicsalinity. In Jeffries, M. O., editor, Antarctic
SeaIce: Physicalprocesses,interactionsand variability, Antarctic ResearchSeries,
74,pp.273–292.Am. Geophys.Union,Washington,D.C.,1998.

Markus,T., andBurns,B. A., A methodto estimatesubpixel-scalecoastalpolynyaswith
satellitemicrowave data.J. Geophys.Res., 100(C3),16,707–16,718,1995.

Markus, T., and Cavalieri, D. J., Snow depthdistribution over seaice in the Southern
Oceanfrom satellitepassive microwave data.In Jeffries, M. O., editor, Antarctic Sea
Ice: Physicalprocesses,interactionsand variability, Antarctic ResearchSeries,74,
pp.19–39.Am. Geophys.Union,Washington,D.C.,1998.



BIBLIOGRAPHY 169

Markus,T., andCavalieri, D. J.,An enhancementof theNASA Teamseaice algorithm.
IEEETrans.Geosci.Rem.Sens., 38(3), 1387–1398,2000.

Martin, T., andAugstein,E., Large-scaledrift of Arctic seaice retrieved from passive
microwave satellitedata.J. Geophys.Res., 105(C4),8775–8788,2000.

Maslanik,J. A., Effectsof weatheron theretrieval of seaice concentrationandice type
from passive microwave data.Int. J. Rem.Sens., 13(1), 37–54,1992.

Mason,B. J.,Thephysicsof cloud. OxfordUniversityPress,London,U.K., 1972.

Massom,R.,Drinkwater, M. R.,andHaas,C.,Wintersnow coveronseaicein theWeddell
Sea.J. Geophys.Res., 102(C1),1101–1117,1997.

Massom,R., Lytle, V. I., Worby, A. P., andAllison, I., Winter snow cover variability on
EastAntarcticseaice.J. Geophys.Res., 103(C11),24,837–24,855,1998.

Maykut, G. A., Energy exchangeover youngseaice in the centralArctic. J. Geophys.
Res., 83(C7),3646–3658,1978.

McPhee,M. G.,andMartinson,D. G.,Turbulentmixing underdrifting packice.Science,
263, 218–221,1994.
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krowellen. VerlagDr. Kovac.,1994.

Simmer, C., Retrieval of precipitationfrom satellites.In Raschke, E., editor, Radiation
and water in the climate system– remotemeasurements, NATO ASI Series,Series
I: GlobalEnvironmentalChange,45, pp.249–276.SpringerVerlag,Berlin, Germany,
1996.

Sinclair, M. R., An objective cyclone climatology for the SouthernHemisphere.Mon.
Wea.Rev., 122, 2239–2256,1994.

Smith, S. D., Muench,R. D., andPease,C. H., PolynyasandLeads: An overview of
physicalprocessesandenvironment.J. Geophys.Res., 95(C6),9461–9479,1990.

Smith,E. K., Centimeterandmillimeterwaveattenuationandbrightnesstemperaturedue
to atmosphericoxygenandwatervapor. RadioSci., 17, 1455–1464,1982.

Smith, D. M., Observation of perennialArctic seaice melt andfreeze-upusingpassive
microwave data.J. Geophys.Res., 103(C12),27,753–27,769,1998.

Squire,V. A., Wadhams,P., and Moore, S. C., Surfacegravity wave processesin the
winterWeddellSea.EOSTrans.Am.Geophys.Union, 67(44),1005,1986.

Stammerjohn,S. E., and Smith, R. C., OpposingSouthernOceanclimate patternsas
revealedby trendsin regionalseaicecoverage.Climatic Change, 37, 617–639,1997.



172 BIBLIOGRAPHY

Steffen, K., Key, J., Cavalieri, D. J., Comiso,J., Gloersen,P., St.Germain,K., andRu-
binstein,I., Theestimationof geophysicalparametersusingpassive microwave algo-
rithms.In Carsey, F. D., editor, Microwaveremotesensingof seaice, AGU Monograph,
68,pp.201–231.Am. Geophys.Union,Washington,D.C.,1992.

St.Germain,K., andCavalieri, D. J.,A microwavetechniquefor mappingicetemperature
in theArctic seasonalseaice zone.IEEE Trans.Geosci.Rem.Sens., 35(4), 946–953,
1997.

St.Germain,K., Atmosphericwatervaporandcloud liquid watercorrectionfor the 85
GHz channelsof theSSM/I.EOSTrans.Am.Geophys.Union, 74(43),324,1993.

Stogryn,A., andDesargeant,G. J.,Thedielectricpropertiesof brine in seaice at micro-
wave frequencies.IEEE Trans.Ant.Prop., AP-33(5), 523–532,1985.

Stogryn,A., Theemissivity of seafoamat microwave frequencies.J. Geophys.Res., 77,
1658–1666,1972.

Stogryn,A., Estimatesof brightnesstemperaturesfrom scanningradiometerdata.IEEE
Trans.onAntennasandPropagation, AP-26, 720–726,1978.

Sturm, M., Grenfell, T. C., and Perovich, D. K., Passive microwave measurementsof
tundraandtaigasnow coversin Alaska,U.S.A.Ann.Glaciol., 17, 125–130,1993.

Sturm,M., Morris, K., andMassom,R., The winter snow cover of the WestAntarctic
packice: its spatialandtemporalvariability. In Jeffries, M. O., editor, Antarctic Sea
Ice: Physicalprocesses,interactionsand variability, Antarctic ResearchSeries,74,
pp.1–18.Am. Geophys.Union,Washington,D.C.,1998.

Sturm,M., The role of thermalconvection in heatandmasstransportin the subarctic
snow cover. CRRELReportNo. 91-19,U.S.A.ColdRegionsResarchandEngineering
Laboratory(CRREL),Hanover, New Hampshire,1991.

Svendsen,E.,Kloster, K., Farrelly, B., Johannessen,O.M., Johannessen,J.A., Campbell,
W. J.,Gloersen,P., Cavalieri, D., and Mätzler,C., Norwegianremotesensingexperi-
ment:evaluationof theNIMBUS7 ScanningMultichannelMicrowaveRadiometerfor
seaice research.J. Geophys.Res., 88, 2781–2791,1983.

Svendsen,E., Mätzler,C., andGrenfell,T. C., A modelfor retrieving total seaice con-
centrationfrom a spacebornedual-polarizedpassive microwave instrumentoperating
near90 GHz. Int. J. Rem.Sens., 8, 1479–1487,1987.

Swift, C. T., andCavalieri, D. J.,Passive microwave remotesensingfor seaice research.
EOS,Trans.Am.Geophys.Union, 66, 1210–1212,1985.

Swift, C. T., Passive microwave remotesensingof the ocean– a review. Bound.Lay.
Meteorol., 18, 25–40,1980.



BIBLIOGRAPHY 173

Szeto,K. K., Stewart,R. E., andHanesiak,J.M., High-latitudecold seasonfrontal cloud
systemsandtheir precipitationefficiency. Tellus, 49A, 439–454,1997.

TheNORSEXGroup,Norwegianremotesensingexperimentin amarginal icezone.Sci-
ence, 220(4599),781–787,1983.

Thomas,C. H., Longtimeanalysisof Antarctica’s sea-icefrom passivemicrowavedata.
PhDthesis,Universityof Bremen,Fachbereich1 (PhysikundElektrotechnik)andRe-
portsonPolarResearch,284, Alfred-Wegener-Institut für Polar- undMeeresforschung
(AWI), 1998.

Toudal,L., andSaldo,R.,A datasetof satellitederivedicemotionfor theSouthernOcean.
In Proc.EGS2000,Nice, France, April 2000, 2000.

Tsatsoulis,C.,andKwok,R.,Analysisof SARdataof thepolar oceans:Recentadvances.
SpringerVerlag,Berlin, Germany, 1998.

TuckerIII, W. B., Perovich, D. K., Gow, A. J., Weeks,W. F., and Drinkwater, M. R.,
Physicalpropertiesof seaice relevant to remotesensing.In Carsey, F. D., editor, Mi-
crowaveremotesensingof sea ice, AGU Monograph,68, pp.9–28.Am. Geophys.
Union,Washington,D.C.,1992.

Turner, J.,Lachlan-Cope,T. A., Thomas,J.P., andColwell, S.R.,Thesynopticoriginsof
precipitationover theAntarcticPeninsula.Antarctic Science, 7(3), 327–337,1995.

Ulaby, F. T., Moore,R. K., andFung,A. K., Microwaveremotesensing, activeandpas-
sive. VolumeI: Fundamentalsand radiometrie. AddisonWesley Pub., London,U.K.,
1981.

Ulaby, F. T., Moore,R. K., andFung,A. K., Microwaveremotesensing, activeandpas-
sive. VolumeIII: From theory to applications. AddisonWesley Pub., London,U.K.,
1986.

VanderVeen,C. J., andJezek,K. C., Seasonalvariation in brightnesstemperaturefor
centralAntarctica.Ann.Glaciol., 17, 300–306,1993.

Wadhams,P., Lange,M. A., andAckley, S. F., The ice thicknessdistribution acrossthe
Atlanticsectorof theAntarcticOceanin midwinter. J. Geophys.Res., 92(C13),14,535–
14,552,1987.

Walters,J.M., Ruf, C., andSwift, C. T., A microwave radiometerweather-correctionsea
icealgorithm.J. Geophys.Res., 92(C6),6521–6534,1987.

Wensnahan,M., Maykut,G.A., andGrenfell,T. C.,Passivemicrowaveremotesensingof
thin iceusingprincipalcomponentanalysis.J. Geophys.Res., 98(C7),12,453–12,468,
1993.

White, W. B., andPeterson,R. G., An Antarctic circumpolarwave in surfacepressure,
wind, temperatureandsea-iceextent.Nature, 380, 699–702,1996.



174 BIBLIOGRAPHY

Winebrenner, D. P., Nelson,E. D., Colony, R.,andWest,R. D., Observationof meltonset
on multiyearArctic seaice using ERS 1 syntheticapertureradar. J. Geophys.Res.,
99(C11),22,425–22,441,1994.

Worby, A. P., Jeffries, M. O., Weeks,W. F., Morris, K., and Ja na, R., The thickness
distribution of seaice andsnow cover during late winter in the Bellingshausenand
AmundsenSeas,Antarctica.J. Geophys.Res., 101(C12),28,441–28,455,1996.

Worby, A. P., Massom,R. A., Allison, I., Lytle, V., andHeil, P., EastAntarctic seaice:
A review of its structure,propertiesanddrift. In Jeffries, M. O., editor, Antarctic Sea
Ice: Physicalprocesses,interactionsand variability, Antarctic ResearchSeries,74,
pp.41–68.Am. Geophys.Union,Washington,D.C.,1998.

World MeteorologicalOrganization(WMO), InternationalCloudAtlas. World Meteoro-
logicalOrganization,Geneva,Switzerland,1956.

World MeteorologicalOrganization(WMO), WMO seaice nomenclature.TechnicalRe-
portWMO/OMM/BMO, suppl.5, WMO, Geneva,Switzerland,1989.

Yu,Y., andRothrock,D. A., Thin icethicknessfromsatellitethermalimagery. J. Geophys.
Res., 101(C10),25,753–27,766,1996.

Zwally, H. J., Comiso, J. C., Parkinson,C. L., Campbell,W. J., Carsey, F. D., and
Gloersen,P., Antarcticsea-ice,1973–1976:satellitepassive-microwave observations.
TechnicalReport NASA SP-459,National Aereonauticsand SpaceAdministration
(NASA), Washington,D.C.,1983.

Zwally, H. J.,Comiso,J.C.,andGordon,A. L., Antarcticoffshoreleadsandpolynyasand
oceanographiceffects.In Jacobs,S.S.,editor, Oceanology of theAntarctic continental
shelf, AntarcticResearchSeries,43, pp.203–226.Am. Geophys.Union, Washington,
D.C.,1985.


