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ABSTRACT — Seaice is a veryimportantcomponenbf the climatesystem.
While the seaice extent hasretreatedn the Arctic during the past20 years, it
hasremainedconstantn the Antarctic. In orderto betterunderstandhe role of
seaice within the climate systemin the context of global warming state-of-the-
art coupledAtmosphere-Ocea@lobal CirculationModelshave to be improved.
Thisrequireso know the seaice concentratiorC' for along periodfor bothhemi-
spheresandatthe bestpossiblespatialresolution.Currentlyusedmethoddo cal-
culateC likethe NASA Teamalgorithmarebasedon dataaquiredby the Special
SensoMicrowave/Imager(SSM/I) at 19 and37GHz. The SEALION algorithm
presentechereallows to calculateC' with the polarization P at 85GHz taking
advantageof the higher spatialresolutionassociatedvith this frequeng. How-
ever, the decreasef the polarizationcausedby the weatherinfluenceleadsto
anoverestimatiorof C. Therefore the polarizationis correctedusingaradiative
transfermodel and atmospheridatataken from NumericalWeatherPrediction
modelsand/orderived from SSM/I measurementsl he variousseaice andsnowv
propertieshave beenconsiderectalculatingmonthly seaice tie points. The aver-
agestandarddeviation of the seaice concentratiorderived with the SEA LION
algorithmis about12 % for C' < 50 % andlessthan5 % for C' > 90 %. Thesea
ice edgeobtainedwith the SEALION algorithmagreeswithin 10km with theice
edgeevidentin VIS/IR images. The gradientof the SEA LION ice concentra-
tion acrosgshe maiginalice zone(MIZ) agreesnuchbetterwith the oneinferred
from RADARSAT-1 SAR scenesn the GreenlandSeaif comparedo resultsof
the NASA Teamalgorithm. The SEA LION algorithmsuggestsa fasterandear
lier retreatof the seaice cover during Austral spring/summern comparisono
former seaice extentdatasets.This canbe explainedwith the higherspatialres-
olution at 85GHz allowing to detectsmallerareasof openwaterthanthe other
SSM/I channels.AveragingC over the investigatedoeriod 1992-1999the SEA
LION algorithm provideshighervaluesthanthe NASA Teamalgorithm (differ-
ence~ 5 %) andlower valuesthanthe Bootstrapalgorithm (differencex~ 3 %).
A majorlimitation for usingthe SEA LION algorithmarisesfrom the quality of
atmospheridataneededor the weathercorrection. A spatialresolutionof at-
mosphericdatalower thanthe 85GHz SSM/I channelsand/ora time lag larger
thanhalf an hour betweenboth datasetscan causerelative errorsabove 100 %,
particularyin the cloud-coreredpartsof the MIZ.






ZUSAMMENFASSUNG — Meereisspielt ein Schiisselrolleim Klimasy-
stem.Die arktischeMeereisbedeckungat Giber die letztenzwei Jahrzehntesi-
gnifikantabgenommendie antarktischgedochnicht. Um diesvor demHinter-
grundeinerglobalenKlimaanderungzu untersuchenmisserbestehendgekop-
pelte Atmosplare-OzearGlobaleZirkulationsmodelleverbessertverden.Daflr
berbtigt man die prozentualeMeereisbedeckung’ beider Hemisptaren tiber
einenmdoglichstlangenZeitraumund mit einermoglichstgutenraumlichenAuf-
losung Zur Zeit verwenderdie Methoderzur Berechnungon C, z.B. derNASA
Team-AlgorithmusPatender 19 und 37 GHz Kanale desSpecialSensomMicro-
wave/Imaer (SSM/I). Der hier vorgestellteSEA LION-Algorithmus bestimmt
C auf Basisder PolarisationP der raumlich besserufgebsten85GHz SSM/I-
Daten.Jedochverringertder WettereinflussP undverursacheineUberscliatzung
von C'. DieserFehlerwird mittels eines Strahlungstransportmodelkorrigiert.
Dafiur berbtigte atmosplrische Parameterstammenentwederaus Wettenor-
hersagemodellender werdenaus Datender Gibrigen SSM/I-Karéle berechnet.
Veranderungener SchneeundEisbedingungewerdendurchmonatlicheMeer-
eiseichpunktéoeriicksichtigt.Die mittlere Standardabweichunger SEA LION-
Eiskonzentratioiegtbei12 % fur C' < 50 % undistkleinerals5 % fur C > 90 %.
Der Verlaufder Meereiskantevurdemit demSEA LION-Algorithmusberechnet
und mit Bildern im sichtbarenund infraroten Frequenzbereickalidiert. Beide
Verlaufe stimmenauf etwa 10km genautiberein.Das neueVerfahrenliefert, im
VemleichzumNASA Team-AlgorithmuseinenrealistischereGradientervon C
querzur Eisrandzonewie RADARSAT-1 SAR Szenerausder Gronlandseédele-
gen.Vemlichenmit herkdommlichenDaten&tzennimmt die mit demSEA LION-
AlgorithmusbestimmteantarktischeMeereisbedeckunign Stdfrihling schneller
und friherah Dasensprichtden Erwartungendenndie 85GHz SSM/I-Kargle
erfasserdankder besseremaumlichenAuflosungkleinereoffene Wasserthichen
alsdie tibrigenSSM/I-Karale. SEA LION-Eiskonzentrationergemitteltiiberdie
Periode1992-1999iibertrefen entsprechendBlASA Team-Eislonzentrationen
um~ 5%, liegenjedochum ~ 3 % unterhalbden entsprechendeBootstrap-
EiskonzentrationerDie Verwendbarkit desSEA LION Algorithmuswird durch
die Qualitatderfur die WetterlorrekturberdtigtenDateneingeschinkt. Relatve
Fehlervon Uiber100 % sindin wolkenbedeckteebietender Eisrandzonealann
moglich, wenndie Auflosungder atmosplarischenDatendeutlichunterderjeni-
gender 85GHz Datenliegt bzw. wenn beide Datengtze einenZeitversatzvon
mehralseinerhalbenStundeaufweisen.
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Chapter 1

Intr oduction

1.1 Sealcein the Climate System

Seaice coversabout7 % of the Earth’s surfaceall the yearround[Cavalieri and
St.Germain, 1995] affecting the interactionbetweenthe oceanand the atmo-
sphere.The seaice extendsover 2 x 10¢ km? and19 x 10° km? in the Southern
andover 6 x 10km? and16 x 10% km? in the NorthernHemispherén summer
andwinter of theconsideredhemispheresespectrely [Cavalieri etal., 1997]. Sea
ice canbedevidedinto threecateyories:thin or youngice, first-year(FY) ice and
old ice, which is second-yeafSY) ice or multiyear(MY) ice. A seaice cover
canreducethe vertical fluxesof latentandsensibleheatfrom the oceaninto the
atmospherdy up to two ordersof magnitudeat high latitudes[Maykut, 1978],
[Smith et al., 1990], [Launiainenand Vihma, 1994]. Even a small fraction, for

instances %, of wateror thin ice (10cm) within an areacoveredby thicker ice

(100cm) hasa considerablénfluenceon the surfaceheatbudgetof thisarea.The
exchangeof momentunis alsodifferentabove seaice if comparedo openwater
anddependson the aerodynamicsurfaceroughnes®f both surfaces. While the
aerodynamisurfaceroughnes®sf undeformedeaiceis smallerthanthatof open
water which is usuallyroughenedy the surfacewind, deformedor broken sea
ice exhibits a larger surfaceroughness.The quasi-permanergnaov cover often
smoothe®ut the higherfrequeng surfaceroughnes$Andreas,1987],[Sturmet
al.,1993].

The albedoof seaice (0.45...0.98) is muchlarger thanthat of openwater
(0.03...0.1). Consequentlyseaice reflectsmuchmoresolarradiation,the sur
faceradiationbudgetis negative almostall the time and strongsurfaceair tem-
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2 CHAPTER1. INTRODUCTION

peraturenversionscandevelop. During summeywhenthe seaice/snav is atits

freezingpoint, all availablesolarenepy is usedto meltthe seaice andthe snaw.

Surfaceair temperaturesxceed0°C only during periodsof adwectionof warmer
air from lower latitudegMassometal., 1997],[DrinkwaterandLiu, 2000]. These
low surfaceair temperaturesauseonly a smallmaximumamountof watervapor
to be capturedby the air. Thus,in termsof its absolutewatervaporcontentair

is muchdrier in polarregions, particularly over seaice. As aresult,the seaice

cover maintainsthe horizontalgradientsof air temperatur@ndwatervaporcon-
tent betweenpolar and temperatdatitudesandis a key elementin the general
atmosphericacirculation. However, the relatve humidity is sufficiently high to

causea high-percentagef cloudcoverin polarregions.

During its growth and aging seaice rejectslarge quantitiesof salt into the
ocean A cold, highly salineandthereforevery densevatermassformsandsinks
by vertical corvectioninto the deepoceanbecomingso-calledDeepBottom\W\a-
ter. This watermassis of crucialimportancefor the global corveyor beltin the
World’s OceangJohannessert al., 1994], [Harder et al., 1998]. Major areas
of DeepBottom Water formation are the Greenlandand LabradorSeasand all
polynyasin the SouthernOcean,which surroundsAntarcticaas part of the Pa-
cific, Indic and Atlantic Oceans. Corversely during seaice melt a lessdense
freshwaterlayerformson top of the ocean stratifyingits upper100 meters.This
is morepronouncedn the Arctic wherethelandmasse®sf theadjacentontinents
notonly preventa waterexchangewith the surroundingoceandut alsoforcethe
seaice, on average to becomethicker andolderandthereforelesssalinethanin
the SoutherrOcean.

Oceancurrentssuchasthe EastGreenlandCurrentor the Weddell Gyre and
local wind phenomenauchaskatabaticwinds oftencarry the seaice away from
its formationarea.This makesthe seaice avery effective mediumfor freshwater
transportascanbe seenin the Fram Straitwherethe freshwatertransportdueto
seaice drift is the secondargestin the world comparedo river runoffs [Harder
etal., 1998],[Martin andAugstein,2000].

Finally, seaice andthe waterunderneattcontainvariousbiological species.
Somespeciesnf phytoplanktorhave not only adoptedto the polar ernvironment
but may sene asindicatorfor changesn seaice extent and/orthickness. The
latter was shavn, for instance for the interactionbetweenthe biogenicParticu-
late Organic Carbon (POC)contentandthe seaice extentin the GreenlandSea
[Ramseiertal., 1999].

Several feedbackmechanismsxist betweenseaice, the oceanand the at-
mospheremaking regions covered by seaice of particularinterestfor climate
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research.It is widely acceptedhat the shorteningof the Arctic seaice season
andprobablyalsoof the seaice thicknessover the past25 yearsis linkedto the
obsened air temperaturancreaseat high northernlatitudes[Parkinson,1992],
[Smith, 1998]. Simultaneouslythe Antarcticseaice coverrevealsaslight positive
trend[Stammerjohrand Smith, 1997], [Thomas,1998]. However, the consider
ably largertypical time scaleof the oceanto reacton a changan theatmosphere
and/orthe seaice cover causegproblemswhenexplaining the decreasingeaice
cover and thicknessin the NorthernHemisphere. Time-seriesof the obsened
oceanand seaice propertiesare certainly too shortto understandall detailsof
their naturalvariability. Modelling the interactionbetweenthe oceanandthe at-
mospheren polarregions,for instancewith a Global CirculationModel (GCM),
is an alternatve — provided that a sophisticatedseaice modelis implemented
[Lemke et al., 1997]. The developmentof sucha seaice modelandthe imple-
mentationinto a GCM requiresto know the physicalseaice propertiesandto
have time-serief the obsered seaice areaandextentfor comparisorwith the
modeloutput. Thesetime-seriesanbe obtainedrom remotesensinglata.

1.2 RemoteSensingof Sealce

Much is known aboutphysical seaice propertiesfrom tank experimentssuch
as performedat the Cold Regions Reseath EngineeringLaboratory (CRREL),
Hanover, New Hampshire,and from field experiments,e.g. the Marginal Ice
ZoneEXperimen{MIZEX) which lastedseveralyearsor the Winter WeddellSea
Project(WWSP).For detailsandresultslook into [The NORSEXGroup,1983],
[Onstottet al., 1987], [Comisoet al., 1989], [Ackley and Weeks,1990], [Tuck-
erlll etal., 1992], [Eppler et al., 1992]. Theseexperimentshave provided very
detailedinformationaboutthe seaice suchasits percentageoverage thickness
or snown-cover propertieson a very small spatialscale. However, whenusinga
GCM areasonablintercomparisomf modelledwith obseredseaice parameters
requiresheabove-mentionegharameterso be availableon ahemisphericascale
for severalyears. This demandcanbefulfilled usingspaceborneemotesensing
data.

Onecandistinguishbetweenactice and passiveremotesensingnstruments.
Active sensorssuchasa RADAR emit electromagneti@negy and receve the
power reflectedand/orscatteredat the surfaceor in theatmosphereThereceved
power canberelatedto the surfacebackscattecoeficientandthusallowsto gain
informationaboutthesurfaceroughnessAmongotherstheActiveMicrowaveln-
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strumen{AMI) aboardhepolarorbiting EuropeanSpaceAgency(ESA)satellites
ERS-1(1991-1996)and ERS-2(1995-presentandthe CanadiarRADARSAT-1
SAR (1995-presentbelongto this sensoitype. Both sensorsaacquiredataat C-
band(5.3GHz) andarethereforeableto look throughclouds. In the SAR mode
the spatialresolutionis 25m within a 100km wide swath (ERS-1/2)and 50m
within a 460km wide swath (RADARSAT-1). In the EScatmode (AMI only),
the spatialresolutionis about20km within a 500km wide swath [Rane et al.,
1991],[Long etal., 1993], [Drinkwater 1998]. Many studieshave illustratedthe
potentialof SAR datain gaininginformationaboutthe seaice type andits sur
facestateon a scaleof afew tensof metergOnstott,1992],[Winebrenneetal.,
1994], [DrinkwaterandLytle, 1997], [Drinkwater 1998], [TsatsoulisandKwok,
1998]. EScatdatahave widely beenusedto estimatehe oceansurfacewind vec-
tor [Bentamyet al., 1999] and, morerecently to mapthe seaice extentaswell
asits roughnesse. g. [Gohin, 1995], [DrinkwaterandLytle, 1997],[Drinkwater
1998],[DrinkwaterandLiu, 2000],[Haas,2001].

Passveremotesensingnstrumentseceve electromagnetienegy emittedby
the surfaceand/orthe atmospherer dependon scatteredolarradiation.Sensors
of thistypeare,for instancetheOperational LinescarSystenfOLS)in thevisible
(0.4pum- 0.7 um) andinfrared(0.7 um - 300um) rangeandthe SpecialSensoiMi-
crowave/lmger (SSM/I)in themicrowavefrequeng range bothaboardhepolar
orbiting spacecrafof the DefenseMeteoplogical SatelliteProgram (DMSP).In
the visible/infrared(VIS/IR) range,spacebornsensorsllow to acquiredataof
the shortwave albedoandthe IR temperaturevith a spatialresolutionof approx-
imately 1 km within a 3000km wide swath. Almost all cloudsareopaquen the
VIS/IR rangeandseaice canonly beobsenedin cloud-freeareas.Thelarge av-
eragecloud cover in polarregions(> 70 %) in the SouthernOceanaccordingto
the International Satellite Cloud Climatology Project (ISCCR see[Schiffer and
Rossav, 1983]) reduceshe amountof useful VIS/IR datadrastically In the VIS
range theamountof datato beusedfor seaice monitoringis furtherreducedsince
daylightis required.Neverthelessgatacollectedby the Advanced/ery High Res-
olution Radiometel(AVHRR) aboardthe NOAA spacecrafare usedto estimate
theseaice and/orsnav surfacetemperaturén clearsky areagKey andHaefliger
1992],[Comiso,1994]andthethicknesof thin seaice [Yu andRothrock,1996].
Thesedataare alsovery helpful to validateseaice productsderived from other
spaceborneemotesensingdata,e. g. [Cavalieri, 1994], [St. Germainand Cava-
lieri, 1997],[Agnew etal., 1999].

The needfor daylightandclearsky conditionscanlargely be avoidedusing
microwave radiometers.Thesesensorsneasurdahe so-calledbrightnesstempe-
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rature of almostthe completeseaice coverin both polarareasat leastonceeach
day Thelaunchof thefirstimagingmicrowave radiometerthe Electrically Scan-
ning Microwave Radiometer(ESMR) aboardthe NASA Nimbus 5 satellitein
1973[Gloersenet al., 1974] wasfollowed in 1978 by the ScanningMultichan-
nel MicrowaveRadiomete{SMMR, seg[GloerserandBarath,1977])aboarche
NASA Nimbus7 satellite.In 1987 thefirst sensoof anew generationthe SSM/I
[Hollinger et al., 1987], waslaunchedaspartof the DMSP. Sincethenidentical
sensorshave beenlaunchedaboardsuccessie DMSP spacecraftproviding an
almostcontinuoustime-seriesof passve microvave datalasting from 1973 to
presentAlthoughthesesensorgprovide datawith a spatialresolutionbetweenl0
and100km which is coarsecomparedo datacollectedby the earliermentioned
actve andVIS/IR sensorsthelargeemissvity differencebetweeropenwaterand
seaice aswell asland andsnov hasbeenexploited to estimatethe seaice con-
centrationandthe amountof snow, e.g. [ComisoandZwally, 1982], [Kinzi et
al., 1982],[Cavalieri etal., 1984],[Cavalieri etal., 1991],[ComisoandSullivan,
1986], [Comisoet al., 1992]. Besidesthis, over the radiometricallycold open
ocean,SMMR and SSM/I datahave beenusedto retrieve atmospherigarame-
terssuchasthe surfacewind speedV/, the integratedwatervaporcontenti? and
the integratedcloud liquid watercontentZ, e. g. [Swift, 1980],[Gloersenetal.,
1984],[Bauerand Schlissel,1993].

Well known seaice concentratioralgorithmsare,amongothers the Bootstap
(BS) algorithm[Comiso,1986]andthe NASATeam(NT) algorithm[Cavalieri et
al., 1984]. Thesealgorithmshave originally beendevelopedfor SMMR dataand
have beenadoptedto SSM/I data[Cavalieri etal., 1991],[Comisoetal., 1992].
The actualversionsof both algorithmsusethe 19 and 37 GHz channelsof the
SSM/I. While the BS algorithmallows to obtainthe total seaice concentration
C only, theNT algorithmprovidesarealfractionsof FY andMY ice in addition.
Thequality of thederivedseaice productslepend®nanappropriatehoiceof so-
calledtie points— brightnessemperatures$ypical for the surfacetypesinvolved.
During the pastyears,severalimprovementshave beenmadeto overcomediffi-
cultiesarisingfrom ambiguoussurfacesignalsor from theatmospherienfluence.
Thethinicealgorithm[Cavalieri, 1994]considershesimilarity of brightnessem-
peraturesneasure@bovethiniceandabrokenFY ice coverusinganew setof tie
points. Wensnaharet al. [1993] suggesto usea principal componentanalysis
to solve this problem. The atmospherignfluenceon the retrieval of seaice pa-
rameterdrom microwave radiancesasbeenreportedby GloerserandCavalieri
[1986]for thefirst time. Sincethenseveralapproachebave beenmadeto correct
eitherthe microwave radiance®r thedervedseaice parameterse. g. [Walterset
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al., 1987],[Cavalieri etal., 1995],[Thomas,1998].

In therevisedNT algorithmtheinfluenceof ice layerswithin thesnov onthe
retrieval of the seaice concentrations consideredMarkusandCavalieri, 2000].
However, productsof theBS andNT algorithmssuffer from thecoarsespatialres-
olution of theselectedsSM/I channelsUsingthe 85GHz SSM/I channelsvould
allow for aresolutionimprovementby atleastafactorof four which, for instance,
is of greatinterestwhenobservingpolynyas. Moreover, dueto the smallerwave-
length at 85GHz the penetratiordepthis considerablysmallercomparedo the
otherSSM/I channelsTherefore the 85GHz channelsaaremoresensitve to thin
ice andto the physicalpropertieof the upperfew centimeter®f snov onseaice.
Consequentlyusingthesechannels betterestimatiorof theseaice concentration
canbeexpectedparticularlyin areasoveredby thinice. In caseof snawv-covered
seaice, theobtainedseaice concentrationwould belessinfluencedoy snow inho-
mogenitiesfor instanceicy snowv layersdeeplyburiedin the snov [Markus and
Cavalieri, 2000].

1.3 Outline of the Work

Oneaim of the EuropeanUnion- (EU) fundedprojectSEaice in the Antarctic —
LInkedwith OceaN-atmospheforcing (SEALION, seehttp://www-iup.physik.uni-
bremen.de/iuppge/sealionedl.htm) is to developanew seaice concentratioral-
gorithm,calledSEALION (SL) algorithm,andtakesadvantageof the higherspa-
tial resolutionof the85GHz SSM/I channelsThe productsof this new algorithm
will be usedfor intercomparisonvith resultsof a numericalseaice modelandof
GCMswith differentrepresentationsf seaice [Lemke et al., 1997], [Lemke et
al.,2000].

The spatialresolutionof geophysicaparameter®btainedfrom SSM/I data
suchasC or V is determinedoy the effective field-of-view (FOV) of the SSM/I
and by the samplingdistanceof the measurements.At 19GHz, the FOV is
69 x 43 km? andthe distancebetweentwo samplingsis 25km. Consequently
adjacent-OVs have a considerableverlap. Projectingl9 GHz SSM/I datainto
a25 x 25km? grid, asdoneatthe National Snowand Ice Data Centie (NSIDC),
meando distributetheinformationcontainedn eachsingleFOV overanareaof
almostfive grid cells. Therefore gvenfor oneSSM/I overpasghebrigthnesgem-
peraturewithin onegrid cell is an averageover at leastfive FOVs. The 85GHz
SSM/l channelshave aFOV of 15 x 13 km? andaresampledeach12.5km. Ad-
jacentFOVs overlaponly slightly andeachFOV coversthe areaof almostjust
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one grid cell when projectingthesedatainto the NSIDC 12.5 x 12.5km? grid

[NSIDC, 1996]. Using 85GHz SSM/I datain combinationwith dataacquired
by other SSM/I channeldmprovesthe quality of the derived productby includ-

ing, in termsof the otherSSM/I channelssubpixel-scaleinformationashasbeen
shovn by MarkusandBurns[1995] andHunewinkel etal. [1998]. In thisthesis,
85GHz SSM/I datahave beenusedto derive the total seaice concentratiorC' in

the SoutherrmOcearmaswell asin the Greenlandsea.To thebestknowledgeof the
author studiesreportingthe estimationof C' from 85GHz SSM/I data[Lomax et
al., 1995], [Lubin et al., 1997] or higherfrequeng data[Svendseret al., 1987]

dealonly with Arctic conditionsandwill bedescribedn Chapter4.

The surfacebrightnesgemperaturgolarizationdifferenceAT is the key pa-
rameterfor retrieving C from higherfrequeng microwave radiancegSvendsen
etal., 1987]. In orderto reducethe impactof the physicaltemperaturef thera-
diatingseaice and/orsnaw layer, AT hasbeennormalizedto usethis quantityin
the SL algorithmpresentedn this thesis. The basicequationof this algorithmis
asimplerelationshipbetweenC', the normalizedAT at 85GHz andtie pointsof
openwaterandseaice, andis describedn Section5.1.

The small penetratiordepthassociatedavith the smallwavelengthat 85GHz
suggesta highersensitvity to the seaice surfacepropertieswvhencomparedo
the otherSSM/I channels Especiallysnow is animportantfactorsinceAntarctic
seaice is coveredby snav almostall the yearrounddueto the small numberof
melt-daysin Austral summer{DrinkwaterandLiu, 2000]. Oncesnav hasbeen
depositedntheseaice it undegoesapronounceanetamorphismlt canbecom-
pactedandredistritutedby the surfacewind. Rainor melt waterpercolatingthe
snov cancausesingle snov grainsto coagulate.Melt-freezecyclesor freezing
rain cancauseacoarse-grainedgy crustontop of thesnow, whichmaybeburied
by freshsnaw afterthe next snaw fall. This buried crustconsiderablyaffectsthe
melt water drainageand/orconductve heatflux throughthe snawv. As a conse-
guencedepthhoarmay form below this crustwhile the abose-mentionedneta-
morphismtakesplacesabove this crust— until the next snaw fall. Thereforethe
Antarcticsnov cover on seaice is highly stratifiedandcanexhibit very different
surface properties[Sturm et al., 1998]. In orderto considerboth, the interan-
nualvariability of seaice and/orsnav propertiesaswell asthe highersensitvity
of the 85GHz SSM/I channeldo changingsurfaceconditions,new tie pointsof
seaice and openwater have beenderived from SSM/I datafor eachmonth. In
situ measurementsf the emissvity of seaice andopenwaterhave beenusedfor
comparisor(Section5.2).

Comparedto the other SSM/I channelsthe atmosphericinfluence on the
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85GHz SSM/I brightnesdemperaturess muchlargerandrequiresa correction.
Theradiatve transfermodelMicroaveMODel (MWMOD, see[Simmet 1994],
[Fuhrhopet al., 1998]) hasbeenusedto estimatethe weatherinfluenceinduced
by the atmospherigarameterd/, W and L in termsof a brightnesstempera-
ture changeover a wide emissvity range. Whentheseparametersare known,
the correspondingeffect on the 85GHZ SSM/I measurementsan be estimated
andcorrectedfor aswill be explainedin Section5.3. The requiredatmospheric
parameterfiave beencalculatedirom SSM/I dataand/ortaken from Numerical
WeatherPrediction(NWP) modelsaswill bedescribedn Chapter3.

The SL algorithmallowsto calculateC' with theabose-mentionedbasicequa-
tion from daily gridded85GHz SSM/I dataprovided by the NSIDC ona12.5 x
12.5km? grid for the entire SouthernOcean. For this purpose,the weather
influenced85GHz SSM/I brightnesstemperaturesire usedto calculatea first
guessof C. In the next step, MWMOD is usedto modelthe 85GHz brightness
temperaturesvhich would be measuredby the SSM/l accordingto thefirst guess
of C' andaccordingto the weatherinfluencegivenby V, W and L. Theresult
is comparedo the real 85GHz SSM/I measuremernin termsof the normalized
AT value. As long asthe differencebetweenthe modeledand measuredralue
of thenormalizedAT exceedsa certainthreshold thefirst guessof C' is not ac-
ceptedthe 85GHz SSM/I measurementare correctedor the weatherinfluence
anda new guessof C is calculated.This iterationand somemore detailsof the
SL algorithmwill bedescribedn Section5.4.

The SL algorithmis usedto calculateC for the entire SouthernOceanfor
the period 1992-1999. Theseresultsare comparedwith OLS VIS/IR imagery
in situ ship obsenationsof the seaice cover and— in termsof area,extentand
distribution of seaice concentratioranomalies- with the resultsof the BS and
NT algorithms.Thisis presentedn Section6.1. Also, the SL algorithmis tested
using SSM/I swath dataobtainedin the Arctic in April 1999. Resultsof this
testwhich includesanintercomparisorbetweenC' obtainedwith the SL andNT
algorithmsandRADARSAT-1 SAR imagesareshavn in Section6.2.



Chapter 2

Theoretical Basis

In this chapteratfirst somefundamental®f microwvave remotesensingaregiven
in Section2.1. Monitoring the Earth’s surfacefrom spacerequiresthe knowl-

edgeof 1.) theelectromagnetipropertiesof the surface,of 2.) theinteractionof

the surfaceradiationwith the atmosphereandof 3.) the atmospheriaadiation.
Physicalpropertiesdeterminingthe microwave radiationof openwater seaice
andsnav arediscussedn Sections2.2and2.3. Thelattersectionincludesa few

aspect®f seaice growth anddecayandof snov metamorphismThisis followed
by theradiationpropertiesof thesurfacein Section2.3.4.Section2.4focusse®n
atmosphericadiationandthe interactionof the surfaceradiationwith the atmo-
sphere.Section2.5 describeghe microwave radiative transferandthe tool used
to modeltheatmospheriénfluenceon the SSM/I brightnessemperature.

2.1 Thermal Emission

Eachsubstancevith afinite physicaltemperaturdy, i. e. with acontinuousran-
dommotionof its atomsandmoleculesradiateslectromagnetienegy. Atomic
gaseemitelectromagnetienegy atdiscretefrequenciesnd,thereforenormally
exhibit line spectra Accordingto quantumtheory eachspectraline corresponds
to a transitionbetweentwo atomicenegy levels. The probability of thesetran-
sitionsandthusthe emittedelectromagnetienegy is proportionalto the kinetic
enepgy of therandommotion andthe densityof the atomicgas. The kinetic en-
ergy of asubstances definedn termsof its physicaltemperaturd’,. Accordingly,
the emittedelectromagnetienegy of a substancéncreasewith 7,. Gaseswith
moleculesconsistingof two or moreatomsexhibit morecomplicatecelectromag-

9
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neticspectra.Associatedvith a moleculeis a setof additionalmodesdescribing
the motion of the atomsrelative to one another(vibrational enegy) andthe ro-

tation of the whole moleculeaccordingto its degreesof freedom(rotational en-
ergy). The spectraassociatedavith moleculargasesften shav bandsratherthan
linesdueto themuchsmallerfrequeny differenceof vibrationalandparticularly
rotationalenegy levels. Thesebandsareseparatethy so-calledransmissionvin-

dows LiquidsandsolidscanberegardedasverylargemoleculesThereforethey

have muchmoredegreesof freedomandalargenumberof adjacenspectralines.

Theirradiationspectrumbecomeslmostcontinuous.

Electromagnetienegy canbeabsorbedby asubstancd thefrequeng of the
incidentelectromagnetigvave allows the transitionof anelectronfrom its actual
enegy level to anothehigherenegy level. Thecapabilityof asubstancéo absorb
and/oremit electromagnetienegy increasesvith the numberof enegy levels
andallowedtransitions.A blackbodyis definedasanidealized perfectlyopaque
materialthat absorbselectromagneti@nepy at all frequencieswhile reflecting
none.Thereforeablackbodyis alsoa perfectemitter The spectrabrightnesof
ablackbodyB; radiateduniformly in all directionsis givenby Plancks radiation

law
5 _ 2hf? 1 2.1)
= e eits — 1/ .
where  B; = Blackbodyspectrabrightnes§W m 2sr ' Hz 1],

Plancks constant= 6.63 x 10734 J,
Frequeng [Hz],

Boltzmanns constant= 1.38 x 1072 JK1,
PhysicaltemperaturgK],

Velocity of light &~ 3 x 103 ms™!.

N o . S
Il

Q

o
|

Figure 2.1 shawvs B; as obtainedwhen applying Plancks radiationlaw for
a typical terrestricphysicaltemperaturél,, = 300K (solid line) in comparison
with By asobtainedwith two possibleapproximationsof Plancks law (dashed
lines). Theseapproximationsare% > 1 (Wien’s Law) at high frequencieand

% < 1 (Rayleigh-JeandLaw) at low frequencies.The wavelengthassociated
with themaximumof B; increasesvith T, accordingo Wien'’s displacemeniaw

Amae = a7, (2 . 2)
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Figure2.1: Comparisonof Pland<’s law with its low-frequencyRayleigh-&ans

law) and high-frequency(Wen'’s law) approximationsat 300K (from [Ulaby et
al., 1981].

Brightness B, , W miZHz ' s
S
&

with theconstant = 2.879 x 103 mK ! andthewavelengthat maximumspec-
tral brightness\, ... Thus,for the terrestrialspectralbrightnessthe maximum
occursat a wavelengthA ~ 10 um (f ~ 30THz) in the so-calledatmospheric
windowin the IR range.The Rayleigh-Jeanapproximatioryields

2f2kT, 2kT,
andcanbeappliedfor terrestrialttemperatures the microvave (MW) rangei. e.
for IGHz < f < 300GHz(0.001m < A < 0.3m).

The brightnesgsemperaturd” of a blackbodyequalsits physicaltemperature
T,. In the MW range,onecanthereforewrite

B, (2.3)

)\2

T=2B,.
2% 7

(2.4)
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Real substanceare so-calledgrey bodiesand emit and absorblesselectromag-
netic enegy thana blackbody The spectralbrightnessof a grey body may be
directiondependenasgivenin sphericalcoordinatesy the angles® and®, for
instancejf someportion of theincidentelectromagnetienenpy is reflectedinto
apreferreddirection. Furthermorethe spectrabrightnessnay becomepolarized
since,as soonasreflectionand scatteringtakes place,the vector of the electric
field mayoscillatein a preferredplanerelative to the propagatiordirectionof the
incidentelectromagnetigvave. This leadsto the brightnesgsemperaturef agrey
bodyat polarizationp obseredatdirection®, ¢

2

A
T(©,®,p) = 5-Bs(©,2,p) (2.5)

The ratio of the brightnesstemperature®f a grey body and of a blackbodyis
calledtheemissvity

The emissvity of a blackbodyis 1, regardlessof frequeng, obsenation angle
and polarization. Grey bodiesemit or absorblesselectromagnetienegy than
ablackbodyi.e. B;(©,®,p) < By, andtheir emissvity e;(0, ®, p) is always
lessthan1. However, for grey bodies,emissionand absorptiondependon the
frequeng. Thereforethey maybehae like ablackbodyover a certainfrequeng
range. For instance the emissvity of wateris 0.95in the IR rangebut lessthan
0.1in theVIS range(seeTable2.1).

Themainquantitydescribingheinteractionof electromagneticadiationwith
asubstancés therelativecomple dielectricconstant::

e=c¢ —". (2.7)
Therealpartof ¢ is the so-calledpermittivity ' which s relatedto therefraction
index n by

n=e. (2.8)
Theimaginerypartof ¢, ¢”, is proportionalto thedielectriclossy givenby
vy o Ls". (2.9)
n

Consideringthesetwo relations,the relative complex dielectric constante is a
measureof the frequengy dependencelectric conductvity, which is a function
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Figure2.2: Comple dielectric constantof pure water and seawater versusfre-
guencyfor 0°C and20°C anda salinity of seawaterof 32.54%o: a) real part, b)
imaginerypart (from[Ulaby etal., 1986]).
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of temperatureand degreeof polarity of the molecules. In the MW range,for
a polar moleculesuchas of water ¢ typically rangesbetweens and200 andis
significantly influencedby its salinity andits physicaltemperature.Figure 2.2
shavs ¢’ ande” asa function of frequeng andtemperaturdor pure andsaline
water

In caseof a substancevith a specularsurface,emissionand reflectioncan
be describedby the FresnelreflectioncoeficientsI'(¢,v) andI'(6, k) at vertical
(v) andhorizontal(k) polarization. Thesecoeficientsrelatethe electromagnetic
propertiesof the substancewhich are given by ¢ andthe relatve permeability
i, to the local incidenceanglef (= angle betweenthe surfacenormal and the
viewing direction):

2
~ (ue — sin20)3

ro.n) — pcosf — (ue — sin 9)1 (2.10)
pcosf + (ue — sin® 6)2
— (ue —sin? §)2

r6,v) = |28V \He 7S ) (2.11)
gcosf + (ue — sin® )2

Equation®2.10and2.11yield theemissvitiesviae,(f) = 1 —T'(8,v) ande,(6) =
1 —TI'(8, h) accordingto Kirchhoff’s enegy conserationlaw.

Pattern of .
| { Radiation Transmitted
| \ Across the Boundary

i b)

Figure2.3: Emissionof a substancevith a surfaceroughnesscalewhich is simi-
lar to thewavelengthat the frequencyof observation:a) diffuseemissionp) con-
tributionsto the brightnesstempeature Tg observedunderthe angle ©®, (from

[Ulaby et al., 1981]). In a), P; is the powerincidenton the surfaceunderthe
angle®, fromtheunderlyingmedium.
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Emissionand reflection of electromagneticdadiation at a rough surfaceis
much more complex. Figure 2.3 shows that a) a substancewith a rough sur
facemay emit electromagnetienegy into mary differentdirectionsandthatb)
the obsened brightnesgemperaturenay consistof mary contributionsincident
atthe surfacefrom insidethe substanceinderdifferentangles.The emissvity of
sucha substancean be describedusing the bistatic scatteringcross-sectiomper
unit area(surfacescatteringcoeficient) o°(6;, 85, p;, ps). This coeficient relates
the power incidentunderthe directioné; at polarizationp; to the power scattered
into the direction §, at polarizationps. Accordingto Peale [1959], the corre-
spondingemissvity canbe expressedy

1
iy = 1- ° iy Vs, I,
€(6:, h) ot / [0°(6:, 6, h )
+ 0°(6;, 65, h,v)]dQs (2.12)
(v) = 1—— / [0°(6:, 65, v,v)
€\v;, v == 47'('(30891' o iy Us, U, U
b 0%6:, 6,0, h)]dD,. (2.13)

Theintegrationis carriedout overtheupperhalf space Thesecondermof Equa-
tions 2.12and2.13, respectrely, denoteghe contribution from incoherentscat-
tering.

2.2 OpenWater

In the MW range, mainly three parametersnfluenceemission,absorptionand
reflectionof electromagneticadiationover openwater:

* theseasurfacesalinity S,
 theseasurfacetemperatur¢SST),
 theseasurfaceroughnessndits coveragewith foamandwhitecaps.

Thesurfacesalinity andthe SSTaredistributedhomogeneouslwhenconcerning
theFOV of the SSM/I(Section3.1.2).In the SoutherrOceanyaluesof 33.5 %o <
S < 34.5% and—-2°C < T < +2°C [Olbersetal., 1992] arecommon. The
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seasurfaceroughnessandfoam coverageis causedyy the oceanswell andthe
local influenceof the surface wind which canvary on scalesof a few meters
within someseconds.However, the SSM/I integratesover FOV areasbetween
~ 200km? at 85GHz and~ 3000km? at 19GHz (Section3.1.2). Hence,its
measurement®flectthe averagesurfaceroughnes®f alocal-to mesoscalarea.

2.2.1 Radiative Propertiesof Open Water

The SSTandthesalinity S aresufficientto describeheinteractionof microvave
radiationwith openwater Ulaby et al. [1986] (Figuresl8.4a,b) show that for
salineseawaterthe penetratiordepth,i. e. the depthwherethe intensity of the
incidentelectromagnetienegy hasdecreasedo I, /e (I, = incidentintensity),
is alwayslessthanlcmin the MW rangeand,in particular lessthanl mmatthe
SSM/lfrequenciegseeSection3.1.2).

Dissolved saltsincreasehe ionic conductvity andalterthe relative complex
dielectricconstant of water which decreasewith frequeny above 10GHz as
is shawvn in Figure2.2. The permittivity ¢’ is almostindependenof S for values
typical of seawater Theimaginaryparte” is dominatedy theionic conductvity
and,therefore dependn S at frequenciedbelon 3GHz. At frequenciesabove
10GHz,the Debyerelaxationbecomeshedominatingprocessainds" is indepen-
dentof S (seeFigure2.2).In conclusionatthe SSM/I frequenciesheseasurface
emissvitiesarenearlyindependenof S. But theseasurfaceemissvitiesincrease
with frequeny dueto thedecreasef ¢ ande".

Thepenetratiordepthapproachegerowith increasingrequeng [Ulaby etal.,
1986]. Therefore,onecanexpectanincreaseof the sensitvity of the brightness
temperaturd, atpolarizationp to theSST; thatis Qssr = %l;,p refersto vertical
or horizontalpolarization.Betweenl9 and37 GHz Q) ssr decreasefom 0.25t0
0.11 at vertical and from 0.08to —0.06 at horizontalpolarization,respectrely
[Ulaby et al., 1986]. Extrapolatingthesetrendstowardshigherfrequenciespne
canconcludethatat 85GHz QQss7 decrease$o zeroat vertical polarizationand
approaches-0.2 at horizontal polarization. This would lead to a decreaseof
the horizontally polarized85GHz SSM/I brightnesstemperatureby 1K for an
increaseof theSSThy 5K (compareFigurel8.13b, [Ulaby etal., 1986]). Taking
into accountthe sensomoiseat 85GHz (seeTable 3.2) andthe small variability
of the SSTof the polar SouthernOceanthis brightnesdemperaturelecreasean
bengylected.

A watersurfaceis highly polarizing. Therefore the Fresnelreflectioncoefi-
cients(Equations2.10and2.11) shav considerablalifferencesat both polariza-
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tionsfor incidenceangle® < 90°. Overacalmseasurface,for instancel'(6, k)
increasesnonotonicallyover the entirerangeof 6 while I'(6, v) first decreases
monotonicallyuntil § equalshe Brewsterangleandthenincreasesapidly with ¢
[Schandal986]. The Brewsterangleagp is relatedto therefractionindex n (see
Equation2.8) by

tanag =n (2.14)

and variesbetween66.5° at 100GHz and 83.5° at 1 GHz for seawaterwith a

SST of 0°C. Therefore,the SSM/I viewing angleof approximately53° ensures
quite a large reflectvity polarizationdifferenceandthusemissvity polarization
differenceAe = ¢, — ¢, with valuesbetweer0.2 and0.25atthe SSM/I frequen-
cies over a smoothwater surface [Comiso et al., 1992]. However, in contrast
to the VIS/IR range,at the microwave frequencieghe wind-inducedseasurface
roughnes#nfluenceghe emissvity of the seasurfacestrongly

Withoutfoam,two roughnesscalesanbeidentifiedonawind-roughenedea
surface. Thefirst andlarger scaleis describeduy large-scalegravity waveswith
radii of curvaturelarger thanthe wavelengthof obsenation. The secondscale
is associatedvith very short-scalegravity waves or capillary waves with radii
of curvaturecomparablgo thatwavelength. This scaleis particularlyimportant
in regions,wherea limited fetch hamperghe developmentof large-scalegravity
wavesas,for instancejn leadsandpolynyas. The emissvity of sucha perturbed
surfacecanbe computedwith a facet-modebnd modified Fresnelreflectionco-
efficients togetherwith a seasurfacespectrumwhich givesthe probabilitiesof
the occurencesf the seasurfaceslopeasa function of the wind speedUlaby et
al., 1986]. The modified Fresnelreflectioncoeficientsexplain the enegy trans-
fer from the large-scaldao the small-scalesurfaceroughnessBy usingthe slope
variancerelationsgivenby CoxandMunk [1954], Ulaby etal. [1986] have found
thatat 19GHz, vertical polarization,andthe SSM/I viewing anglethe emissvity
is almostindependenof thewind-inducedroughnes®f a foam-freeseasurface.
At 19GHz andhorizontalpolarization,however, the emissvity is mostsensitve
to thisroughnessThis facthasbeenexploitedto infer the surfacewind speed/’
from SMMR and SSM/I data ([Swift, 1980], [Goodberletet al., 1989], [Chang
andLi, 1998],seealsoSection3.2.1).

With foam, athird scalecomesinto play. Foamcanappeain form of streaks
andpatcheslignedalongthe surfacewind directionandaswhitecapgormingon
thewave crests.Accordingto RossandCardong1974], bothformsmaytogether
cover onethird of the openoceanat wind speedsover 20ms~!. Foamcanbe
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consideredas a waterlayer with entrappedhir bubbles,thusasa mixture of air

andsalinewaterwith its associatedlielectricalproperties.Burstingair bubbles
adjacento thewatersurfaceincreasehe small-scalesurfaceroughnessThere-

flectivity of an openwaterfacetwith a whitecapfraction C,,. anda foam streak
fractionCy, (Cye + Cys < 1) is givenby

[(0,p) = Tzp(6,p)(1 = Cue— Cfs)
+ ch(eap)cwc
+ T4(8,p)Cs. (2.15)

At theviewing anglef andatverticalv or horizontalh polarizationp, thereflec-

tion coeficients of foam-freewater whitecapsandfoam streaksare denotedby

T¢(01,p), Twe(61, p) andT 4561, p), respectrely. Above afoamlayer, incoherent
reflectiondominateqUlaby et al., 1986] resultingin an asymptoticallyincrease
of theemissvity of foam-freewaterto thatof completelyfoam-coeredwater

1'0
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Figure 2.4: Variation of the emissivityof foamover openwater as a function of
thefoam-layerthickness? in unitsof A (from[Ulaby etal., 1986]).
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Figure2.4shonvstheemissvity increasalueto foamatafrequeng of 20GHz
asa function of the foam-layerthickness. At this frequeng, the emissvity in-
creasesrom ~ 0.42 overfoam-freeopenwaterto ~ 0.92 over afoamlayerwith
a thickness> \. This was confirmedby airbornebrightnessemperaturenea-
surementgaken nadirlooking at 19GHz by Rosset al. [1970] andNordbeg et
al. [1971].

In contrastto a calm seasurface, brightnesstemperaturesneasurecver a
foam cover decreasavith the viewing angleat both polarizations.Consequently
the brightnesgemperaturgolarizationdifferenceis significantly smallerover a
foam-coreredthanover a foam-freeseasurface[Stogryn, 1972]. Moreover, the
smallerwavelengthat85GHz suggests highersensitvity to thefoamcovercom-
paredto the otherSSM/I channels Above a partly foam-cweredseasurface,the
85GHz brightnesgemperaturescreasewith surfacewind speedoy anamount
similar to thatat 37 GHz andlarger thanthat at 19GHz ([Fuhrhopet al., 1998]
andSection5.3.1).

The radiatve transfermodel usedin this thesis(Section2.5.1) considersall
threesurfaceroughnesscalesandcanthereforebe expectedo modelthe bright-
nessemperatureabove openwaterrealistically

2.3 Sealce and Snow

Unlike the openoceanwhich —if neglectingsurfacewind effects— exhibits only

two surface propertiesrelevant to microwvave remotesensing,seaice hasa few

morepropertieshatdetermindts interactionwith andthe emissionof microwave
radiation.This sectionstartswith anovervien overmechanismsf seaice growth

anddecayaswell assnav cover metamorphisnibeforeconcentratingn the phys-
ical seaice andsnow propertiegelevantfor microwvave remotesensingof the sea
ice.

2.3.1 Sealce Typesand Initial Ice Growth

The structuralandphysicalpropertiesof seaice have beeninvestigatedoy mary
authors[LangeandEicken, 1991], [Jeffries and Weeks,1992], [Tuckerlll etal.,
1992],[Eickenetal., 1994],[Jefries etal., 1994],[Worby et al., 1998],[Eicken,
1998]. In contrastto otherconstituentf the cryosphereseaice is saline. The
structureof seaice can be regardedas a mixture of ice crystals,brine and air,
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andis determinedby the conditionsduring the seaice growth aswell asby the
interactionof the seaice with the oceanthe atmospherandits snav cover.

Importantfor the understandingf the freezingprocessof seawateraretwo
facts:

» Saltdepressethefreezingpointof water[NeumanrandPierson,Jr., 1966].

* Purewater S = 0%o hasits highestdensityat +4°C. For salinities0 <
S < 24.7 %0, highestdensityoccursbetween+4°C andthe freezingpoint
accordingo theactualsalinity. For salinitieslargerthan24.7 %o, thehighest
densityis formedat the freezingpoint.

In polarregions,seawaterexhibits afreezingpointof —1.8°C atatypical salinity
of &~ 34 %o. At this salinity, cooling resultsin an unstablevertical densitydistri-
bution over thefirst ten metersof the seawatercolumn. This leadsto corvective
overturningof the wateruntil the entirewatercolumninvolvedis atits freezing
point. Continuedcoolingresultsin the formationof salineice plateletsandnee-
dles(frazil ice). A layercomprisinga mixture of frazil ice andseawater(grease
ice) develops. Under quiet conditions,i. e. at low wind speedsandin the ab-
senceof oceanswell, continuedcooling increaseshe frazil ice fractionuntil the
ice crystalscoalescdo a smooth,elasticallybehaing, salineseaice cover of up
to 3cm thickness(nilas). This seaice cover becomeghicker underfavourable
cold and quiet conditionsto form the youngice typesgrey ice (4 to 6¢cm) and
grey-whiteice (> 10 cm), andfinally reacheghe 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-consolidatedhasse®f frazil ice areformedto so-called
pancale ice. Thesepancal ice floescanhave diametersbetween0.3 and3m,
can be several centimeterghick, and often exhibit higherrims at their maigins
causedoy continuouscollisions of single floesunderthe wave action. Pancale
ice caneitherconsolidateogetherwith the greasace betweenthe floesto build
anice sheetcontinuingto grow like the abose-mentioned/oungice types. Or it
becomeshicker dueto rafting of the floesunderon-goingwave actionandwith-
out consolidation.

The mainprocesdor seaice to gainthicknessunderquietconditionsis con-
gelation growth underneathhe seaice ashasbeendiscussedy several authors
[Lange and Eicken, 1991], [Jefries and Weeks, 1992], [Jefiries et al., 1994].
Frazilice crystalsbecomeattachedat the bottomof the seaice, which thenstarts
to grow vertically into the wateruntil equilibrium betweenheatlossandgainis
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achieved. The equilibriumandthe growth ratedependon the heatsupply by the
oceanandon the heatlossto the atmosphereat the seaice surface,whichin turn
depend®ntheair temperaturethewind speedandthethicknessandcomposition
of asnow cover.

During the freezingprocess salinewateris entrappedn the seaice in so-
calledbrine podketsforming betweerthevertically alignedfrazil ice crystals.The
brine salinity depend®n the phaseesquilibriumof brine,thusonits temperature.
At a giventemperaturenly a certainamountof brine cancoexist with ice. De-
creasingemperaturewiill disturbthephaseequilibriumandcausdreezingonthe
pocket walls which is accompaniedby saltrejectioninto the brine. Thereforea
salinityincreasewill resultuntil thephasesquilibriumis reachedgain[Tuckerlll
etal., 1992]. This processs associateavith apocketvolumedecreasanda pres-
sureincreasdnsidethe brine pocketseventuallyforcing brineto be expelled out
of thepoclketsthroughfine cracksin theseaice —onemechanisnior thedesalina-
tion of seaice. Theoppositds truefor risingtemperaturesThemajormechanism
for desalinations the drainageof colder thusdensetbrinefrom theupperseaice
layersthroughbrine channelsnto warmerseaice layerswherethe brine is less
dense- the so-calledgravity drainage. Consequentlythe bulk salinity of seaice
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Figure 2.5: Idealizedseaice salinity profiles: a) to d) FY ice, €) andf) MY ice
(from[Tudkerlll etal., 1992]).
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depend®nits temperaturewhichin turnis afunctionof the oceanicheatsupply
of the thicknessof boththe seaice andthe snav cover. Thin ice is oftencovered
by alayerof highly salinebrinethathasbeenexpelledup ontothe surfaceby cap-
illary effects.Figure2.5shovs someidealizedverticalsalinity profilesof different
seaicetypes.All FY ice profilesoutlinethetypical C-shape.
Theverticaltemperaturg@rofile in seaice dependstronglyonthe snov-cover
thicknessand the season. A neggative temperaturgygradientwith temperatures
around—1.8°C atthebottomof theseaice andconsiderablyowertemperatureat
its surfaceis obsenedduringwinter. During summeythe seaice may beisother
mal at a temperatureof —1.8°C or may exhibit a slightly positve temperature
gradient,with atemperaturef —1.8°C at the bottomof the seaice andapproxi-
mately0°C atits surface[Tuckerlll etal., 1992],[Perovich etal., 1998].

2.3.2 Hemispherical Differ encesand further Ice Growth

Antarcticaand the Arctic shav a very differentgeography While the Arctic
Oceanis surroundedby land massesthe SouthernOceanis part of the world
oceanssis shavnin Figure2.6. Thewaterexchangeof the Arctic Ocearnwith the
oceansat lower latitudesis muchmorelimited thanthat of the SouthernOcean.
As a consequencethe Arctic oceanis much more stratified than the Southern
Oceanhamperinghe heatexchangebetweerthe surfacemixedlayerandthewa-
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Figure2.6: Mapsof a) the Antarctic and b) the Arctic.
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ter massedelow the thermocline. Furthermore pceanswell can penetratento

the seaice asfar as600km [Squireet al., 1986], [Worby et al., 1998] alongthe

entire Antarctic seaice edge.In the Arctic, only the seaice in the mamginal seas,
which arethe Bering,Labrador BarentsandGreenlandseasaswell asthe Seaof

Okhotsk(seeFigure2.6), is influencedby oceanswell oncethe Arctic Oceanis

frozen.

The continentssurroundingthe Arctic Oceanshield this areaalmostcom-
pletely from stormsduring winter. Only the maiginal seasare more often over-
passedyy cyclones. In contrast,cyclonesmove frequentlyover polar Southern
Oceanduring the entireyearand may penetratanto the seaice coveredareaas
far as1000km [Andreas,1984], [Massomet al., 1997]. Due to the large mois-
ture supply by the surroundingopenwater of the SouthernOceanandthe large
air temperaturgradientacrosshe seaice edge,cyclonesaremorevigorousand
yield moreprecipitationin Antarcticathanin the Arctic [King andTurner,1997].
Finally, theundervatertopographyof the SoutherrOceanogethemwith theocean
currentscan causeup-welling of warmerwater massesand seaice melt evenin
Australwinter, for instancejn theregion of Maud-Risg[Zwally etal., 1985].

In the light of theseconditions,one caneasily explain the main differences
of growth and characteristicof Arctic and Antarctic seaice. Periodswithout
ocearswellandwith low wind speedsareseldomin the Antarctic. Consequently
in the Antarctic seaice formationtakesplacein the so-calledpancale cycleas
proposedoy Langeet al. [1989]. Accordingto their work andthe investigations
of Wadhamstal. [1987],frazil andpancal ice formsassoonasair temperatures
fall belov —1.8°C. Oncetheseasurfaceis coveredby afrazil/pancalkeice mixture,
seaice formationcease®r remainsat equilibriumbecausehelack of openwater
and the usually large vertical heatflux betweenthe oceanand the atmosphere
inhibits furtherseaice growth. Openwatergeneratedby redistributionandrafting
of the pancale ice floesis coveredsoonby a frazil/pancale ice mixture again.
Congelationgrowth at the bottom of the floesis almostnegligible [Lange and
Eicken, 1991]. This procesdastsuntil either oceanswell cannotpenetratear
enoughinto the seaice or if the wave enepy is too smallto generatenev open
waterareas.At this point, the floeshave gaineda thicknessof 40 to 60cm and
may consistof severalfrazil andgranularice layers[Wadhamsetal., 1987]. This
is followed by consolidationof the pancalk ice floesto a solid seaice cover and
furthergrowth atits bottom.

In the Arctic, seaice grows underquieterconditionsin termsof oceanswell
and surfacewind speed resultingin a larger fraction of thin ice typessuchas
nilasandgrey ice at the beginning of ice formation. Moreover, the marked strat-



24 CHAPTERZ2. THEORETICAL BASIS

ification of the Arctic Oceanbetween50 and 150m resultsin very low vertical
diffusionratesin the upperwatercolumnandpreventswinter corvectionandsur
facemixed layer deepeninggreaterthan~ 50 m. The underlyingwarmerlayer
of Atlantic watermassesreeffectively insulatedAagaardandCarmack,1994].
This ervironmentlimits the meanoceanicheatflux to valuesaround5W m—2
[Mellor andHakkinen,1994] andallows thick seaice to grow. In the Antarctic,
themeanoceanicheatflux is comparablylarger (upto ~ 40 W m=2 [McPheeand
Martinson,1994]),thuslimits the seaice thickness.

A snov cover caninfluencethe seaice thicknessin a twofold manner On
the onehand,a thick snov cover insulatesseaice from both cold andwarm air,
decreasinghegrowth or meltrate[Eickenetal., 1995],[Massometal., 1998].On
the otherhand,snav canincreasehe seaice thicknessby flooding of the snow-
ice interfacefollowed by the formationof snowice, or by melt waterpercolating
thesnov andrefreezingat the snow-ice interfaceto form meteoricice. Snov and
meteoricice contritute betweenl3 and40 % to the seaice massof the Southern
Ocean[Eicken et al., 1994], [Worby et al., 1996], [Worby et al., 1998]. Major
reasongor flooding arehydrostatiambalancgAdolphs, 1998]andthe break-up
of a consolidatedseaice cover becausef oceanswell. Both processesareless
frequentin the Arctic dueto the differentgeographypreventing oceanswell to
penetratedeeplyinto the seaice, and due to the smallerprecipitationamounts
combinedwith thicker seaice makingfloodinga seldomevent.

The seaice thicknesscanalsochangein areasor periodsof corvergentand
divergentseaice motion. The strongandpersistentold katabaticwinds, which
join the easterlywindssouthof the AntarcticdivergencdKing andTurner,1997],
generateolynyasalongalmostthe entire Antarctic coast. Frazil andgreasece
forming in thesepolynyasduring Australwinter is continuouslyadwectedto their
leeward side, whereit consolidategjuickly to nilas andthicker ice types. This
seaice is slowly carriedaway from the coastby the coriolis deflectionassociated
with the prevailing easterlywinds. The seaice formedin thesecoastalpolynyas
contributesa large fractionto the Antarctic seaice cover. For this reasongcoastal
polynyasareoftenreferredto as“ice factories”.Along the Antarcticcoast diver-
gentseaice motiondominateswith only afew exceptions.The westernWeddell
Sea,for instance,s known asan areawhereseaice is continuouslypushedto-
wardsthe coastof the Antarctic Peninsula.This convergentmotionresultsin an
increasingnternalice stresghatcausesafting andridging of theseaice. Conse-
quently largestAntarcticseaice thicknessearereportedrom this arealMassom
etal., 1997].

Seaice areasthat are frequentlyoverpassedy cyclonesexhibit alternating



2.3. SEAICE AND SNOWV 25

convergentanddivergentconditionsassociateavith warm,northerlywindsatthe
front sideandcold, southerlywinds at the backsideof the cyclones respectiely.
During convergentconditionsaconsolidategeace covermaybreakupdueto the
enhancedhternalice stress Raftingandridging mayoccut Highertemperatures
cancausea wealeningof the physicalstrengthof the seaice dueto larger brine
volumes. The seaice edgemay retreatconsiderablydependingon seaice type
and concentrationwhile the mamginal ice zone (MIZ) becomesnore compact.
During divergent conditions,nev openwater areasare generatecand covered
with new ice accordingto the pancalke cycle. The seaice edgeadwancesand
becomediffuse. The physicalstrengthof the seaice increaseglue to smaller

brine volumescausedy thelowertemperaturestigure2.7 summarizesomeof
theabove-mentionegrocesses.
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Figure2.7: Sthematicsketch of possibleinteractionsand processe®f Antarctic
seaice (from[Worby etal., 1998]).
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Therefore Antarcticervironmentalconditionsforce maximumthicknessesf
FY ice of approximately7Ocmin thecentralandeasternNVeddellSea(|Wadhams
etal., 1987],[LangeandEicken,1991]aswell asin the Pacific Sector{Adolphs,
1998] andslightly lessin the EastAntarctic region [Worby et al., 1998]. In the
Arctic, environmentalconditionsfavour undisturbedseaice growth leadingto
FY ice thicknessesip to 200cm [Tuckerlll etal., 1992], [Perovich et al., 1998]
andto quite a high fraction of columnaror congelationice. Investigationsof
Antarctic seaice coresby Eickenetal. [1994], Jefries [1998] andWorby et al.
[1998] have revealeda fraction of congelationice of approximatelyone third.
The restis of granular type, i. e. originatesfrom the pancalk cycle and other
ice growth mechanisms.Between13 and 40 % of the coresinvestigatedshon
granulartexturestypical for snowv ice and/ormeteoricice. Figure2.8 shovs one
exampleof each,columnarandgranularice.

m h W
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Figure2.8: Horizontalthin sectionsof a) columnarice andb) granularice. The
photaraphshavebeentakenbetweercrosspolarizers; the scalebar (a): bottom
edge, b): upperright corner)is in millimeters (from[Eickenetal., 1990]).

A snowv cover effectively insulatesseaice from melting from the top. In
the Arctic, however, the snov cover disappearsapidly within a few weeksin
May/June[Tuckerlll etal., 1992]while Antarctic seaice remainssnov-covered
during summerdue to a significantly smallernumberof melt-days[Drinkwa-
ter and Liu, 2000]. This is againcausedby the differentgeography During
spring/summelandandconsequentlyheair heataup quickly oncethesnaw cover
hasdisappearedin contrastair heatsup very slowly over waterbecausef the
muchlargerheatcapacityof water Therefore air massesdwectedinto the Arctic
in latespring/earlysummerareconsiderablyvarmerthanin theAntarcticandlead
to enhancednelting of the snav cover andthe seaice from the top. Melt ponds
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form andcancover morethan50 % of the seaice. Brine pocketswidendueto the
highertemperatureandwealentheseaice coveruntil it breaksup underphysical
stressalongits wealestparts. Theseareusually cracksandleadsformedduring
thelastwinter. Melt waterdrainsquickly from thefloes,exposinga porousseaice
surface. Most brine pocketsabove the freeboardevel becomenow air poclets.
At the beginning of the following freeze-uptheseair pocketsremaintrappedin
theseaice, which becomesecond-yeafSY) ice. If this seaice survivesthe next
summert becomesnultiyear(MY) ice. Both, SY andMY ice will becalledold
ice, henceforth.Dueto the larger numberof air pockets, the averagedensityof
old ice (~ 0.87gcm 3) is smallerthanthatof FY ice (~ 0.92gcm3). Old ice
canexhibit densitiesaslow as0.7gcm=3 in its upperpart.

However, a snov cover cannotinsulateseaice from melting from the bottom,
whichis commonin the Antarcticbecomingncreasinglyeffective whenair tem-
peraturesaretoo high to allow the formationof snav ice andmeteoricice. As a
result,the Antarctic seaice cover startsto decayrapidly in November/December
in almosttheentireSouthermOcearalthoughaverageair temperaturesemainbe-
low 0°C [DrinkwaterandLiu, 2000]andalthoughtheseaiceis still snav-covered.
Only in areaswvith anaborve-averageseaice thicknesseghe seaice survivesAus-
tral summerandbecome®ld ice. Large seaice thicknessesccurin

» thewesternWeddellSeabecaus®f ridging andrafting,

« the Pacific Sectordueto enhancedsnonv/meteoricice growth causedoy a
large snav accumulation,

» coastalembayment®r regionswherethe westboundcoastalcurrentbends
away from the coastbecausef groundedce begs or glacierice tongues
(e.g. nearSyowa Station(70°S, 40°E) andthe Drygalskilce Tongue(75°S,
165°E)), wherethe seaice cangrow moreundisturbed.

The Weddell Seais known to be the site of the largestamountof old ice in the
SouthernOcean.However, this seaice seldomlybecome®lderthantwo or three
yearssinceit is continuouslyadwectedby the Weddell Gyre alongthe Antarctic
Peninsulanorthwardsinto warmerwaterswhereit melts. Thereforejn the Antarc-
tic old ice is on averageyoungerthanin the Arctic andcanbe expectedto have
largersalinities.Accordingto Eicken[1998] thedesalinatiorprocessluringsum-
mer ratherthanthe seaice agedetermineghe salinity of old ice. He hasfound
averagesalinitiesof FY ice to be quite similar in both hemispheresHowever,
considerablyargersalinitiesareobseredfor old ice in the Antarcticcomparedo
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the Arctic. This canbe explainedby the differentmelt conditionsforcing Arctic
seaice to meltfrom thetop while Antarcticseaice meltsfrom the sidesandfrom
belov. Consequentlymuch more melt water percolatesArctic seaice flushing
outthesalt. Thereforethesalinity profilesgivenin Figure2.5for MY ice areless
valid for Antarcticconditions.

2.3.3 Snow Properties

The snowv cover on seaice is not only importantbecauseof its influenceon the
seaice itself, but becausat considerablyaffects the microwave radiancesob-
tainedat frequenciesbove 85GHz. Antarcticseaice is frequentlyoverpassetby

cyclonesgiving riseto precipitation,usuallysnaw, allowing quite a large amount
of snaw to be accumulatean the seaice duringthe entireyear AverageAntarc-
tic snav depthsvary between7 and40cm [Markus and Cavalieri, 1998], [Sturm
et al., 1998], [Worby et al., 1998]. The largestsnov amountis found on old

ice. In the Arctic, precipitationand,therefore,snav accumulatioron seaice is

almostngyligible betweerNovemberandMay, exceptin themarginal seas How-

ever, during freeze-upin September/Octobeguite a high amountof snov may
be depositedon Arctic seaice. Snav depthsrangefrom 5 to 15cm in the cen-
tral Arctic to up to 40cm on old ice eastof Greenland Tuckerlll et al., 1992].
Despitethe smaller precipitationamount,Arctic snov depthsare quite similar
to Antarctic snov depths. This canbe explainedby a larger snov portion being
transformednto snow ice or meteoricice dueto thelargerprobability of flooding
in the Antarctic.

Besidesthe depth,a snowv cover is characterizedy its salinity, liquid water
fraction density andgrain sizeand shapeplus orientation Typical rangesfor
thesepropertiesandthe physicalprocesseassociatedavith snav metamorphism
have beenpublishedby numerousauthors[Akitaya, 1974], [Marbouty, 1980],
[Massomet al., 1997], [Sturm et al., 1998]. Figure 2.9 shaws typical vertical
distributionsof selectedsnown propertiesof snav on seaice in the Pacific Sector
The snow salinity is mainly determinedoy the propertiesof the seaice andthe
snon-cover thickness. Generally larger salinitiesare found at the basalsnov
layers(seeFigure2.9b.). On thin ice, this is causeddy brine expulsioninto the
snaw-ice interfaceduring cold air temperaturesn caseof abrokenseaice cover
suchaspancak ice, large salinitiesare causedy the infiltration of seawaterat
the floe mamgins. Thick seaice suchas Antarctic old ice may exhibit a highly
saline,slushybasalsnow layerwhich is often coveredby dry snow [Drinkwater
andLytle, 1997]. Theslushylayercanbecausedy bothfloodingof thesnow-ice
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Figure2.9: A typical snow-pitdiagramfor a snowcover on seaice in the Pacific
Sector:a. snowstratigraphy densityandtempeature, b. salinity and grain size
(from[Sturmetal., 1998]).

interfaceandby wicking-upof seawaterthroughenlagedbrinechannelsnto this
layer.

Thesnaow liquid watercontentis determinedy thetemperatur@andthe mois-
ture supply from both underneath{seawater) and above (air humidity and pre-
cipitation). The snaw liquid water contentremainssmall, i. e. belov 1%, for
temperaturedelon —5°C andincreasesith temperaturdGarrity, 1992]. Rain
percolatingthe snov cover canalsoincreasdhe snav liquid watercontentif the
snov temperaturas closeto 0°C. However, dueto the stratigraphyof a snov
cover, large snow liquid water contentsmay be limited to the basaland/orthe
uppermossnon layer, particularyif icy snawv layersareembeddedn the snov
[Garrity, 1992].

Snav densityandgrain size arecloselyrelatedto eachotherin termsof the
physicalprocessesleterminingtheir magnitude:the vertical gradientsof tempe-
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ratureandwatervapor, the wind stressat the snawv surfaceandthetime elapsed
sincethe last snow fall. Freshlyfallen snov exhibits eithervery low densities
(< 0.15gcm~?) andconsistsof single needlesand crystalsif fallen during low
wind speeds,or moderatedensities(~ 0.35gcm~3) and consistsof rounded
grains(soft/modeatewind slab) if fallenduringhighwind speed$Massometal.,
1997],[Sturmet al., 1993],[Sturmet al., 1998]. Figure2.10givesan overview
abouttypical grain sizesandforms of snov on seaice in the Pacific Sectorwith
the snav typesmentionedabove shavn in the imagesat the top. Redistritution
and compactionof the snowv resultsin snow drifts or a hard wind slab without
considerablychangingthe grain size and with slightly increasingthe densityto
~ 0.45gcm~3 [Sturmetal., 1998]. The densitymaximumin Figure2.9a. may
bedueto suchalayer.

Thermodynamisnaov metamorphisntanoccurin two major formsandcan
leadto the averagevertical grain size profile shavn in Figure 2.9b. (seealso
[Peroavich et al., 1998]). A large negative vertical temperaturegradientin the
snav of —0.25 K cm™! or less,asmeasuredor instanceby Massomet al. [1997]
andSturmet al. [1998], cancausefacetedgrowth of depthhoar at the expense
of roundedgrains[Akitaya, 1974], [Colbeck,1982]. Depthhoarcrystalscanbe

Figure2.10: Photo-micographsof thefour primary snow-gain typesof thesnow
cover on seaice in the Pacific Sector(from[Sturmetal., 1998]). Notethelarger
scalebar in theupperleftimage.
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quite large,i.e. > 5mm ([Massomet al., 1997], seealso Figure 2.10, bottom
right) andleadto a densitydecreas¢o valuesbetweerD.2and0.3gcm=3. These
crystalsareoftenorientedanisotropicallysincetheir growth is determinedy the
vertical watervaporpressuregradient. Depthhoarlayersplay animportantrole
in the heatbudgetof snov becauseof their poor thermalconductvity [Sturm,
1991]. For a given heatflow, the growth of depthhoar crystalsdecreaseshe
averagethermalconductvity of that particularsnav layer, maintainsthe higher
temperaturesinderneatiwhile increasingthe vertical temperaturgradientand,
therefore enhancinghe depthhoarformation.

Air temperaturesloseto or above 0°C leadto snov meltatthe surface.Melt
waterdrainsinto the snow forcing the snawv grainsto coagulateo so-calledmelt
grain clustess, which are usuallymuchmoreroundedandisotropically oriented
thandepthhoarcrystals(Figure 2.10, bottomleft). The samehappensiuringa
rain event. If awarm andmayberainy episodeis followed by a colder period,
thewetsnaw surfacerefreezedo form anicy, coarse-grainedurfacecrust. Grain
sizesmay thenexceed5 mm [Massomet al., 1997]. The changebetweenabove
and below freezing point temperaturesvhich is quite frequentduring Austral
summeycauseslsoa coarse-grainednaw structure.

Summary:

« Salinity: Averagesnon bulk salinitiesare 4 %o [Eicken et al., 1994] and
8.6%0 [Massometal.,1997]in the WeddellSeaand8.5%. on EastAntarc-
tic seaice [Worby et al., 1998]. Snow salinitiesvary between< 0.01 %o in
the upper parts of a thick snov cover on thick undeformedseaice and
> 66 %o in awet andslushybasalsnow layer adjacento the snav-ice in-
terface[Massometal., 1997],[Worby et al., 1998].

 Liquid water content Averagespringandsummersnaw liquid watercon-
tentsamountbetweer0.8 % and1.2 % in the Arctic and1.0 % in the Wed-
dell Sea[Garrity, 1992]. Extremevaluesof morethan10 % arereportecby
Garrity [1992] andGrenfell[1992].

» Density: Valuesfor averagesnov densitiesare 0.37gcm=3, 0.36gcm3
and0.31gcm~2 in the Pacific Sector{Sturmetal., 1998],on EastAntarctic
seaice [Worby et al., 1998]andin the Weddell Sea[Eicken et al., 1994],
[Massometal., 1997],respectrely. However, the densityof adjacensnowv
layersis highly variableandrangegypically betweerD.11gcm=2 for fresh
snav and0.85g cm~2 for icy snaw layers[Massometal., 1998].



32 CHAPTERZ2. THEORETICAL BASIS

» Grain size Averagesnow grainsizesaredifficult to obtainandto interpret
dueto the high degreeof snow stratigraphy Typical valuesare1.6mm on
EastAntarctic seaice [Worby et al., 1998], 1.5mm in the Pacific Sector
[Sturmetal., 1998]and2.7mm in the WeddellSea|[Massomet al., 1997].
Modal valuesare generally0.5mm larger, standarddeviations rangebe-
tweenl and3mm, indicatingthe large variability. Grainsizesrangefrom
0.1mmfor freshsnow crystalsto 10mm or morefor well-developeddepth
hoarin both EastAntarcticaandthe WeddellSea.

2.3.4 Radiative Propertiesof Sealce and Snowv

Sealce:

Seaice is amixtureof ice crystals Jliquid brineandair pockets. At the SSM/I
frequenciegseeSection3.1.2),the emissvity of seawateris independenof the
salinity S. Thesalinity S of liquid brine increasesvith decreasingemperature
andexceeds200%o. at —18°C, a valuethatmay occurin the upperlayersof bare
seaice [Ulaby etal., 1986],[HallikainenandWinebrennerl1992]. However, em-
pirical resultsobtainedby Stogrynand Desageant[1985] for temperature®e-
tween—2.8°C and—25.0°C reveal no significantdifferenceof the decreasef &’
ande"” with frequeng if comparedo seawater In the SSM/I frequeng range £’
of seaice is almostconstantand approximatelyof the sameorderof magnitude
thane’ of salinewater(seeFigure2.2). But " of seaice is aboutthreeordersof
magnitudesmallerthanthat of seawaterdueto the lack of free chage carriers
[HallikainenandWinebrennerl992]andincreaseslightly with frequeng. Con-
sequentlyaccordingto Equation2.7, at the samefrequeng andpolarizationthe
emissvity of seaiceis usuallylargerthanthatof openwater[Grenfelletal.,1994].
Figure2.11shownsthe emissvities of openwaterandFY ice atbothpolarizations
and illustratesquite well the large emissvity difference. However, this differ-
encebecomesmallerfor old ice dueto the larger numberof air pockets. They
force volumescatteringandthusdecreasé¢he surfaceemissvity with increasing
frequeng. The emissvity of old ice mayfall belov 0.6 at 90GHz ([Hallikainen
andWinebrenner1992] and[Grenfell, 1992]) a valuewhich is smallerthanthe
emissvity of openwaterat 85GHz andvertical polarization.

The bubbly uppermostseaice layer increasesalso the averagepenetration
depthwhich, in seaice, generallydecreasewith increasingrequenyg (decreas-
ing wavelength)). At 20GHz, the penetratiordepthin old ice is ~ 10 cm while
thatin FY iceis afew centimetergUlaby etal., 1986]. Radiometrianeasurements
takenby Grenfellet al. [1998] at the outdoorpondat the CRREL reveal that at
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Figure2.11: Emissivitiesof salinewaterand FY ice asobtainedusingtheresults
of Stayryn and Desageant[1985] (Theory)and fromfield measuementsduring
the NORwegianremoteSensinge XperimentNORSEXthe variousMarginal Ice
Zone EXperimens MIZEX’ 83, MIZEX’' 84, MIZEX’ 87 and someother experi-
ments(from[Hallikainen andWnebrenney 1992)).

90GHz nilasbecomeopaqueor athicknessof 2 to 3mm. However, field mea-
surementse. g. during the NORvgian remoteSensingeXperimenfThe NOR-
SEX Group,1983],revealemissvities of 0.84and0.88for nilas[Hallikainenand
Winebrenner1992] at 90GHz, suggestinga thicknessof one centimeterather
thanafew millimetersto berequiredto unambiguoushdistinguishthin ice from
openwateratthis frequeng. The penetratiordepthin old ice decreaset afew
centimeterat 90GHz.

Snow:

Sincethe wavelengthat 85GHz is only 3.5 mm the surfaceemissvity is af-
fectedby snav almostassoonasit startscoveringthe seaice. Thisis illustrated
in Figure2.12(a) and(b), shaving in situ brightnesgemperatureneasurements
asa function of snav depthandfrequeng. Dry snonv canbe regardedasa mix-
ture of snaw or ice crystalsandair. Wet snav additionallyincludesliquid water
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which may be saline,particularlyin the basalsnow layers. This mixtureis quite
similar to that of seaice. Therefore,in the SSM/I frequeng range,the dielec-
tric propertiesof snowv are similar to thoseof seaice andin caseof dry snov
are mainly determinedby the snav density For snaw, the &’ value equalsthat
of seaice whereas” is one orderof magnitudesmallerthanthat of seaice and
increasewith frequeng. Following Equation2.7 andEquations2.10and?2.11,
the emissvity of snov-coveredseaice is larger thanthat of bareseaice. This
canbeidentifiedin Figure2.12(a) and(b) by thebrightnesgemperaturéencrease
with snov depthat all frequenciesshovn exceptat 90GHz. However, volume
scatteringn the snav decreasethe emissvity. Thisis illustratedin Figure2.12.
The snowv-depthincreasefrom < 3mm to 3...50 mm hasalmostno effect on
the 90GHz brightnesgemperaturegimages(a) and (b)) andthesetemperatures
decreasdy morethan10K for snav depthsabore 50mm (image(c)).
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Figure 2.12: In situ brightnesstempeature measuementsover seaice of 10
to 40cm thicknesswith dry snow layers of different depth: (a) < 3mm, (b)
3...50mm,(c) > 50 mm.(from[Grenfelland Comis0,1986]).

Fromtheoreticakalculationsof the microwave signatureover dry snov using
the Mie theoryandassumingndependenscatterersi. e. describingdry snav as
ice crystalsbeingembeddedn air, Ulaby et al. [1986] have found that volume
scatteringdominatedor frequenciesbore 15GHz. Measurementef the extinc-
tion propertief dry snav revealanincreaseof the extinction coeficient . with
frequeng. At 90GHz, x. increase$rom 50dBm~! atameansnaw grainsizeof
0.4mmto 500dBm~! atameansnaw grainsizeof 1.4mm, suggesting scatter
ing coeficientx, = k. — K, thatis muchlargerthanthe absorptiorcoeficient x,
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[Hallikainen et al., 1987]. Recentin situ emissvity measurementsonductedn

the Arctic by Barberet al. [1998] andPerwich etal. [1998] confirmthis. They

have reporteda decreas®f the emissvity at 90GHz over dry snow of ~ 0.1 at
verticalandbetweer0 and0.05at horizontalpolarization. The larger emissvity

changeat vertical polarizationcanbe explainedby the snowv-crystal orientation
in thebasalsnow layer (Section2.3.3),which is oftenanisotropicthusfavouring

scatteringat vertical polarization([BarberandNghiem,1999]andBarber(2000),
personalcommunication). The emissvity decreasemay be larger if the mean
snow grainsizematcheghe wavelengthof obsenation, which is mostlikely the
casein summerwhencoarse-grainednav occurs.Surfaceemissvities modeled
at 90GHz for arefrozensnav cover over land areabout0.5 at both polarizations
[Bauerand Grody, 1995]. Radiometricin situ measurementtaken during the

Marginal Ice ZoneEXperimensg in 1983/84shav, at 90GHz andboth polariza-
tions, a decreas®f the emissvity from valuesabove 0.9 over melting seaice to

~ 0.6 overacoarse-grainedcy snow layerof 6 cmthicknesgGrenfell, 1992].
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Figure2.13: Penetiation depthof microwaveradiationin snowasmodeledusing
a modifiedDebye-lile modelfor different frequenciesand snowwetnesgfrom
[Hallikainen andWinebrenner,1992]).

The measurementsf Grenfell[1992] alsoillustratetheinfluenceof the third
importantsnav parameterits wetnessor volumetric snov liquid water content
m,. Snow liquid wateroccursin two regimes: the pendularandthe funicular
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regime [Colbeck,1982]. Theformerregimeis characterizedby snov containing
liquid water as isolatedinclusionswhile air is continuousthroughoutthe pore
space. In the latter regime, the snov is almostsaturatedwith liquid water i. e.

liquid wateris continuousthroughoutthe snov while air occursin distinct bub-

bles. Thetransitionbetweerbothregimestakesplaceatm, ~ 3%...6 % [Ulaby

et al., 1986], [Hallikainen and Winebrenner1992]. Taking thesetwo regimes
into accountwhenmodelingthe dielectric propertiesof wet snaw, ¢’ ande” in-

creasewith m,, and,moreimportantly ” increase$y afactorof 1000compared
to dry snowv [Hallikainen et al., 1987]. Consequentlythe emissvity ¢ andthe
absorptioncoeficient «, increasewith m,. The penetrationdepthin snav de-

creaseswith both increasingwetnessand frequeng to aboutone centimeteror

lessatm, = 5% and90GHz [Eppleretal., 1992]. Figure2.13shows penetration
depthsin snowv asfunction of frequeny and snov wetness. Thesevalueshave

beenobtainedwith a modified Debye-like modelasdescribedoy Hallikainenet

al. [1986] assuminghatthe spectralbehaiour of wet snav is dominatedoy the

dispersiorbehaiour of waterbecausef the muchhigherpermittivity of watet

and including empirical resultsfrom experiments. However, thereis evidence
thatat 90GHz in the pendulamregime, volume scatteringcan be regardedasthe

dominantprocess particularly during the metamorphisnof freshsnow. In this

latter case an emissvity increasewith m, maybe compensatetly anemissvity

decreaselueto volumescatteringcauseddy anincreasingmeansnav grainsize
[Barberetal., 1998],[Peravich etal., 1998].

Summary:

» Antarcticseaice consistrimarily of FY ice. Only aminorfraction,mainly
limited to the Weddell Sea,is old ice and on averageyoungerthanthree
years. Seaice formationin the Antarctic can be divided into three cate-
gories: the pancal ice cycle at the MIZ, ice growth in coastalpolynyas
(“ice factories”),andthe formation of snav ice and meteoricice. Once
formed,Antarcticseaice is almostcontinuouslycoveredby snow.

» At 85GHz, seaice canbe unambiguoushdistinguishedrom openwater
at a thicknessabore &~ 1cm. The emissvity of bareyoungandFY ice
is always considerablylarger than that of openwater at 85GHz for both
polarizationsexceptfor old ice, which exhibits a smalleremissvity than
openwateratverticalpolarization.At 85GHz,emissvitiesareindependent
of theseaice salinity.
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» Snowv affectsthe emissvity at 85GHz assoonasit startscoveringthe sea
ice becausef the smallpenetratiordepthassociatedavith a wavelengthof
3.5mm. Snav on seaice is usually stratifiedand heterogeneousSnaow-
propertychangesanbe causedy air temperaturehangesnd/orprecipi-
tation. Relatedprocesseaffect the snov on a spatialscaleof atleasta few
SSM/I85GHz channelFOVs anda temporalscaleof afew hoursto afew
weeksand,therefore have animpacton the 85GHz SSM/I measurements.

* The 85GHz emissvity increasestronglywith the snawv liquid watercon-
tentat both polarizations.As aresult,T,,(85) valuesincreasesignificantly
while P(85) remainsconstanbr decreaseslightly.

* An increasinggrain size enhancesolume scatteringand thus causesan
emissvity decreasat 85GHz. ConsequentlyT,(85) valuesdecreasele-
pendingon the polarizationand P(85) valuesmay both decreaseor in-
crease.

» Theinteractionbetweensnawv liquid water densityandgrain sizeis com-
plex. Thefirst parametecertainlydominatesheradiometricsignalatm,, >
3 %. Particularlyatlowerm, valuesvolumescatteringnaycompensatéhe
absorptiordueto the snawv liquid water In dry snaw, the effect of volume
scatteringdominatesandmayleadto a decreasef bothT,(85) andT,(85)
atagrainsizeabose 2 mm. Largegrainsizesasassociateor instancewith
anicy snav surfacecrustanda depthhoarlayer candepresghe 85GHz
emissvitiesto valuesbelow 0.5.

» Thereis evidencefor a strongpolarizationdependeng of the emissvity
changedueto snaw if slushis presenttthe snowv-ice interface— atleastat
37GHz—-whenbrightnesgemperaturedecreassignificantlyathorizontal
polarizationand remain almost constantat vertical polarization[Garrity,
1992].

2.4 The Atmosphere

This section,following a brief descriptionof the atmosphericomposition,con-
centrate®n the radiometricpropertiesof the atmospherandtheirimpacton the
surfaceradiation.
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2.4.1 Atmospheric Constituents

The relatve compositionof the atmospheregemainsessentiallyconstantup to
analtitude of ~ 90 km. The main dry atmosphergaseougonstituentexhibit-
ing constantvolumefractionsare78.1 % pervolumeof molecularNitrogen(N,),
20.9 % pervolumeof molecularOxygen(O,) and0.9 % pervolumeof molecular
Argon (Ars). Anotherimportantandvariableatmospherigasis Carbondioxide
(CO,) with an averagevolume fraction of 0.035 %. Dependingon atmospheric
actiity, geographicalatitude and seasonthe humid atmospherean containup
to 4 % pervolumeof water(H,O) in form of watervapor which is mainly con-
finedto thetroposphereTheheightof thetropospherés determinedy theverti-
cal corvective heattransferwhich dependsnainly on the surfaceair temperature
[Barry andChorley, 1989]and,thereforejs significantlysmaller(~ 8 km) athigh
latitudesthanatlow latitudes(~ 16 km). Integrationof thewatervaporcontained
in a vertical columnof the atmosphergields the integratedwatervaporcontent
W which, on average s belov 5kgm~2 at polarlatitudesandcanbe ashigh as
50kgm~? attropicallatitudes[Raschle, 1996].

In the tropospherepressureand densitydecreasalmostexponentiallywith
heightwhile the air temperaturdnasa meanvertical lapserate of —6.5 K km=!,
The maximumamountof watervaporthatcanbe carriedby the air without con-
densations governedby the Clausius-Clapgron equationHolton, 1992]

des _ mmoches
dT,  R*T?

whereT, is theair temperaturein,.; the molecularweightof water R* the uni-
versalgasconstant,L, the latentheatof condensatiorand e, the water vapor
pressureat saturation.Obviously, e, increasegxponentiallywith T,, suggesting
that at low temperaturegonsiderablysmallerabsoluteamountsof watervapor
aresufficientto causecondensationlif air raisesgitherdueto orographideatures
or dueto free corvection,it coolsadiabaticallyuntil condensatiorfgsublimation)
will form cloud droplets(ice crystals)and eventually clouds. Water cloudsare
typically confinedto the troposphereand canbe divided into low-, middle-and
high4evel clouds[World MeteorologicalOrganization(WMO), 1956]. At high
latitudes thesdevelsextendbetweerD and2 km, 2 and4 km andabove 3km, re-
spectvely [Barry andChorley, 1989]. While thelowest(highest)cloudlevel con-
tainsmostlyliquid water(ice) clouds,the middlelevel is the site of mixedclouds
with bothliquid waterandice. Cloudscanfurtherbedividedinto cumuliform(Cu-
mulus, Strato-, Alto- and Cirrocumulus)and stratiform (Stratus,Nimbo-, Alto-

(2.16)
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andCirrostratuslouds[World MeteorologicalOrganization(WMO), 1956].

Figure2.14: Average cloud cover in the Antarctic takenfrom ISCCPdata: a) for
summeilandb) for winter (from[King and Turner, 1997]).
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Thecloudliquid watercontent(LWC) expressedn gm~3 canbeestimatedy
integratingthe water containedin all cloud droplets(the waterequvalentof all
ice crystals)of a cloud volumeusinganappropriatedrop (particle)sizedistribu-
tion [Deirmendijian,1969]. Theliquid waterpathor integratedcloudliquid water
contentZ canbe obtainedintegratingthe LWC over the vertical cloud column,
yielding a few gm~=2 for ice clouds(LWC ~ 0.01 gm~2) andup to 1000g m—2
for cumuliformclouds(LWC ~ 1 gm~3). In polarregions,cloudsexhibit smaller
maximumvaluesof L, particularlydueto the smallerabsolutewater contentof
thetropospherassociateavith lowertemperatures.

Theaverageseasonatloudcover exceedsr0 % over large areasof the South-
ernOceamccordingo theInternationalSatelliteCloud Climatolagy Project(1S-
CCR [Schiffer and Rossav, 1983]). This is shavn in Figure 2.14 for Austral
summerandwinter. The low temperaturesypical for high latitudesfavour the
formationof stratiformratherthancumuliformclouds,which areusuallyshallov
anyway [King andTurner,1997]. ConsequentlyStratus StratocumulugndAlto-
stratusdominatethe cloud cover of the SouthernOceanbetweens5°S and70°S,
followedby ice cloudsandNimbostratugKing andTurner,1997].

At high latitudes,the formationof precipiationalwaysincludesthe ice phase
requiringcloudlevelswith subfreezingemperatureandcanbe describedy the
Bergeron-Findeisetheory [Bergeron,1960]. However, in the SouthernOcean,
wealer vertical motions, shallaver clouds and lower temperaturegorce low
precipitationintensitiesand small precipitationparticle sizes[King and Turner,
1997],[Lachlan-CopeandTurner,1997]. Snawv is obsenedin mostcasesthough
rain may appeathroughoutheentireyear[Turneretal., 1995]

2.4.2 Radiative Propertiesof the Atmosphere

Somecomparisondetweenseaice concentratiormapsandimagestakenin the
VIS/IR rangewill beshavnin Chaptel6. Thereforethefirst partof Section2.4.2
concentratesnthis frequeng range.The secondpartfocusse®n theinteraction
betweerthe atmospherandmicrowvave radiation.

Visible/Infrar ed FrequencyRange

IntheVIS range(0.4 um < A < 0.7 um) aswell asin theatmospherievindow
between8 and11um in the IR range(0.7 um < A < 100 um), the atmosphere
is almosttransparentThis s illustratedby the absorbtvity of someatmospheric
constituentshavnin Figure2.15. Bothfrequeng rangesncludethewavelengths
associatedvith the maximumradiationintensity accordingto Wien’s displace-
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Figure2.15: Absorptionby atmosphericonstituentsand by the atmosphez asa
wholeat variouswavelength¢from[Fleagle and Businger, 1963]).

mentlaw (Equation2.2),whichis 0.48um in the VIS rangeand10um in the IR

rangefor blackbodieswith a temperaturef ~ 6000K andof ~ 270K, respec-
tively. Using spaceborneneasurements the VIS/IR range,for instanceof the
AVHRR, allows to discriminateseaice from openwater Moreover, the seaice

surfacetemperatureanbeobtainedK ey andHaefliger 1992],[Yu andRothrock,
1996],[St. GermainandCavalieri, 1997]. Thisrequiresclearsky conditionssince
thealbedoa andIR emissvity ez of cloudsis similarto the correspondingalue
of a or e;z of seaice andsnow — exceptfreshsnov. Somevaluesof o ande;r are
listedin Table2.1. Using measurementms the VIS rangeadditionallyrequires
daylight.

Although thereis no emissvity differencebetweenseawaterandseaice in
the IR range,differentsurfacetemperaturesllow to distinguishbetweenthese
two surfaces,at leastduring winter. The sameis true to a smallerdegreewhen
distinguishingcloudsfrom seaice or snav. Cloud topsare often locatedat the
semi-permanensurfaceinversion[King and Turner,1997] and appearwarmer
thanthe surface. Neverthelessseaice and/orits snav cover canhave the same
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Table2.1: Albedoa and IR emissivitye;r for seawater [Oke, 1981], seaice
andsnow[Grenfelletal., 1998], and clouds[Paltridge and Platt, 1984], [Barry
and Chorley, 1989]. Theletter d denotesthe thicknessof the seaice. In the
lower part of the table « is the average albedo integrated over wavelengths
0.3 um...4.0 um. Valuesof ¢;z dependstrongly on particle densityand cloud
thicknessandare omittedtherefore.

surfacetype o} €IR
Old (melting) snow 0.4-0.6 | 0.82
Freshsnow 0.9-1.0 | 0.99

bareseaice (d < 15cm) 0.1-0.4 | 0.98-1.0
bareseaice (d > 15cm) 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 | |

temperaturghanthe cloud tops. Moreover, both cloud albedoand IR emissv-
ity dependstronglyon the solarzenithangle,the cloud particle size distribution
andthe cloud thickness. This meansthat within one AVHRR or OLS imagein
oneparticularregion seaice might be discriminatedrom cloudsquite well, e. g.
seaice coveredby melting snov from a thick cloud cover suchasNimbostratus,
whereasn anothepartof theimagethis discriminationis impossibleg. g. seaice
coveredby meltingsnav from athin, low-level Stratudayer. Thislimits theusage
of thesesensordor seaice monitoring. A comparisorof the structureor texture
of seaice andcloudsevidentin theseimagescanprovide additionalinformation
helpingto identify cloud-coseredregionsover seaice [Schiuter,2000].

Micr owave FrequencyRange

In the MW range,absorptionand emissionby all atmospheriggasesexcept
oxygenandwatervaporarelesspronouncecdr causeonly a weak background
absorptiondue to their small volumetric fractions [Ulaby et al., 1981]. The
SSM/I frequeng range(Section3.1.2) covers the water vapor absorptionline
at22.235GHz andthe so-called60 GHz oxygencomplex at frequenciedbetween
51.5and67.9GHz [Ulaby et al., 1981]. Pressuréoroadeningcauseghe oxygen
absorptiorinesto overlapandto form anabsorptiorband. Theso-calledvingsof
thesebandsextendinto otherfrequeng rangesandsodo thewingsof theoxygen
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Figure2.16: Zenithopacity of the U.S. Standad Atmosphes for a surfacetem-
perature of 288K and surfacepressuesof 1020.5hPa (humidatmosphez) and
1013hPa (oxygenonly) (from[Smith,1982]).

andwatervaporabsorptiorbandsthatlie outsideof the SSM/I frequeng range:
O, at118.75GHz, watervaporat 183.3GHz. The distribution of thesebandsin
theMW rangeis illustratedin Figure2.16for frequenciesipto 300GHzfor adry
atmospheranda humidatmospherevith two differentwatervaporcontents.

Comparedo mid-latitudegFigure2.16),apolaratmospherexhibit asmaller
watervaporcontentandthus a smalleratmospherimpacity - at 900GHz andin
the microwave window at 35GHz wherethe wings of the absorptionlines con-
tributelessto 7. Spacebornelataobtainedat 22.235GHz with the SSM/l andat
183.3GHzwith theWatervaporprofiler SpecialSensoMicrowave/€mpeature2
(SSM/T2) have beenusedto retrieve the integratedwatervaporcontenti over
openwater[Gloersenretal., 1984],[Bauerand Schiissel,1993],[Simmer 1994],
[Rossav, 1996]andover seaice [Miao, 1998],[Miao etal., 2001].

The atmosphereontainsalsowaterasliquid andfrozen particles(hydrome-
teors) which appearas clouds and precipitation. Particle radii rangebetween
~ 0.1 um and 100um for cloud dropletsand between50um and a few mil-
limetersfor drizzle/raindropsandsnow crystals. Non-precipitatingcumuli- and
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stratiformcloudsusuallyexhibit particleradii arounds yum [Mason,1972]andab-

sorba lot but scattedittle microwave radiation[Gasievski, 1993]. Scatteringoy

drizzleandrain particlesandby mostfrozenhydrometeor®ecomesncreasingly
importantwith increasingfrequeng f (decreasingvavelength)\) — particularly

atf > 30 GHz (A < 10 mm)[Gasievski, 1993]. This behaiour canbeexpressed
by the Mie parametely asfollows [Simmer 1996]

2rr

= — 2.17
X )\ Y ( )

wherer is the particleradius. The Rayleighapproximatiorholdsfor x < 0.1 at
the SSM/I frequenciesandscatterings almostnegligible [Gasiavski, 1993]. At
x > 0.1, however, the Mie approximatiorholdsandscatteringhasto be consid-
ered.For atypical cloudpatrticle(r = 5 um), x increasesrom = 0.002 at19GHz
to =~ 0.009 at 85GHz while for atypical rain dropor ice crystal(r = 1 mm) one
canexpectanincreaseof y froma 0.4 at19GHzto ~ 1.8 at85GHz. Therefore,
scatteringoy liquid hydrometeor®f non-precipitatingcloudscanbe neglectedat
SSM/I frequenciesalso at 85GHz wherebrightnessemperaturesncreasesig-
nificantly with the cloud liquid watercontent[Fuhrhopetal., 1997]. Frozenhy-
drometeorsand almostall precipitationparticlesscattermicrowave radiationat
85GHz. Simmer[1996] hasshavn that at 85GHz the volume absorptionco-
efficient is significantly larger for liquid precipitationparticlesthan for frozen
ones.andis similarto thevolumescatteringcoeficientsfor precipitationparticles
of both phases.Volume scatteringcoeficientsare similar for typical maximum
Antarctic precipitationratesof up to 10mmh~!. Consequentlyonecanexpecta
large brightnessemperaturelecreaselueto scatteringover rainandsnaw clouds
at85GHz (seg[Fuhrhopetal., 1997]). Furthermorethis decreasenaydependn
the polarizationsincefalling rain dropsareoblateandsnow flakesareaspherical.
Both effectsarenotaccountedor in theradiatve transfermodelof Fuhrhopetal.
[1998] which is briefly describedn Section2.5.1. Theinteractionof microwave
radiationwith ice particlesof cirruscloudscanbe ngglectedat SSM/I frequencies
[Simmer 1996)].

Measurementsf the SMMR andthe SSM/I have beenwidely usedto retrieve
L and/ortherain rateover openwater[Curry etal., 1990],[Bauerand Schlissel,
1993], [Greenvald et al., 1993], [Karstenset al., 1994]. Theseapproachesre
mainly basedon the lower SSM/I frequenciesl9GHz, 22 GHz and37GHz and,
wherepossible omit the horizontalpolarizedSSM/I channelsn orderto avoid a
biasby scatteringat the wind-roughenedeasurface. In this study the algorithm
of Karstensetal. [1994] whichis briefly describedn Section3.2.3is usedto cal-
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culateL. Theretrieval of L remaingdifficult overlandor seaice. Althoughsome
attemptshave beenmadetowardsthis issueover land [Jonesand VonderHaar,
1990],[Greenvald etal., 1997],a quantitatve approacho retrieve L over seaice
is still missing.However, Miao etal. [2000] developeda methodto qualitatively
identify seaice regionscoveredby cloudswith SSM/I data. This methodis used
in this thesisalso (Section3.2.4). Therain rateis not retrieved heresinceaver-

ageprecipitationratesaresmall(< 0.5 mmh~1) in polarregions,particularyover
seaice [Szetoet al., 1997],[King andTurner,1997],[Lachlan-Copeand Turner,
1997]. However, evenlow precipitationratesmay considerabhaffectthe 85GHz
brightnesgemperature®ecasughe massabsorptionand extinction coeficients
of precipitatingcloudsarelargerfor light (1Lmmh~!) thanfor heary precipitation
(50mmh~1) at85GHz [Simmer 1996].

Summary:

The atmospheriavater content,which is the integratedwater vapor content
W andthe integratedcloud liquid watercontentZ, increaseshe 85GHz SSM/I
brightnesgsemperaturesonsiderably This increasds small over a surfacewith
a high emissvity andbecomedarger with decreasinggmissvity. Therefore the
normalizedbrightnesgemperaturgolarizationdifferencgSection5.1) decreases
at 85GHz dueto theinfluenceof W and L. Scatteringoy precipitationparticles
decreasethe 85GHz brightnesgemperaturesThis decreaselependgprobably
alsoonthe polarizationto a degreewhichis unknovn sofar.

2.5 Radiative Transfer

In the MW range,the Rayleigh-Jeangapproximationcan be applied (seeSec-
tion 2.1). Assuminga horizontally homogeneousnon-scatteringand stratified
atmospher@ver a specularlyreflectingsurfacethe microwave brightnesgempe-
ratureT,( f) measureatpolarizationp andfrequeng f from spacecanbewritten
as[Swift andCavalieri, 1985]

ZTOA
T,(f) = ep(f)Te‘T(f)+/ T(z)e "7 g,
0

2TOA
+ (1- ep(f))e_T(f)/ T(z)e ™®Ddz
0

+ (1 - ep(f))Tp,space(f)eizT(f)- (218)
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where

p(f) = Emissvity of theradiatinglayer,

7(f) = Total atmospheriopacityat zenithangle® = 53.1° [m~1],
7(z,f) = Atmosphericopacityat heightz and® = 53.1° [m~1],
2104 = Heightof theatmospher¢m],

T = Physicaltemperaturef theradiatinglayer[K],

T(z) = Air temperaturet heightz [K],

Tp,space( f) = CosmicbackgroundrightnesgemperaturgK].

TOA standgor Top Of Atmospheg. The signalreceved by a spacebornenicro-
wave radiometerhasfour contributions: a) surfaceradiation, attenuatedy the
entire atmospherep) atmospheriaadiationtowardsthe radiometey attenuated
only by the partof theatmospherdetweerntheradiatinglayer of the atmosphere
andthe radiometer;c) atmospheriagadiationtowardsthe surface,attenuatedy
the partof the atmospherdetweerthe radiatinglayer of the atmospherandthe
surface reflectedatthesurfaceandattenuatedy theentireatmosphereg) cosmic
radiation,reflectedat the surfaceandattenuatedwice by the entireatmosphere.
The last contritution canbe neglectedat f > 5 GHz [Ulaby etal., 1981]. Over
seaice, ¢,( f) is usuallycloseto 1 andthefirst term of Equation2.18dominates.
However, assoonaschangingseaice and/orsnon properties,or anincreasing
openwaterfraction causea significantdecreasef ¢,(f) in the FOV, the second
contritution becomedarger in absolutetermsand the third contribution grows
in relative terms,whenconsideringa transparenatmosphere, e. atfrequencies
outsidethe absorptiorbandsof oxygenandwatervapot

Of particularimportances the physicaltemperaturd’ of theradiatinglayer,
called emissiontempeature in the following. Seaice concentratioralgorithms
usingthe low-frequeny SSM/I channelgperformbestwith the emissiontempe-
raturesetto the snawv-ice interfacetemperatureHowever, this temperatures dif-
ficult to obtainanddependsstronglyon the stratigraphyof a snav cover [Sturm
etal., 1993], [Sturm et al., 1998]. With increasingfrequeny, one canassume
that the main radiatinglayer becomeanore and more the surfaceitself dueto
the decreasingpenetrationdepth[Ulaby et al., 1986], [VanderVeenand Jezek,
1993]. Thereforeover snav-coveredseaice the 85GHz brightnesgemperature
canbe expectedto dependesson the snown-ice interfacetemperaturéout more
onthetemperaturef the uppermossnow layersif comparedo the otherSSM/I
frequencies. Also, over bareseaice the main radiatinglayer can be expected
to be closerto the surfaceat 85GHz comparedo the other SSM/I frequencies.
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Consequentlythe differencebetweenthe emissiontemperatureandthe surface
temperatureof bareof snov-coveredseaice is smallerat 85GHz thanat lower

frequencies Fuhrhopet al. [1997] have investigatedhe sensitvities of modeled
brightnessemperatureso the emissiontemperaturef differentice types.In do-

ing this, theemissiortemperatur®f snav-coveredFY ice wassetto thesnow-ice

interfacetemperatur@andthatof bareFY ice wassetto the averagephysicaltem-

peratureof the seaice layer betweenl and9cm. For snov-coveredFY ice, the

modeledbrightnesstemperaturesurnedout to be independenbf the emission
temperatureat all SSM/I frequencies.For bareFY ice, the modeledbrightness
temperaturearefoundto exhibit a decreasingmissiontemperatureependeng

with increasingrequeng. Consequentlythe errorcausedy settingtheemission
temperaturequalto thesurfacetemperaturés smallerat85 GHz comparedo the

low-frequeny SSM/I channels.

251 MWMOD

Theradiatve transfermodelMicroWave MODel (MWMOD) hasbeendeveloped
by Simmer[1994], FuhrhopandSimmer[1997]andcanbeusedio modelboththe
downwardandupwardmicrowave radiationover openwaterandseaice [Fuhrhop
etal.,1997],[Fuhrhopetal., 1998],[Miao, 1998],[Miao etal., 2000]. Themodu-
lar outlineof MWMOD allows a separatelescriptionof the propertiesof seaice,
openwaterandthe atmosphereaswell ascomputatiorof their radiatve charac-
teristics. The interactionbetweenatmosphereseaice and openocean,i. e. the
radiatve transfer canbe calculatedor differentfrequenciesandviewing angles,
for instancethoseof the SSM/I. In the following, the modulesandthe mostim-
portantparametersaisedin this thesisare describedoriefly. SeeFuhrhopet al.
[1997], Fuhrhopetal. [1998] andthe User Manual [Fuhrhopand Simmer 1998]
for moredetails.

In MWMOD, openwatercanbe characterizedby its salinity, its SSTandthe
rougheningof the surfaceaccordingto the surfacewind speedV'. In this thesis,
theseparameteraresetto 34%o., 272K and0ms™! < V < 30 ms™1, respectiely.
In orderto considerscatteringoy thewind-roughene@ndfoam-coeredseasur
face(Section2.2.1),MWMOD utilizesathree-scalenodel. Thisis afacetmodel,
wherethe Fresnelreflectioncoeficientscalculatedfor thefirst scale(large-scale
gravity waves)are modifiedby scatteringon the secondscale(small-scalegrav-
ity andcapillarywaves)(Section2.2.1)andby multiple scatteringon to thethird
scale(see[Guissardand Sobieski,1987]), the foam cover. Alternatively, MW-
MOD canbe provided with surfacereflectiities at both polarizationsnsteadof
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calculatingthem. Thereflectvities areusedtogethemwith the modulesspecifying
the atmosphericonditionsandthe radiatve transferin the atmospher¢o model
brightnesgemperaturesver openwatet

For seaice, MWMOD providestwo possibilitiesto modelbrightnessempera-
tures.Thefirstis to divide the seaice into horizontallayersof specifiedthickness
andto describetheselayersin detail with the seaice parametersdensity tem-
perature salinity, brine pocket orientationandaspectatio, grain size,air bubble
diameterandliquid water content. The sameis donefor the snav cover. MW-
MOD allows to calculatethe radiatve transferwithin the seaice/snav and to
obtainthe surfacereflectvity of the radiatinglayer selectedor a given physical
temperatureof theselayer (emissiontemperature).This temperaturenasto be
choosercarefully for the frequeng usedbecausef the dependengof the emis-
sion temperatureon seaice and snav properties. As for the openocean,these
reflectvities and the emissiontemperaturesire usedtogetherwith the modules
specifyingtheatmosphericonditionsandtheradiatve transferin theatmosphere
to modelbrightnesgemperaturesver seaice. In caseof a seaice concentration
C belov 100 %, onecanprovide MWMOD with the valuesof C' andthe bright-
nesstemperaturesnodeledseparatelyfor openwaterand seaice are combined
accordingto C'. Thesecondossibilityis to provide MWMOD with reflectvities
and emissiontemperaturesypical for the seaice conditionsto be investigated.
This approachis choosenin this thesissince,to the authors knowledge,reflec-
tivitiesandbrightnesgsemperaturesbtainedwith MWMOD atfrequenciesbove
40GHz over seaice have not yet beenvalidatedfor the large numberof param-
etersto specifyin the seaice moduleand,also,have beenquestionedat 37 GHz
[Fuhrhopetal., 1998]. Furthermorethe maingoalusingMWMOD in this thesis
is to estimateheweathelnnfluenceon the 85GHz brightnesgemperaturesvera
surfacewith known reflectiities. Thereforethe secondapproachs usedhere.

Thegaseousibsorptiorof oxygenandwatervaporis treatedn MWMOD ac-
cordingto theLiebemodel[Liebeetal., 1993]. Absorption,emissiomandscatter
ing by non-precipitatingcloudsis modelledwith the Rayleightheory MWMOD
provides several possibilitiesto specify the atmospherigroperties[Fuhrhopet
al., 1998]. Simulationsusedin this thesisarebasedon pre-definedprofilesof air
pressur@ndair temperatureypical for apolaratmosphereTheprofilesareinter-
polatedonto a userdefinedgrid with a finer vertical resolution,particularlynear
the surface. The atmospherichumidity is specifiedby W anda typical vertical
water vapordistribution. In orderto considerthe effect of L on the brightness
temperaturedow-level cloudsareincludedat an altitude level of 500m with a
cloudthicknessof 500m. Both valuesremainfixed. Within MWMOD, L canbe
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calculatedusingtypical drop-sizedistributionsof variouscloudtypes.Stratusand

Stratocumulugloudsusually provide the largestcontribution to L becausehey

arelow-level clouds. Altostratusis a dominantcloudtypein frontal cloud bands
[Barry and Chorley, 1989] and exhibits a typical drop-sizedistribution similar

to that of StratocumulugPaltridge andPlatt, 1984]. Therefore,in orderto con-

sidersimultaneoushAltostratusandtypical Antarcticlow-level clouds,the drop-

sizedistribution of Stratocumuluss usedin this thesis. Only non-precipitating
cloudsareusedto modelthe brightnesgemperaturessinceprecipitatingclouds
aremasledout usingthe R-factormethoddescribedn Section3.2.4.
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Chapter 3

Data Basis

This chapterdescribeghe datasetsusedin this thesis. They canbedividedinto
four cateyories:

* remotesensinglatae. g. thebrightnesdemperature,

« quantitiesderived from remotesensingdatasuchas the integratedwater
vaporcontent,

 quantitiesobtainedfrom models,

* datameasurear obseredin situ, for instanceseaice obsenationsaboard
aship.

3.1 RemoteSensingData

Remotesensingdatacollectedby polarorbiting satellitesarethe backboneof this
thesis.A brief descriptionof thevisible (VIS) andinfrared(IR) datausedis given
in Section3.1.1andis followedby adiscussiorof the microvave (MW) dataused
in Section3.1.2.

3.1.1 Visible/Infrar ed Range

In polarregions,usingdataobtainedn theVIS andIR rangeto gaininformation
aboutthe surfaceis restrictedto clearsky conditionsand additionally requires
daylightin the VIS range.DatatakentheVIS rangearea measuref thereflecti-

ity andcanbe transformednto the shortwave albeda Datatakenin thethermal
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IR rangecanbe usedto estimatethe surfacetemperaturef both cloudsandthe
Earth’s surface. Sinceseaice reduceshe heatflux from the oceaninto the at-
mospherepnecanexpectlower surfacetemperaturesver seaice thanover open
water atleastduringwinter. Thereforesurfacetemperaturedervedfrom IR data
(seg[Key andHaefliger 1992])canbeusedto discriminateseaice from openwa-
ter and, moreimportantly to estimatethe thicknessof thin ice [St. Germainand
Cavalieri, 1997]. In this thesis,dataof the Opemational LinescanSysten(OLS)
areused. This sensoris equippedwith two broadbandcchannelspnein the VIS
andonein the IR range(seeTable3.1). The OLS scansthe Earthacross-track
with a swath width of &~ 3000 km. The spatialresolutionis about2.7km. The
OLS andthe SpecialSensoMicrowave/Imger (SSM/I) arebothpartof theU.S.
DefenseMeteoplogical SatelliteProgram (DMSP) payload.

Table3.1: Bandwidthsof the OLSsensor

Channel VIS IR
Wavelengthum] | 0.4—1.1| 10.5-12.6

3.1.2 Micr owave Range

In the MW range ,onehasto distinguishbetweeractive andpassve sensorsPas-
sive microwave datacollectedby the SSM/I are usedextensvely in this thesis
andwill bediscussedt first. The SSM/I is a multi-channeltotal-paver passve
microwave radiometerwhich hasbeenflown continuouslyon different DMSP
spacecrafsince1987. Thesespacecrafhave sun-synchronoupolar orbits with
an inclination angleof 98.8° andan orbit period of 102 minutes,andfly at an
averagealtitudeof 833km [Hollinger etal., 1987].

The SSM/lis equippedwith sevenchannels.Frequencies, polarizationsp,
wavelengths), noise and effective field-of-viev (FOV) arelisted in Table 3.2.
The FOV is approximatelythe 3dB width of the antenngpatternprojectedonto
the Earth’s surface. The SSM/I scansthe Earth’s surfaceconically across-track
with a constangroundincidencezenithangleof 53.1° while looking backwards.
The swathwidth is about1394km. Thelow-frequeny SSM/I channel{19GHz
to 37GHz) aresampledevery 25km, the 85GHz channelsvery 12.5km. This
yields 64 and 128 pixels per scan,respectiely. Figure 3.1 illustratesthe SSM/I
orbitandswathgeometry About 14 SSM/loverflightsperdayprovide acomplete
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coverageof theentirepolarregionswith the exceptionof a smallareacenterecdat
thepolesremaininguncoveredbecaus®f the SSM/I orbit geometry(seeFig. 1.2,
[Hollinger etal., 1987]).

Table3.2: SSM/Isensorcharacteristics(from[Hollinger etal., 1987]).

fIGHz] | p | A[mm] | noise[K] | FOV [kmxkm]
19.35 | h,v 155 0.8 69 x 43
22235 | v 13.5 0.8 50 x 40
37.0 | h,v 8.1 0.6 37 x 29
855 | h,v 3.5 1.1 15 x 13
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Figure3.1: Orbit andswathgeometryof the SSM/I(from[Holling er etal., 1987]).



54 CHAPTERS3. DATA BASIS

The National Snowand Ice Data Centie (NSIDC), Boulder Colorado,dis-
tributesdaily averagebrightnesstemperaturesnterpolatedinto a stereographic
grid with cell sizesat 19 to 37GHz of 25 x 25km? and at 85GHz of 12.5 x
12.5 km? [NSIDC, 1996]. Eachcell containghe averageof all brightnesgsemper
aturesthatfall into the considerectell within oneday (“Drop into the bucket”).
To minimize the distortion, the projectionis true at 70°S (N). The usedellip-
soidanddetailsof the griddingroutinearecompiledin NSIDC [1996]. Although
the first SSM/I sensomwaslaunchedn 1987, only datathat have beenprovided
by the NSIDC for the periodDecemberl991to Decemberl999areusedin this
thesisbecause failure of the 85GHz sensorcausesneasurement® be unreli-
ablebetweerMay 1988andDecemberl991at vertical polarizationandbetween
FebruaryandDecemberd991at horizontalpolarization[NSIDC, 1990].

Due to its orbit geometry the SSM/I passesnore often over high latitudes
thanover middle or low latitudeswithin oneday. Consequentlythe “Drop into
thebucket”-methodcancauseartefactsarisingfrom the differentnumberof over
flightsusedto generatenapsof thedaily griddedbrightnessemperatureUsually
betweenfour and seven SSM/I overflights cover one pixel of the NSIDC grids
polewvardof 60°S (N) asis evidentin Fig. 1.2in Hollingeretal. [1987] (notshowvn
here). However, equatorvardsof 60°S (N) the numberof artefactsincreasesand
hasto be taken into account,particularly when using thesedatato retrieve the
atmospherigparameterd’, W and L. Thelatter parameters highly variableon
both spatialandtemporalscales.Therefore,averagingover threeinsteadof two
overflightscancausearelative changdan L of morethan100%.

3.2 Remotely SensedMeteorological Data

Two kinds of meteorologicaldata are usedin this thesisfor the correctionof
the brightnesgsemperaturefor the atmospheriénfluence.This sectiondescribes
briefly the dataobtainedirom remotesensinglata.

3.2.1 SurfaceWind

In the SSM/I frequeng range,the seasurfaceemissvity dependsnainly on the
surfacewind speedV (seeSection2.2.1). Therefore,over openwater SSM/I
brightnesgemperaturesanbeusedto retrieve V, for instancewith the so-called
D-matrix algorithm[Lo, 1983]. This algorithmis basedon the following Equa-
tion:
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Vo= Aj)
+ AL()T(19R) + As(5)T(220)
+ As(j)T(37v) + A(§)T(37h). (3.1)

The D-matrix coeficients A;(j) arelisted in Table 3.3. Thesecoeficients can
be takenfrom a climate-coddablecontainingappropriatevaluesfor latitudeand
seasorselected.Theindex j denotedhe so-calledclimate-codeandex (after[Lo,
1983]). The algorithm hasbeenvalidatedby Goodberletet al. [1989]. They
foundanaccuray betweer2ms-! and5ms~! for wind speeddetweerb ms
and30mst.

Table3.3: Coeficientsto retrievetheparametessurfacewindspeed/, integrated
water vapor contenti? andintegratedcloud liquid water contentZ from SSM/I
data.

? 0 1 2 3 4

V: A;, summer| 109.93 | 0.8695| —0.4710 | —0.6008 | 0.1158
V: A;, winter 137.72 | 0.7330| —0.4208 | —0.7533 | 0.1804
W: B; 260.82 | 48.128| 0.15718

L: E; x 1073 | 3232.16| 2.285 | 492.984 | —1850.55 | 433.686

3.2.2 Water Vapor

The SSM/I measurebrightnesgemperatureat 22.235GHz, which s atthe cen-
ter of awatervaporabsorptiodine andat 37 GHz, whichis nearthe MW absorp-
tion window at35GHz (seeFigure2.16). Thesebrightnessemperatureareleast
influencedby thewind-inducedseasurfaceroughnesstverticalpolarizationand,
therefore canbe usedto retrieve theintegratedwatervaporcontentld overopen
water[Simmer 1994]. The Equation

W = By — B1(log290 — T(22v)) — BT (37v) (3.2)

providesW in kg m~2 with the givenbrightnesgsemperatureandthe coeficients
B; compiledin Table3.3. Theaccurag of thisretrieval is about2 kg m~2 accord-
ing to Simmer[1994].
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Miao [1998] (seealso[Miao etal.,2001]) hasdevelopeda methodto retrieve
W upto valuesof 6 kgm~=2 overopenwaterandseaice usingdataof the humidity
soundeiSpecialSensoMicrowave/€mpeature 2 (SSM/T2).However, usingthis
methodover Antarcticseaice thelimitation to valuesof W < 6 kgm? wouldlead
to large datagapsin themapsof W, sinceW oftenexceedghis limit asis shovn
in Figures3.2and3.3andin Table5.1.

3.2.3 Cloud Liquid Water

The absorptionand emissionof microwave radiationby cloud dropletsat the
SSM/I frequenciesanbe exploited to estimatethe integratedcloud liquid water
contentZ from SSM/I data. Severalalgorithmshave beendevelopedto calculate
L overopenwater In polarregions,themethodof Karstensetal. [1994] hasbeen
foundto provide quitereliableresults.It is basednthefollowing Equation

L = EO + ElT(lg'U) + E2 111(280 — T(22'U))
+ E31n(280 — T(37v)) + E41n(280 — T(37h)), (3.3)

andyields L in kgm~2 with anaccurag of about0.030kgm 2. The coeficients
E; arecompiledin Table 3.3. In polar regions, precipitationwas obsened to
occurat L > 0.35kgm~=2 [Curry etal., 1990]. Dueto scatteringat precipitation
particles,L is mostlik ely biasedtowardstoo high valuesat L above 0.35kgm~2.
Also, onecanexpectanoverestimatiorof W sincethedecreasef the brightness
temperatureslueto scatteringoy precipiationparticlescausesa smalleramount
to besubtractedrom B, (seeEquation3.2). Figures3.2and3.3shov mapsof V,
W andL calculatedrom SSM/I data(platesa) to c¢)) andof W inferredfrom data
of the EuropeanMedium-ange Weather ForecastingCenter (ECMWF) model
(imaged) for Australsummerandwinter. SeeSection3.3for detailsof themodel
data. Both examplesshaow typical valuesof V', W and L in the SouthernOcean.
Note the good agreemenbf the main patternsin the water vapor fields taken
from both datasets. Triangularshapedegionswith suddenchangesn W (see
Figures3.2and3.3b)) aredueto theaveragingprocessliscussedh Section3.1.2.
Thesediscontinuitiesare evident in the mapsof V' and L aswell. Figure 3.3,
imagesb) andd), illustratesthatair with a watervaporcontentof ~ 10 kgm~2
or morecanpenetratevell into the seaice coveredareafor instanceat 30°E and
in the RossSeabetweenl 50°W and180°W, whereatongueof moistair reaches
eventhecontinent.
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Figure3.2: Atmospheriparametesof January18,1999.a): L, b): W,c): V (all
fromSSM/ldata)andd): W fromECMWFdata(Section3.3). Theareacovered
by seaice [Heygsteretal., 1996] is maskedwhitein platesa) to c).
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Figure3.3: SameasFigure 3.2for July 22,1999.

3.2.4 R-factor

Thelack of reliabledataof L over the SouthernrOceanis mitigatedusingthe R-
factormethoddevelopedby Miao etal. [2000]. The R-factoris givenby

T,(f1) — Tw(f1)

Ty(f2) — Tu(f2)’

where f; and f, denotethe frequencies37 GHz and85GHz, respectiely. For a
dry polar atmospherethe R-factoris the sum of two terms,one describingthe

R(f1,f2) =In

(3.4)
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groundsurfacesignal R, andthe otherrepresentinghe contrikution of L and,to
asmalleramount,of W:

R =R, + B(L + aw,W). (3.5)

The quantitiesayy;, and areconstantandgivenby

AHW
owr = Ak
L

whereAxy (Akyp) is thefrequeng differenceof the watervapor (liquid water)
massabsorptioncoeficient at f; and f», andé is the SSM/I viewing angle. In
orderto avoid the unwantedinfluenceof R,, which is the logarithmof the ratio
of the surfaceemissvity polarizationdifferencesat f; and f», abackgrounderm
Ry is defined,which is a measureof the surfaceemissvity variability (large R,
= large variability). For this purposeon calculatesa time-seriesf the R-factor
for aperiodwhichis sufficiently long to accountor the high averagecloudcover
aroundAntarctica(seeFigure 2.14) and which is sufficiently shortto keepthe
influenceof the temporalvariability of the surfacesignallow. For eachpixel,
R, is the medianof all R-factorvaluesthat lie betweenthe minimum andthe
averageR-factorof thetime-seriesxonsideredThe so-calledcloud signatue L/,
which is L plusa small contribution of W dependingon the differencebetween
theactuallW valueandthe W valueaveragedover the periodconsideredcanbe
estimatedusing the differencebetweenthe actual R-factorand R,. Miao et al.
[2000] have shavn thatthis methodallows to unambiguouslydentify cloudswith
L' > 50 gm~2 over Antarctic seaice during Australsummemelt conditions.
Miao et al. [2000] have usedSSM/I swath dataand have shavn that a ten-
day periodis sufficient for the time-seriesanalysisrequiredto derive R, andto
obtainmapsof L' for eachswath(about4 to 5 perday)of this period. Usingdaily
gridded SSM/I brightnessemperature$NSIDC, 1996] to estimateL’, requires
moredaysto obtaina sufficiently long R-factortime-series.Therefore,n afirst
step,the R-factoris calculatedfor eachday of the periodDecemberl6, 1991to
Januaryl5, 2000. In the next step,a 31-daywindow is appliedto this R-factor
time-series- similar to a running 31-dayaverage. This definesa time-seriesof
31-daysubsetsenteredaroundeachday of the period1992-1999.Thesesubsets
are usedto calculateR, andto estimateL’ for eachday, which is differentto
the methodof Miao et al. [2000]. Moreover, in this thesisR, is the medianof
all R-factorvaluesbetweenthe maximumandthe averageR-factorof the subset
selectedTakingthe maximuminsteadof the minimum R-factor(compargMiao

=1.038x10"2 and f =2secfAk; = 2.208 m’kg,
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etal., 2000]) becomesecessarpecauseaisingthe minimumfar too few clouds
would beidentified.

With this approacheachR, valuereflectsthe temporalvariability of the sur
faceconditionsof a significantlylongerperiod(31 days)if comparedo theorigi-
nalmethodMiao etal.,2000](10days).However, thetemporalariability inher
entin the basicdatausedhere(daily griddeddata)is muchsmallercomparedo
thedatausedin the original method(swath data). This canbe explaind by the di-
urnalmelt-freezecycle causinga diurnal surfaceemissvity changewhich canbe
identifiedin the R-factortime-seriedderived from swath databut doesnot occur
in theonederivedfrom daily griddedbrightnesgsemperaturesis aconsequence,
thetemporabariability containedn eachR, valuestemsrom aday-to-dayrather
thanfrom adiurnalchangen thesurfaceemissvity overtheperiodused.An over-
estimationof R, causedoy changingseaice concentrationgannotbe excluded
in general.For this reasonye-calculatingR, for eachday seemdo be quite rea-
sonablevhenusinga 31-dayperiodanddaily griddedbrightnessemperaturesas
donein thisthesis particularlyin regionsand/orduringperiodsof variableseaice
concentrations.

For eachday, all pixelswherethe R-factorexceedsR, aresetto 1 in abinary
cloud mask. All pixels with a smaller R-factorremainat 0. Thesemasksare
comparedwith mapsof L for eachday of 1997. About 75 % of all pixels with
L > 50gm~? areidentifiedto be cloud-coveredwith this method.Cloud masks
arederivedfor eachdayof theperiod1992-199%ndareusedasareliabletool to
exclude mostpixelswith L > 50 gm~2 from the seaice concentratiorretrieval.
Figure3.4shows,asanexample thecapabilityof the R-factormethodto identify
regionswith L > 50 gm~2. Themapof R, givenin Figure3.4a) indicatesthat,
for the 31-dayperiodselected)arge variabilitiesin the surfaceemissvity occur
overseaicein theWeddellSea(westof 20 °W, northof 70 °S),in almosttheentire
Pacific Sectorexceptthe southernRossSeaand, lesspronouncedjn the MIZ.
Regionsareidentifiedto be cloud-cosered wherethe R-factorof the selectedlay
(seeFigure3.4b)) is largerthanR,. Almostall patcheswith L > 50 gm~=2 shavn
in Figure3.4d) canbeidentifiedin the cloud maskshowvn in Figure3.4c). More
importantly the smoothcontinuationof areasidentified as being cloud-coered
acrosgheice edgeseemgo bereasonablesincetheseareasorrespondo regions
wherea considerablgradientof W indicatesa front betweentwo air masse®f
differenthumidity (seeFigure3.3d)). However, the cloud-coreredareamight be
overestimateabver the seaice in thoseregions,whereseaice surfaceproperties
causean R-factorwhich is larger than R,. Therefore,the areaidentifiedto be
cloud-cwveredin the northwesternWeddellSeais morelik ely causedy a highly
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variablesurfaceemissvity ratherthanhigh L values.Theseareagprobablyexhibit
non-averagesurfaceproperties suchasanicy snov surfacecrustafter freezing
rain, andareexcludedfrom the seaice concentrationmetrieval aswell.

| N
30 200 300

i

Figure3.4: Parametesinvolvedin thedevelopmenbf the cloudmaskfor July 22,
1999.a): badkgroundterm R, obtainedfromthe periodJuly 7 to Augusts, b): R-
factor for July 22, ¢): cloudmask(clouds= blue)andd): L obtainedfrom SSM/I
dat?.. Thevv]hite areain thelastimage denotethe seaice covered area[Heygster
etal., 1996].
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3.3 Modeled Meteorological Data

Originally, it wasplannedto quantify andcorrectthe atmospheriénfluencewith

datafrom numericalmodelsalone.During this study however, it becameevident
thatdataof L areeithernotavailablefrom modelsor arenot sufficiently reliable—
partly dueto thecoarsespatialresolutionof thesemodels.Thisis particularlytrue
for dataof the ECMWF modelin the SoutherrOcearnwhereonly few obsenations
enterthe model. Therefore,in a first step,areasexhibiting cloudswith high L

valuesareexcludedin advanceto ary retrieval usingthe cloud maskderivedwith

the R-factormethod.In the next step,over openwater, L is calculatedrom daily

griddedbrightnessemperaturessis describedn Section3.2.3. Over seaice, L

is setto its averagedmonthlyvaluecomputecover openwateradjacento thesea
ice edge(seeSection5.2.1).

Theinfluenceof V' on the SSM/I brightnesdemperaturesanbe expectedto
decreaseapidly with anincreasingseaice fractionin the FOV — particularydue
to theinfluenceof thelimited wind fetchin areasenclosedy seaice or land. For
thisreasonpveropenwatet V is calculatedrom daily griddedbrightnessemper
aturesasdescribedn Section3.2.1.0ver seaice, V is setto its averagednonthly
valuecomputedover openwateradjacento the seaice edge(seeSection5.2.1).

Theintegratedwatervaporcontentw is derivedfrom ECMWF dataover both
openwaterandseaice for the period1992-1999.For this purposeair tempera-
turesand humiditieson the main pressurdevels (1000, 850, 700, 500, 400 and
300hPa) andof the synoptictimes(00, 06, 12, and18 GMT) aretakenfrom the
operationaNWP modelof the ECMWEF [Persson2000] for eachday of the pe-
riod 1992-1999. The ECMWF Reanalysiglatasetendsin February1994and,
thereforeis not usedhere. Thefirst stepis to calculatethe daily averagesof air
temperatureand humidity for eachpressurdevel. Theseaveragehumiditiesare
integratedover all levels mentionedabove to obtain . In doing this, it is as-
sumedthat the contribution to W from levels above the 300hPa level (=~ 9 km)
canbeneglected.Theaverageair temperatureandW areonthe T106-gridwith a
spatialresolutionof 1.125° x 2.25 ° (i. e. approximatelys3 x 250 km? at60°S and
42 x 250 km? at70°S) andaremappednto theNSIDC 12.5 x 12.5 km? grid using
cubic splineinterpolation(seeimaged) in Figures3.2 and3.3). The T106-grid
providesthe bestspatialresolutionwhenconsideringhe entireSoutherrOcean.

The available ECMWEF datadid not includethe surfacetemperaturgequired
to estimatehe seaice and/orsnov emissvity with Equation5.8. Brightnesgem-
perature®btainedwith the SSM/I 19GHz channelstverticalpolarizationwould
allow to estimatehesnaow-ice interfacetemperatureHowever, thiswould require
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to know the correspondingmissvity which is unkown. Fromthe ECMWF data
onecancalculatethe monthly averageair temperaturet 1000hPa: T, 199. Due
to an averagesurfacepressureof (1000 + 10) hPa in the SouthernOcean[King
andTurner,1997], T, 1000 IS quite similar to the averagesurfaceair temperature,
whichis usuallymeasuredtaheightof 2m above groundlevel: T, ,,,. However,
theaverageT, »,, valueis usuallylargerthanthe averagesurfacetemperaturde-
causeof the quasi-permanergurfaceinversionevidentover snov and/orseaice,
at leastduring winter. King andTurner[1997] found a temperaturalecreasef
~ 2 K overthelast1l.5m abovethegroundoverthe AntarcticPlateauOke[1981]
reportedatemperaturelecreasef ~ 3 K overthelast2 m above thegroundover
lake ice with ameltingsnow coverin springandof 20 K overthelowermos20m
above the groundover afreshsnow cover. In the latter case thetemperaturelif-
ferencebetweerl, ,,, andthe surfacetemperaturd’; may be 5K or moresince
the air temperaturencreasesxponentiallywith heightdueto radiative cooling
from below. Thisis mostpronounceduringdarknessandclearsky conditions.
Therefore cold andthusdenseair massedorm nearthe surfaceparticularlydur-
ing winter, leadingto a strongerstratificationof the air andto larger air tempe-
raturelapseratesduring winter thanduring summer Moreover, the adwectionof
warmair masse®f oceanicorigin associateavith overpassingyclonescanlead
to largertemperaturehangesiuring winter thanduringsummerfMassomet al.,
1997] becausdhe temperaturalifferencebetweenthe oceanicair massandthe
air massactuallypresenbvertheseaice is largerin winter thanin summer Con-
sequentlyonecanexpecta larger variability of T, »,, duringwinter thanduring
summerasis evidentin Figure3.5.

From thesefindings and sinceT, was not available from the ECMWF data
used averagemonthlyvaluesof T}, 1900 ~ 1, 2m Minusonestandardieviation ob-
tainedfrom the areasselectedo calculatethe seaice tie points(seeSection5.2),
areassumedo reflectthe surfacetemperaturel; (seesolid line in Figure 3.5).
As onecanidentify from Figure3.5the standardleviation rangesetweenLK in
summerandabout4 K in winter, matchingthe abore-mentionedemperaturelif-
ference A comparisorof theaveragesurfacetemperaturef Septembeestimated
with this approachor the period1992-1999with the climatologicalsurfacetem-
peraturedistribution of Septembenf the SMMR period [Gloersenet al., 1992]
yields a good agreement- althoughthe temperature®f the more recentperiod
tendto belargerthanthoseof the SMMR period. Using Equation5.8therelative
errorin the 85GHz emissvity would be lessthan2 % for anover- or underesti-
mationof T, by 5K in bothwinterandsummer

However, strictly speaking T is still too largeto calculatethe 85GHz emis-
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Figure 3.5: Time-seriesof the monthlyaveiage ECMWFair tempeature at the
1000hPa level T, 1909 Of all pixelsbelongingto the areaselectedo calculatethe
seaicetie pointof theconsideedmonthfor theperiod 1992-1999 Theerror bars
denotet onestandad deviation. Thesolid line denotegshetempeature assumed
asmonthlymeansurfacetempeature T, of theareaand monthselected.
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sivity with Equation5.8 sinceat 85GHz, despitethe small penetratiordepth,the
radiatinglayer is belov the surface. Therefore, whenconsideringsnoav andits
oftenvery strongnegative verticaltemperaturgradientthe physicaltemperature
of theradiatinglayeris expectedto be largerthanthe snov surfacetemperature.
For thisreasonwhenoverestimatind’; with theapproachmentionedabove, then
T, would becloserto the physicaltemperaturef the radiatinglayer.

3.4 In gtu Data

Obsenationsof the seaice cover from the bridge of a ship canbe very helpful
whenjudging the reliability of productsfrom seaice concentratioralgorithms.
However, thereare somelimitations. At first, theseobsenationsreflectthe sea
ice conditionsalongthe ship’strack only. Consequentlythey areoftenbiasedo-
wardsa smallerseaice concentratiorandathin ice type becauseegionscovered
by thin ice and/orlessseaice areeasierto crosswith a ship. Secondlytheseob-
senationsaredeterminedy thevisibility. During badweatherconditionssuchas
fog or snaw fall, theship’sfield of view (SFOV/) canbebelonv 100m in diameter
Also, the visibility is limited during hoursof darkness.When consideringone
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SSM/I pixel, in additionto the biascausedoy navigating the ship throughareas
with a smallaverageseaice concentrationpnecanassumeositive andnegative
deviationsof the obsenedfrom this pre-definedaverageseaice concentratiorio
have the sameprobability Furthermorethe obsenrer’s skills andexperienceare
of crucialimportance Differentobsenerscanyield differentresultsfor the same
seaice conditions.Thesefactshave to betakeninto accounwwvhencomparingship
obsenationswith remotelysensedeaice concentrations.

Figure 3.6: Samplesetof positionsof the U.S. Reseath VesselINATHANIEL B.
PALMER in the SouthernmOceanduring 1994-1998 Seaice observationsakenat
thesepositionsare usedin this thesis.

In this thesis seaice obsenationsareusedwhich weremadeaboardthe U.S.
researctvesseNathanielB. Palmerduringits tripsinto the SoutherrOcean.This
datasetwasprovidedby AntarcticMeteorologyResearciCentefAMRC) [1999]
and comprisesdetailedobsenationsof the seaice cover taken every six hours
(concentratiorin tenths,snav thicknessin centimeteyice type andcorrespond-
ing fractionwithin the SFOV) from 1994-1998.0nly thoseobsenationsare put
into atime-serieswvhich reveal seaice concentrationsbove 15%. Dependingon
the velocity of the ship all obsenationsof one day canfall into differentcells
of the NSIDC 25 x 25 km? grid usedfor the comparisorgivenin Section6.1.2.
Therefore,daily averagesare not calculatedin general. Only if morethanone
obsenation falls into a grid cell on one day, thenthe obsenationsare averaged
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avoiding caseswhere,for the day consideredthe ship is on station, providing
four timesthesameseaice concentrationwhile only onevaluecanbetakenfrom
SSM/I data. Therefore for eachpixel, both datasetsreveal the samestatistics:
onevalueperday This reduceghe total amountof datato be usedfor the com-

parisonto about8500bsenations.Thecorrespondinghippositionsareshovn in
Figure3.6.



Chapter 4

Sealce Concentration Retrieval

This chapterfocusse®nalgorithmsthatutilize brightnessemperaturemeasured
with a spacebornenicrowave sensoito computethe seaice concentrationCom-
mon backgroundf thesealgorithmsis therelationshipbetweerthe seaice cover
fractionin the FOV of thesensomndthe brightnesgemperaturesr avariabledi-
revedsuchasthepolarizationdifferenceor thegradientatio. In thefollowing two
sectionsthetwo mostwidely usedmethoddo retrieve the seaice concentration,
theNASA Teamalgorithm(Sectiord.1)andtheBootstrapalgorithm(Sectiorét.2)
will bedescribed Attemptsusingthe SSM/I85GHz channeldor theseaice con-
centratiorretrieval arediscussedn Section4.3.

4.1 NASA TeamAlgorithm

The NASA Team(NT) algorithmwasdevelopedby Cavalieri etal. [1984]to re-
trieve the total seaice concentratiorC' andthe fractionscoveredby FY andMY
ice from dataobtainedwith the NIMBUS-7 SMMR sensor This algorithmwas
adoptedor SSM/I data[Cavalieri etal., 1991]. The basisof the NT algorithmis
asfollows. Neglectingatmospheri@ffects,the measuredrightnesdemperature
canbe describedby a linear combinationof the three dominantsurfacetypes:
openwatet FY andMY ice, eachweightedby its fractionwithin the FOV

Tp(f) = Cpr,w(f) + Cpr,f<f) + CmTpﬂn(f)- (4.1)

This equatiornrelatesthe brightnessemperaturd,( f) measuredy the sensoiat
frequeny f andhorizontal(k) or vertical (v) polarizationp to thefractions(C,,,
Cy and Cy,) of a unit areaof openwater FY and MY ice, respectrely, using

67
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typical brightnesstemperaturesf openwaterT, ,,(f), FY ice T, ;(f) andMY
ice T, »(f). Thesdattervaluesarehenceforthcalledtie points

The brightnesstemperaturepolarization difference(BTPD) T,(f) — Tx(f)
was found to be significantly smallerover seaice than over openwater at the
SMMR andthe SSM/I frequencieg[Comisoetal., 1992],[Steffen et al., 1992],
seealsoFigure5.1for 85GHz)andto changealmostlinearly with thetotal seaice
concentratiorC = Cy + C,,. Typical brightnesdemperaturesf FY andMY ice
differ moreat 37 GHz thanat 19 GHz — especiallyat vertical polarization— due
to a larger contribution of volume scatteringat 37 GHz. Thus, usingthe bright-
nesstemperaturdrequencydifference(BTFD) T,(f2) — To(f1) (f2 = 37 GHz,
fi = 19GHz), FY andMY ice canbe distinguished.In orderto eliminatethe
influenceof a changingphysicaltemperaturef the radiatingseaice/snav layer,
theBTPD andthe BTFD aredividedby thecorrespondingprightnessemperature
sum. This yieldsthe basicparametersf the NT algorithmat frequenciesf; and
f2: thenormalizedbrightnessemperaturgolarizationdifferencelNBTPD

T (f1) — Tu(f1)
P = ,

V)= 7,1 + Tl )
and the normalizedbrightnesstemperaturdrequeng difference(NBTFD), the
so-calledgradientratio

(4.2)

S ) = 1Ty =

Insertingof Equations4.2 and 4.3 in Equation4.1 andsolving for Cy and Cy,
leadsto

_ Fy+ RP+ KRG+ FPG

4.4
Cy 5 (4.4)
and
My, + M{P + M,G + M3PG
C. = 0o+ M1E + MoG + M3 ’ (4.5)
D
where

The frequenciesare omitted in Equations4.4 — 4.6 for clarity. The numerical
coeficients D;, F; and M; are basedon the tie points of the involved surface

types.
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Figure4.1: Sthematicview of the deformedriangle givenby thetie pointsin the
P-G plane(from[Gloersenetal., 1992]).

Figure4.1shownsthelocationof thetie pointsof openwater FY andMY icein
the P-G planecalculatedwith Equations4.2and4.3. Clearly, P changesnainly
dueto C' andmoreat low thanat high seaice concentrationsThe changeof G
is mainly causedy the differentpropertiesof FY andMY ice (Section2.3) and
is largestat high seaice concentrations For the Arctic, Cavalieri et al. [1984]
obtainedC and(C,, with accuracie®f approximately? % and19 %, respectiely.
Averagestandarddeviationsof C' areabout3 % in the centralArctic. However,
brightnesgemperaturesneasurecdat 19 and 37 GHz may be considerablyinflu-
encedby the atmospherg¢Fuhrhopet al., 1997],[Oelke, 1997]. This canleadto
anoverestimatiorof C, especiallyin themaginal seaice zone(MIZ) [Maslanik,
1992]. In orderto avoid this overestimationvariousweatherfilters can be im-
plementedEither C' valuesbelow 15 % areexcludedfrom the algorithmproduct
usingthresholdf G(37, 19) andG (22, 19) andneglectingtheweatherinfluence
at higher C' values[Gloersenand Cavalieri, 1986], [Steffen et al., 1992]. Or a
radiatve transfermodelis usedto quantifythe brightnesgemperaturehangedue
to the weatherinfluenceandto correctthe measuredrightnessemperatureor
theatmospherienfluence[Heygsteretal., 1996],[Thomas,1998].

The NT algorithmhasbeenusedto producetime-seriesof C and C,,, from
both SMMR and SSM/I databy numerousnvestigatorse.g. [Heygsteret al.,
1996], [Cavalieri et al., 1997], [Johannesseand Miles, 1999]. However, this
algorithmhasafew shortcomingsAs all algorithmsbasedn spacebornpassve
microwave radiometry it suffersfrom the poor spatialresolution(Section3.1.2).
The contaminatiorof thedataby land presenin the FOV hampergshe possibility
to detectcoastalpolynyas [Markus and Burns, 1995], [Bennartz,1999]. Thin
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ice exhibits emissvities betweenthoseof FY ice and openwaterandcancause
—if entirely coveringthe FOV (C = 100 %) — the samebrightnessemperature
thana FOV coveredby a considerablysmallerfraction of FY ice (e.g. 50°).
However, in this latter casethe retrieval of C' can be significantlyimproved in
regions covered mainly with thin ice using the thin-ice algorithm proposedby
Cavalieri [1994] or the methodof Wensnaharet al. [1993]. Applying the NT
algorithmin the Antarctic requiresa modification: old ice is not only lesswide-
spreadn the SouthernOceanbut is, on averageyoungerthanin the Arctic andis
coveredby snaw all theyearround(seeSection2.3.2). Consequentlya different
setof tie pointsis usedin the SouthernOceanandonespeakf seaice typesA
andB which compareo FY ice andold ice, respectrely [Comisoetal., 1997].

In this study the NT algorithmis usedwith tie pointsgivenby Comisoet al.
[1997] (seeTable4.1) andthe extendedweathercorrectionproposedy Thomas
[1998]. This modifiedNT algorithmis henceforthcalled PELICON (PE) algo-
rithm. For the extendedweathercorrection,at first the fields of the surfacewind
speedV, the integratedwater vapor contenti’ andthe integratedcloud liquid
watercontentZ arecalculatedwith the algorithmsdescribedn Section3.2 over
openwater In thenext step,in orderto modeltheweathelinfluenceonthe SSM/I
brightnessemperaturesthesefields are extrapolatedinto areascoveredby less
than50 % seaice derivedwith the NT algorithm. This is followed by modelling
the changein the brightnessemperatureat 19 and 37GHz for openwater and
ice concentrationsipto 50 %. Theresultsareusedto correctthe brightnessem-
peraturesat 19 and 37 GHz for the atmospherianfluenceandto calculatemore
reliableseaice concentrationgn the MIZ. This methodallows to accountfor the
wide-spreaddirect atmospherianfluencein the MIZ on a daily basis[Thomas,
1998]. This is an advantagecomparedto just using a thresholdbecauseareas

Table4.1: Tie points(brightnessempeaturesin Kelvin) of openwaterandseaice

typesA and B usedto calculateC with the PELICONalgorithmin the Southern
OcearnHeygsteretal., 1996],[Thomas,1998]. Letters h andv referto horizontal

andvertical polarization,respectively

19GHz,h | 19GHz,v | 37GHz,v
Openwater| 100.3 176.6 200.5
IcetypeA 237.8 249.8 243.3
IcetypeB 193.7 221.6 190.3
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coveredwith lessthan15 % seaice arenot excludedgenerallyandfalseseaice
concentrationgauseddy the atmospheriénfluencecanbe eliminatedaccording
to the actualatmosphericonditions. However, an extrapolationof atmospheric
parametermto theareacoveredby seaice may be questionable.

4.2 Bootstrap Algorithm

The Bootstrap(BS) algorithmwasdevelopedby ComisoandSullivan[1986] and
canberegardedasa multi-dimensionakxtensionof themethodappliedto ESMR
databy Zwally et al. [1983]. The BS algorithm utilizes a linear interpolation
betweentwo datapoint clustersin the planegiven by the involved brightness
temperatureasis shovnin Figure4.2,(a). ComisoandSullivan[1986]statedhat
two modesarenecessaryo obtainreliableseaice concentrationsthepolarization
modewhich usesthe 37 GHz brightnessemperaturest both polarizationsand
the frequencymodewhich usesvertically polarized19 (SMMR: 18) and37GHz
brightnessemperaturesnly. Thefirst modewasfoundto give reliableresultsin
regionscoveredby old ice suchasthe centralArctic while in areaswith temporal
highly variableseaice conditionsthe secondmodeis preferred.

20 (a)

First-Year b (b)

Multiyear .
20f ®

I Ty=a+bT;

2n5L

190 |-

Brightness Temperature, 19 GHz, V-pol

i Open Water
I3

165 L " 1 Avred Arards " I3 o
170 195 220 245 270 205 -
Brightness Temperature, 37 GHz, V-poi T

Figure4.2: (a): SSM/I19 and 37GHz brightnesstempeatures, vertical polari-

zation,measued in the Arctic [Eppler et al., 1992]. (b): Sthematicview of the
Bootstiap techniqueto retrieve C' [Comisoand Sullivan,1986]. In thefrequency
mode(seetext), T; (T,) is the brightnesstempeature at 37 GHz (19 GHz) and

vertical polarization.
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Figure4.2(b) illustratestheBootstraptechniquelt is assumedhateachpoint
alongtheline BA represent300 % seaice asa mixture of ice typesA andB. The
line CD represent®penwater Eachpoint T alongtheline CI canbe considered
asa mixture of seaice of typesA andB andopenwater i. e. asthetotal seaice
concentratiorC. If pointl is thetie point of seaice T}, ;..(f2) andpoint C thetie
pointof openwaterT, ., ( f2) atfrequeng f, andpolarizationp, onecaninfer the
seaice concentratiorC' from

Tp(f2) - Tp,ow(fZ)
Tp,ice(f2) - Tp,ow(f2)
While T}, .., (f2) remainsfixed, the valuesof T}, ;..(f.) are estimatedfrom the

brightnessemperaturemeasureat the secondpolarization(polarizationmode)
or frequeng (frequeny mode).In thelattercaseonegets

C =

(4.7)

Tv,’ice(f2) =a+ bTv,ice(fl); (48)

where f; = 37GHz and f, = 19 GHz. The intersectionwith the 19GHz axis
providesa, andb is theslopeof theline BA (seeFigure4.2(b)).

For Arctic old ice, accuraciesmround4 % aretypically achiezed with the BS
algorithm [Steffen et al., 1992]. But as soonasthe surfacepropertiesbecome
morevariable for instancan the MIZ or during melt-onsetthe accuracie$ound
areonly 10 % or more. This is probablycausedy the influenceof varying sea
ice/snav propertiesand changesn the physicaltemperaturdeadingto a rather
large brightnessemperaturechangebut quite a small changein the parameters
derivedsuchasthe NBTPD or the NBTFD (seeSection2.3.4). A comparisorof
C obtainedwith theNT andthe BS algorithmsconductedy Burns[1993]for the
WeddellSeayields generallya goodagreementLarge differencesarelimited to
thin ice areas.However, a comparisorconductednorerecentlyby Comisoetal.
[1997] for the entire Antarctic seaice cover revealsthat C' valuesobtainedwith
the BS algorithm exceedthosecomputedwith the NT algorithm by about10 %
andthusagreemuchbetterwith C' valuesderivedfrom visible imageryandactive
microwave radiometry

In this thesis,the BS algorithmis usedin its frequeng modetogetherwith
seasonatie points given by Comisoet al. [1997] (seeTable 4.2) and without
applyingaweatheffilter. ConsequentlyC' is expectedto be overestimatedn the
MIZ duringperiodsof alargeweatheinfluencewhencomparedo theNT andPE
algorithms(Section4.1). However, for seaice concentrationsbove 50 %, seaice
concentrationgomputedwith the PE andBS algorithmshave the sameweather
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contamination.

Table 4.2: Tie point of openwater and parametes a and b of the linear rela-
tionship betweeﬂv,ice(flg and T, ..(f2) (fi = 37GHz, f, = 19 GHz) usedto
retriej/e C with the Bootstiap algorithm in the SouthernOcean[Comisoet al.,
1997].

summer| winter

Ty,ou(f2) [K] 179.0
a [K] 102.0 | 139.0
b 0.620 | 0.473

4.3 About using85GHz Data

The 85GHz SSM/I channelshave alreadybeenusedin numerousnvestigations
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 the Arctic [Martin and Augstein,2000]and
in bothpolarregions[Emeryetal.,1997],[Kwok etal., 1998],[Liu andCavalieri,
1998],thesechannelscanbe exploited to retrieve the seaice concentratiorC' on
a mediumresolution(Section4.3.1) andto discriminatedifferentseaice types.
Lomaxetal. [1995] madeanencouragin@ttemptto infer the Arctic MY ice con-
centrationC’,,, from 85 GHz SSM/I datausingthe so-calledoolarizationcorrected
temperaturgPCT). This temperaturas originally usedto identify precipitating
cloudsat temperatdo tropical latitudes,exploiting the sensitvity of the 85GHz
channeldo scatteringoy precipitationparticles(seeSection2.4). However, these
particlesare significantlysmallerat polar latitudesand, therefore,causea much
wealer scattering.Lomax et al. [1995] found no agreemenbetweernthe distri-
bution of precipitatingcloudsandthe PCT in the Arctic. Insteadthey identified
the PCT to vary smoothlywith the gradientof C,, andexploited this finding to
retrieve C,,,. Moreover, the higherspatialresolutionat 85GHz comparedo the
other SSM/I channelsvas combinedwith the smallersensitvity to atmospheric
effectsat 37GHz to estimatethe areaof subpixel-scalecoastalpolynyasin the
Antarctic[MarkusandBurns,1995]andto improve the determinatiorof the sea
ice edge[Hunewinkel etal., 1998]. Both approacheslustratethat85GHz SSM/I
datacanbeusedat leastto improve the determinatiorof seaice extent.
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4.3.1 The SVENDSENalgorithm

Swvendseret 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 brightnesgemperaturgolarizationdifference
BTPDat85GHz AT = T, — T, thefollowing relationis obtained

AT =v(aC + AT, ), i€ C= % <% — ATSMU) 4.9
whereC' is thetotal seaice concentratiorand AT ,,, the surfaceBTPD of open
water AssumingsimilarBTPDvaluesfor FY andMY ice,thedifferencebetween
the surfaceBTPD of seaice AT ;.. and AT ., is givenby a. The parametery
expresseshe atmospheriénfluence which dependon the total atmospheriop-
tical depthr. A few assumptionsveremadeconcerningabsorptionemissiorand
scatteringof the microwave radiationin the atmospherg¢Svendseret al., 1983],
[Svendseretal., 1987].1n orderto encompasthatr is unknovn, a self-adjusting
algorithm was developed. For eachsensoroverpass,minimum and maximum
valuesof AT measuredy the sensorare selectedastie pointsof seaice AT,
andopenwaterAT,,, respectrely. In doingthis, atleastsomefootprintshave to
be coveredby openwateror seaice entirely Thesetie pointsincludethe actual
atmosphericonditions. For 100 % and0 % seaice (C = 1 andC = 0), AT
canbe setto AT;.. and AT,, in Equation4.9, respectiely. The resultingtwo
expressionspnefor seaice andonefor openwater canbe solvedfor « whichin
turn canbeinsertednto Equation4.9yielding thefollowing two specialcases

AT, AT AT,
1- — (1 s,0w B s,0w
C= C < + . > N P
AT, AT AT,
: = 5,00 — 5,00 . 4.1
¢=20 ¢ ( a ) AT,, a (4.10)

Thesewo casegEquatiord.10)areindependentf theatmospheriinfluenceand
are usedasboundaryconditionsfor a third-orderpolynomial,assuminghat at-
mospherieffectsonthebrightnesgtemperaturedecreasevith increasingsurface
emissvity and,thus,area continuousfunctionof C. This polynomialresultsin
amatrix equationwhich canbe solvedfor the coeficientsof the polynomialthat
arefinally usedto computeC. An error analysisconductedoy Svendseret al.
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[1987] revealserrorsof about5 % for the centralArctic. However, errorsmay be
significantlylargerelsavhereandparticularlyincreasewith decreasing’'.

In the past, the SV algorithm has beenusedto retrieve the Arctic seaice
concentrationwith 85GHz SSM/I databy Lomax et al. [1995] and Lubin et
al. [1997]. Recently Kaleschle(2000) produceddaily mapsof C' of both polar
regionswith modified versionof the SV algorithm (http://wwwseaicede). The
studyof Lomaxetal. [1995] focusse®n winter seaice conditionsandconfirms
the resultsobtainedby Svendseret al. [1987]. Lomaxet al. [1995] found that
C obtainedwith the SV algorithmagreeswith C' derivedwith the NT algorithm
within standarddeviationsof approximatelyd % and6 % for clearsky andover
castArctic winter conditions,respectrely. Lubin etal. [1997] comparedship
obsenationsof theseaice coverwith theresultsof the SV andtheNT algorithms
for acruiseacrosghecentralArctic in summerl994.The SV algorithmhasbeen
modified slightly: Lubin etal. [1997] usedfixed tie point for the entire cruise.
They statedthat C' obtainedwith the SV algorithmis at leastasaccurateas C
retrievedwith the NT algorithm. Also, whencomparedo the NT algorithm,the
SV algorithmprovidesmore accuratenformationaboutthe seaice cover in the
MIZ andin areasof small-to meso-scalspatialinhomogenitiesvithin the pack
ice suchasleadsandpolynyas.

4.3.2 Maodifications to the SVENDSENalgorithm

Theprocedurdo determindie pointsof openwaterandseaice usingminimaand
maximaof AT of selected=OVs is a possibleerror sourceof the SV algorithm.
The maximumAT certainlyrepresentepenwaterwith the smallestweatherin-
fluencej. e. low surfacewind speedsindsmallatmospherievatercontents How-
ever, theminimum AT canstemfrom regionswheretheweatheiinfluenceis high
(seeSection2.4.2 and Section5.3) or wherea melting seaice/snav surfaceis
presentor both. In this latter case,the seaice tie point would be significantly
smallerthanit would be, for instance,underclearsky conditions. This would
causean underestimatiorof C' in areaswherethe weatherinfluenceis small or
theseaice/snav surfaceis dry.

Lubin etal. [1997] investigatedhe error which would be madein C if the
weatheinfluenceexpresse@satmospheriopticaldepthr in theareaconsidered,
differsfrom theweatheinfluenceincludedimplicitely in thetie points.Generally
C is overestimatedor largerandunderestimatetbr smallervaluesof - compared
to the 7 valuesgiven by the tie point selection. Figure4 in Lubin etal. [1997]
shows the rangeof = wherethe SV algorithmestimates”' with an accurag of
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+5 %. For typical conditions,. e. largeropticaldepthsover openwaterthanover
seaice, theretrieval of C' is almostindependenof  aslongasC = 100 %. But
it becomesncreasinglysensitve to changesn 7 for lower seaice concentrations.
An increaseof L by 100gm~2, ascanbe associatedvith an upcomingfrontal
cloud band, correspondgo an increaseof 7 by ~ 0.1 and might causeerrors
abore 20% for C < 60%. Figure4 [Lubin et al., 1997] shows also, that the
SV algorithmis sensitve to change<itherin the physicaltemperaturer in the
averageemissvity polarizationdifferenceAe, bothwith regardto the conditions
givenby thetie point selection.A changein Ae canbe causedfor instance by
thinice presentn anareaof predominanththick ice or by polarization-dependent
volumescattering(seeSections2.3.3and2.3.4). If the seaice tie pointis 10K
andtheBTPD in theconsideredreais 5K then,accordingo Lubin etal. [1997],
C would begenerallyoverestimatedh areaswith C' > 80 % for typical r values.

The studiesof Lubin et al. [1997] and Lomax et al. [1995] consideronly
eithersummeror winter conditions. Therefore Jarge changesn the atmospheric
attenuatiorcanbe neglected.In the Arctic, largestchangesn the surfaceproper
tiesoccurmostlikely in summerandearlyfall duringtheformationandthedecay
of meltponds.Moreover, the surfaceis predominantlywet during Arctic summer
melt. The Antarcticis quite differentwhencomparedo the Arctic, particularly
concerningthe typical snav propertiesthe weatherconditionsandtheir impact
on the snowv (Section2.3.2). Both, snav propertiesand weatherconditionscan
vary on a day-to-dayscaleall the yearroundin the Antarctic. This causegshe
errorsdiscusse@bove to occurmorefrequentlywhenapplyingthe SV algorithm
without modificationin the Antarctic.

The high cyclonic actwvity in the Antarctic causefrequentchangesn the air
temperaturéenfluencingthe propertiesandparticularlythetemperaturef the sur
faceof the seaice andits snav cover. Due to the small penetrationdepth at
85GHz,thesebrightnesgemperatureseactmuchfasterto changingsurfacetem-
peratureshanthosemeasuredtthe otherSSM/I channelsAssumingtypical sea
ice emissvities of ¢, = 0.92 ande, = 0.88, andAT = 10K, atypical surface
temperaturancreasefrom —20°C to 0°C [Massomet al., 1997] yields a rela-
tiveincreaseof AT by 10 %. Using averagetie pointsof seaice (8 K) andopen
water(35K) [Lubin etal., 1997],this increasewvould causean overestimatiorof
C by approximatelyl0 % accordingto Equation4.9. This canbe avoided us-
ing the normalizedbrightnesgemperaturgolarizationdifference(NBTPD) (see
Section4.1). For the samesurfacetemperaturancreasethe relative changein
theNBTPDis below 0.1 %. Furthermorethe SV algorithmassumesheweather
inducedbrightnesstemperaturechangeto be always smallerover seaice than



4.3. ABOUT USING 85GHZ DATA 1

over openwatersincer decreasewith decreasingir temperaturesvhichin turn
is linkedto anincreasingseaice concentrationThisassumptiofis violatedpartic-
ularly in areascoveredby frontal cloud bandswherer canbe significantlylarger
over seaice thanover openwatet

Takingthesefactstogetherthe SV algorithmwill undego thefollowing mod-
ificationsto becomethe SEA LION algorithm:

» Usageof thenormalizedratherthanthe plain brightnesgsemperaturgolar
izationdifferenceto be moreindependentf the surfacetemperaturef the
seaice andits snaw cover.

» Usageof new openwater and seaice tie points of seaice derived from
selectechreasseparatelyor eachmonth.

» Quantificationof the weatherinfluenceon the 85GHz SSM/I brightness
temperaturesvith MWMOD and correctionof thesebrightnesstempera-
turesfor thisinfluence[St. Germain,1993].
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Chapter 5

Description of the Algorithm

Thefirst sectionof this chaptersketcheghe basicmethodof the SEALION (SL)
algorithmto calculateheseaice concentrationThetie pointretrieval is described
in Section5.2 while Section5.3 givesan overview of the atmospherianfluence
onthe85GHz SSM/I brightnessemperaturesThis is followed by the methodto
correcttheseSSM/I datafor this influenceandby the descriptionof the complete
SL algorithm. An errorestimationis presentedn the lastsectionof this chapter

5.1 BasicMethod

The baseof the SL algorithmis asfollows. Ignoring atmosphericeffects, the
brightnessemperaturel,, emittedat frequeng f andpolarizationp (p = h for
horizontalandp = v for vertical polarization)from a partly seaice coveredunit
areawith the fractionsof openwaterC,, FY ice Cry andMY ice Cyy canbe
written as[Svendseretal., 1987]

Tp(f) = Cwep,w(f)Tw + CFYGp,FY(f)TFY + CMYfp,MY(f)TMY- (5-1)

The emissvities of openwater FY ice andMY ice atfrequeng f andpolariza-
tion p aregivenby e, ., (f), €y ry (f) ande, py (f), respectrely, andT,,, Try and
Ty denotethe physicaltemperaturef the seasurfaceandof theradiatinglayer
of FY iceandMY ice,respectrely. Althoughaseaice coverof afew millimeters
thicknesgs optically thick at 85 GHz (seeSection2.3)it is difficult to unambigu-
ouslydiscriminateopenwaterfrom seaice with 85GHz brightnessemperatures
alone.This is mainly causedyy snov which canleadto a broadrangeof surface
emissvitiesat85GHz andthusT,(85) values(seeSection2.3). Moreover, T,,(85)
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canbeinfluencedargely by the physicaltemperaturef theradiatinglayerwhich
may approacththe SSTduring melting conditions.

The normalizedbrightnesgsemperaturgolarizationdifference(NBTPD) has
alreadybeendefinedin Equation4.2 andis usedin the SL algorithmat 85GHz:
P(85). At thesurface, P(85) is alsothe ratio of the emissvity polarizationdif-
ferencee, (85) — €,(85) andthe sumof both emissvities €,(85) + €,(85). The
NBTPD is considerablyessinfluencedby snow propertiesandthe physicaltem-
peratureof the radiatinglayerthanthe 7,,(85) values(seeSections2.3and4.3).
NBTPD valuescalculatedrom seaice emissvities measuredhn situat90GHzin

L ow open water
0.20 GR grey ice
i GW grey—white ice
PC pancake ice
FY cold FY ice

=
(@)
LA B
!
‘<

melting FY ice

= 3 [e]

FY winter FY ice
FY, spring FY ice
MYy = dry MY ice

flooded MY ice

NBTPD at 90 GHz
©
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<
=
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Figure5.1: NBTPD of differentseaice typesand openwater calculatedfromin

situ Antarctic [Comisoet al., 1992] and Arctic [Eppler et al., 1992] emissivity
measuementsat 90GHz. Diamondsreferto Weddell Seasurfacetypes,squaes
to Arctic multiyear (MY) ice. The crossesdenotethe NBTPD calculatedfrom
average first-year (FY) ice emissivitiestaken during cruisesof the Germanre-

seach vesselPOLARSTERN during the Winter Weddell SeaProject (WWSP)in

1986[Grenfelletal., 1994]. Theerror bars denotet+op calculatedwith Equa-
tion 5.2.
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the WeddellSea[Comisoetal., 1992] andin the Arctic [Eppleretal., 1992] are
givenin Figure5.1. They aresmallover seaice andquite large over openwater

andallow to discriminatethesetwo surfaces.The error barsgivenin Figure5.1

denotetherangegivenby 4+ onestandardleviation of theNBTPD (op) calculated
with

_ ( 2¢,0, )2 N ( 2€ep0e, )2 8€p€nTe, e, Oc, Tep, : (5.2)
oP = (ey + €1)? (ey + €1)? (€, + €n)* ' '

The first two termsof Equation5.2 denotethe contritutionsof o, ando,,, re-
spectvely. The third term of Equation5.2 is the covarianceof ¢, ande,. The
correlationcoeficientr,, ., arenot provided by Comisoetal. [1992] and/orEp-
pler etal. [1992] andis assumedo be 0.9. Correlationcoeficients calculated
from the seaice emissvities usedto derive the NBTPD shown in Figure5.1 and
from 85GHz SSM/I dataof the areaselectedo estimatethe seaice tie pointsfor
theperiod1992-1999seeSection5.2) are0.975and0.988,respectiely. There-
fore, the chosenr,, ., valuecanbe regardedasa lower boundaryand standard
deviationsmaybe smallerthanindicatedin Figure5.1.

The NBTPD valuesof Figure5.1 aresimilar for all seaice typesexceptgrey
ice andalsonilas (not shavn). Antarctic seaice consistgrimarily of FY ice (see
Section2.3). Thereforeat f = 85 GHz onecansimplify Equation5.1 by setting
C =~ Cry ~ Cuyy, Gp,i(85) =~ fp,FY(.f) =~ Gp,My(f), T, ~ Ty = Tyy and
C, =1-C. Thisyields

T,(85) = (1 — C)epw(85) T + Ceps(85)T5, (5.3)

with the total seaice concentrationC', the physicaltemperatureof the radiating
seaice or snow layerT; andtheemissvity of thislayere, ;(85) at85GHz andpo-
larizationp. Insertingof Equation5.3into Equationd4.2 andsolvingfor C' leadsto

Tyi+Thi PP—P\ "
=11 ’ ’ 54
C ( +Tv,w+Th,wP_P'w> , ( )

whereT, ., Ty, and P, arethe tie pointsof openwaterandT, ;, T, and P;
arethetie pointsof seaice. Thefrequeny is omittedherefor clarity. Knowing
the tie points, Equation5.4 canbe usedto calculateC' from surfacebrightness
temperaturesEquation5.4is describedn moredetailin the Appendix.
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5.2 Tie Point Retrieval

Similar to the seaice concentratioralgorithmsdiscussedn Chapter4 the SL
algorithmutilizestwo setsof tie points,onefor seaice (Section5.2.1)andonefor
openwater(Section5.2.2). They areestimatedor eachmonthseparatelyn order
to considethehighly variableseaice andsnow propertiesliscussedh Section2.3
andto have openwatertie pointswhich arestatisticallyconsistentith theseaice
tie points. Accountingfor the temporalvariability of surfacepropertiesrelevant
for the tie pointswas proven to have quite a high impacton the quality of the
resultsof seaice concentratioralgorithms[Burns, 1993].

5.2.1 Sealce

Thein situ emissvity measurementgivenby Comisoetal. [1992] arelimited to
the easternNVeddellSeaandto Australwinter andspring. They arenotrepresen-
tative for the entire Antarctic seaice cover andfor all seasonsOnegoal of the
SEALION project[Lemke etal., 2000]is to calculateC for the entire Southern
Oceanfor the periodfrom 1992to present.Therefore,seaice tie pointsarede-
rivedfrom NSIDC daily gridded85GHz SSM/I brightnessemperaturefNSIDC,
1996]. This ensureghat seaice typesandsnown cover propertiesof all Antarctic
regionsandseasongan contrilbute to the seaice tie points. At first, mapsof the
averageNBTPD at85GHz < P > andof its standardleviation op arecalculated
on a pixel-by-pixel basisfor eachmonth. Examplesof both mapsare shovn in
Figuresb.2and5.3for July 1999.

Figure5.2 shavs areasof high (> 0.08) andlow (< 0.035) valuesof < P >
separatedy a region with a sharpgradient. Theseareascertainly belongto
openwater seaice andthe MIZ, respectrely. Over seaice, < P > is similar
to theNBTPD obtainedrom in situemissvity measuremenist 90GHz (seeFig-
ure5.1). Overopenwater < P > is muchlargerthanthe correspondindNBTPD
valuesshowvn in Figure5.1. Thisis causedy theatmospherievatercontent(inte-
gratedcontentsof watervaporW andcloudliquid water L) andthe surfacewind
speedV which all decrease’(85) (seeSections2.4and5.3). The parameterd’,
W and L canbe calculatedrom SSM/I datawith the methodsdescribedn Sec-
tion 3.2 over openwater Table5.1 shovs monthly averagesand corresponding
standarddeviationsof V, W and L calculatedwithin an approximatelyl00km
wide openwaterareaadjacento the Antarcticseaice edgeprovidedby the PEal-
gorithm(seeSectiord.1and[Heygsteretal., 1996])andaveragedvertheperiod
1992-1999. The jump in the standarddeviationsof V' betweenApril/May and
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Figure5.2: Map of theaverage NBTPDat 85GHz: < P >, for July 1999.

Table 5.1: Monthly averagesof V [ms™!], W [kgm 2] and L [g m 2] £ the
correspondingaverage standad deviations (top, middle and bottomrow of the
monthsconsideed) calculatedover a selectedopenwater area (seetext) and
averagedover the period 1992-1999.

Jan. Feb Mar. Apr. May Jun.
79+28 | 78+26 | 93+29 | 9.7+2.8 | 104+34|10.0+3.4
92427 | 82+26 | 85+26 | 81+26 | 83+25 | 8.0£23
36 £ 56 32+53 36 £ 57 35+ 54 34 + 51 35+ 51

Jul. Aug. Sep. Oct. Nov. Dec.
11.0£35|11.6+£35 | 11.3+£34 | 11.3+34 | 9.7+28 | 89+2.7
83+24 | 83+£24 | 82+24 | 8725 | 89+2.6 | 9.5+2.7
34 £50 34+ 51 35+ 52 39 + 57 44 + 60 35+ 55
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in October/Noemberstemsfrom changingclimate-codecoeficients (seeSec-
tion 3.2.1). Averageof L includecloud-freeareas.

Thedecreasef P(85) dueto thevaluesshavn in Table5.1would be~ 0.11.
If one subtractghis amountfrom the openwater NBTPD valuesof Figure5.1,
theresultingvaluesagreequite well with thethosegivenin Figure5.2 over open
water Thefieldsof V, W and L causingthis decreasextendinto the seaice.
Consequently< P > is negatively biasedover seaice aswell (seeFigure5.2),
althoughthis biascanbe expectedo be smallerdueto the highersurfaceemissv-

ity.

Figure5.3: Map of the standad deviation of the NBTPDat 85GHz: op, for July
1999.

Figure5.3 shavs alarge region with op valuesabove 0.01 (white) surround-
ing the seaice. This canbe expectedover the highly polarizingandradiometri-
cally cold openwaterwherethe atmospherienfluencecauses largerdecreasef
P(85) if comparedo thelesspolarizingseaice (seeSection.2.1and2.3). Over
seaice, op is significantlysmallerthan0.01, exceptin polynyas(for instancein
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the Weddell Seaat 66°S, 0°E) andin the MIZ wherea highly variableseaice
concentratiorcausegnore variableNBTPD values. Andreas[1984] and Oelke
[1997] pointedout thatclouds,temperatur@anomaliesandprecipitationfields as-
sociatedwith cyclonescan extendinto the seaice asfar as 1000km. Evenin
Austral winter, air temperaturesnay vary between—30°C and0°C in the pack
ice within a few days[Massomet al., 1997]. Thus, the temporalvariability of
P(85) in the MIZ hastwo additionalimportantcontributions,one causecby the
directatmospheriénfluencesuchasattenuatiorby cloudsandonerelatedto the
indirect atmospherianfluenceon the seaice and snowv cover asis discussedn
Section2.3. Thisis illustratedby Figure5.3. Valuesof op belon 0.005 arewide-
spreadn the lee of the Antarctic Peninsulaandin the RossSeawhile larger op
valuesarecommonin the northernandnortheasterpartsof the Weddellaswell
asthe Rossand AmundsenSeas(seeFigure 2.6 for the geography).The latter
regionsarewell-known to befrequentlyoverpassedby cyclones.

The standarddeviation o may be partly causeddy two additionalcontritu-
tions: a geophysicaknd a statisticalone. The latter oneincreasesowardsthe
North, sincethe numberof SSM/I overflights contributing to eachpixel of Fig-
ures5.2and5.3graduallydecreasesquatorvardsasis describedn Section3.1.2.
The northernpartsof the < P > mapcontainvalueswhich have beenaveraged
over a smallernumberof overflightsthanthosein the southernparts. However,
neithera generallatitudinal increaseof op nor a latitudinal preferenceor high
or low op valuescanbeidentifiedin Figure5.3. This suggestshatthe statistical
contritution to op canbe ngglected. Secondly o may be influencedby spatial
seaice inhomogenitiesn regionswith enhancedeaice drift. In theseregions,
the seaice may be completelyreplacedoy the onelocatedup-streanwithin one
to afew days. Regionsof a pronouncedseaice drift arethe MIZ with the influ-
enceof the CircumpolarCurrentandthe easterrmaigins of the WeddellandRoss
Seasvhereanorthbounccurrentdisplacegheseaice by about5 to 10km perday
[Emeryetal., 1997],[ToudalandSaldo,2000]. Much of thevariability evidentin
Figure5.3in the MIZ resultsprobablyfrom drifting seaice andcanbetakenasa
dynamicchancen C ratherthana changen seaice typewithin the pixel consid-
ered.Thereis no evidenceof anenhancedariability of NBTPD valuesalongthe
easterrmaugins of the WeddellandRossSeasn Figure5.3.

The secondstepin calculatingthe seaice tie pointsis the generationof
monthly maskswhich containonly pixels with =~ 100 % seaice concentration
andwhich revealthe smallestweatherinfluence. This is achiezed by combining
< P> andop asfollows:
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* All pixelswith < P > largerthan0.035areexcluded. This thresholdcan
beregardedasanupperlimit for P(85) valuesof Antarcticseaice (seeFig-
ure5.1)andallowsto discriminatethe packice from theMIZ in Figure5.2.
Thus, the remainingareasprobablyexhibit averageseaice concentrations
near100 %.

» All pixelswith op largerthan0.005are excluded. This thresholdis based
on the earlierdiscussedr» maps(Figure 5.3) aswell ason the standard
deviations given in Figure 5.1 and ensureghat areasbeing continuously
influencedby theatmospherarenotusedto calculatethe seaice tie points.

Figure5.4a) shavs the maskobtainedby this methodfor July 1999. Obviously,
SSM/I measurementsf almostthe entire Antarctic seaice cover (compareFig-
ure5.2) contributeto the seaice tie points. The mainshortcomingof this method
is that regions with highly variable surface propertiesand a seaice concentra-
tion of 100 % are also excludedand, therefore,are underrepresenteith the sea
ice tie points.In this particularmonth,pixelsof polynyasandof almosttheentire
BellingshauseandAmundserSeag60to 140°W) areexcludedfrom thetie point
estimation Althoughthetwo seasmentionedexhibit quitelow < P > values(see
Figure5.2), nearlyall pixelsaremasled out dueto the high variability of P(85)

Figure5.4: a): Map of all pixelsthatare usedto estimateheseaice tie pointsfor
July 1999.b): Total numberof years contributing to an average maskwith pixels
usedto estimatehe seaice tie pointsfor July within the period 1992-1999.
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(seeFigure 5.3). This is probablycausedby the weatherinfluencesincethese
Seasareoverpassedby cyclonesin Australwinter morefrequentlythanotherre-
gions[Sinclair, 1994]. Figure5.4b) shavsthe numberof yearscontributingto an
averagemaskto estimatethe seaice tie point for July of the period 1992-1999.
Thisimageillustratesthatonly pixelsbelongingto the southerrRossSeaandthe
southerngcentralandsoutheasteriVeddell Seahave contributedregularly to the
seaicetie pointsof July while regionsknown to be sitesof polynyasareexcluded
in mostyears.

In thenext step,the85GHz SSM/I brightnessemperatureareaveragedsep-
aratelyfor eachpolarizationandfor eachpixel belongingto thesemonthlymasks.
Thesemonthly averagedorightnesgdemperatures calledpre-tiepoints— arestill
biasedby monthly averageof the integratedwatervaporcontent< W > andof
the integratedcloud liquid watercontent< L > typical for the packice region.
The former parameteiis obtainedfrom ECMWF model data(seeSection3.3).
Reliable L dataarenot availableover Antarctic seaice, neitherfrom modelsnor
from remotesensingnstruments.Therefore,< L > is setto theaverageL value
calculatedrom SSM/I datawith the methodgivenin Section3.2.3within anap-
proximately100km wide openwaterareaadjacento the seaice edge(seealso
[Heygsteretal., 1996]). Furthermoreit is assumedhatover the packice region
the < L > valueamountsonly to two thirds of the oneover openwater[Oelke,
1997], sincethe latentandsensibleheatfluxesfrom the oceanto the atmosphere
are significantly smallerover seaice than over openwater Both < W > and
< L > areusedtogethermwith the coeficientsdescribedn Section5.3 to correct
the pre-tiepointsfor the weathennfluence yielding the seaice tie pointsT, ; and
Ty ; and,by usingEquatior4.2, P; at85GHz.

Figure5.5showvs T, ; and P; valuesaveragedover the period1992-1999im-
agesa) andb), respectrely). Standarddeviations of thesevaluesare also esti-
matedfor eachmonthandaveragedover the period 1992-199%swell, yielding
thevalueggivenin Figure5.5. In Figure5.5a), freeze-upn March/April coincides
well with asharpincreaseof the averagedl), ; values.Melt-onsetis markedby a
decreasef the averagedT}, ; valuesbetweenNovemberandJanuaryto remark-
ably low valuesaround200K. Thesevaluescorrespondo anemissvity of ~ 0.7
and occurin eachyear of the period investigatedasis evidentin Figure5.6a)
showing the time-seriesof T, ; for 1992-1999.This behaior is contraryto pas-
sive microwvave obsenationsmadein the Arctic [Smith, 1998] wherea marked
brightnesgemperaturencreasgdecreaseis obsened at melt-onseffreeze-up).
Onepossiblesxplanationfor thissharpdecreasén latespring/earlysummercould
bethepresencef old, coarse-grainednaw asis describedn Section2.3.4.Also,
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Figure5.5: Monthly seaice tie pointsaveraged over the period 1992-1999.a):

brightnesstempeatures (7,,;), b): NBTPDvalues(P;). Theerror bars denote
+or,, and+op,, respectivelyFor clarity, in image a) datapointsanderror bars
at h-polarizationare shiftedslightly.

agradualincreaseof theaveragedr, ; valuesbetweerAugustandNovembercan
beidentifiedin Figure5.5a). It is probablycausedy agrowing snav liquid water
fraction. Table5.2liststhe T, ; and P; valuesaveragedover the entireperiod.

Theaverageof P; shavnin Figure5.5b) vary only betweer0.022(January)
and0.032(October)and almostagreewithin one standarddeviation. However,
during one annualcycle extremesof P; may differ by up to 0.015, for instance
in 1992 asis revealedby Figure 5.6b) shaving the time-seriesof P; for 1992-
1999.Theinterannualariability of T}, ; is reflectedby this P; time-seriesaswell.
The averageof the in situ NBTPD valuesof the differentFY ice typesshowvn

Table5.2: Openwaterandseaice tie pointsaveragedovertheperiod 1992-1999.
Standad deviationsare givenby o.

Tyw £0[K] | Thw £ 0 [K] P,to
231.7+ 0.5 | 151.64+1.0 | 0.209+ 0.002
Tyi 0 [K] | Thi 0 [K] Pto
220.7+ 10.3| 208.64+ 10.1| 0.028+ 0.004
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in Figure5.1is about0.021andis thusslightly smallerthanthe averageof P,
obtainedbetweenl992and1999(seeTable5.2). It remainsunclearat this point
whetherthis is causedoy the limitation of thein situ datato Austral winter and
springandseaice andsnaw typesof theWeddellSeaor whethertheareaselected
to calculateT), ; and P; exhibit averageseaice concentrationsf 95 % ratherthan
100 %.
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5.2.2 OpenWater

In orderto have the samestatisticalbackgroundhanthe seaice tie points,open
water tie points are also estimatedfrom NSIDC daily gridded 85GHz SSM/I
brightnessemperaturesn a monthly basis. For eachmonth,T,(85) is averaged
separatelyor bothpolarizationsover all pixelswhich:

« aresouthof 55°Swhichis theaverageoositionof the AntarcticCircumpolar
Currentto ensurea SSTcloseto 273K [White andPeterson1996];

« arecloudfree,i. e. exhibit L valuesbelov 10gm~2;

« exhibit V valuesbelov 10ms™! andW valuesbelov 10kgm—2.

The resulting monthly averagedbrightnesstemperaturestill include the influ-

enceof the correspondingnonthly averagesf W andV obtainedby averaging
all valuesof W andV belongingto the pixels selected. The monthly averaged
brightnessemperaturearecorrectedor theinfluenceof theaveragevaluesof W

andV andyield the openwatertie pointsT, ,,, T} ., and,by usingEquation4.2,

P, at 85GHz. Their valuesare very similar for all monthsof the period 1992-
1999. Table5.2lists the T, ,,, T} ., and P,, valuesaveragedover this period. The
averageP, valueis about0.015larger thanthe one obtainedfrom in situ mea-
surementshowvn in Figure5.1. However, the surfacewind conditionsareunclear
for thesein situ measurement#An averagewind speedf ~ 7ms ! duringthese
measurementsyhichis quiteatypical valuewhenlooking at Table5.1,would be
sufficientto explainthementionedlifferenceof 0.015with awind-roughenedea
surface.

5.3 Atmospheric Influence

As discussedn Sections2.2 and 2.4 the atmospherigarameterd”, W and L
significantlyinfluenceT,(85) and P(85). Theradiatve transfermodelMWMOD
describedn Section2.5.1is usedto quantify this weatherinfluencefor surface
emissvitiese, andatmosphericonditiondistedin Table5.3. Someothersettings
of MWMOD have alreadybeenexplainedin Section2.5.1.

5.3.1 SurfaceWind

Scatteringof microwave radiationat the wind-roughenedeasurfacehasa large
depolarizingeffect (seeSection2.2) andmay biasthe seaice concentratioresti-
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Table 5.3: Rangs and stepsizesof ¢,, ¢, V, W and L usedto quantify the

atmospheridnfluenceon T,(85).

€, €n | VI[ms] | Wkgm=2] | L [kgm™2]
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 brightnessemperaturesre mod-
eledfor dry, clearsky conditions,wind speedgjivenin Table5.3 anda SST of
273.15K at both polarizationsover openwater The resultsare shown in Fig-
ure5.7a) andreveala significantdecreasef the polarizationdifferenceT, — T}

with increasingl.
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Figure 5.7: a) Influenceof the surfacewind speedon T,(85) as modeledwith
MWMODfor dry, clear-sky conditionsandsurfacewindspeedgjivenin Table5.3.
b) Seaice concentation C' thatwouldbe calculatedfromuncorrectedbrightness
tempeaturesover a wind-roughenedseasurfacefor dry, clear-sky conditions.

The sensitvity Sy =

o,
v

i.e. the changeof T,(85) dueto a changeof V

of 1ms™!, is calculatedand comparedo Sy valuesobtainedby Fuhrhopet al.
[1997]in Table5.4. They areof the sameorderof magnitudeout maydiffer by up
to 1.6K m~!s. Thisis probablycausedy thefactthatthebrightnessemperatures
showvn in Figure5.7a) aremodeledfor dry, clearsky conditions,j.e. W = L =
0 kgm~2, while theresultsof Fuhrhopet al. [1997] arebasedon onecasestudy
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Table 5.4: SensitivitiesSy obtainedin SEALION and provided by Fuhrhop
etal. (1997)(ATMICE-Project).

Sy [K m~1s]
V=1-6ms! |V =6-20ms!
85h | SEALION 0.8 1.4-5.8
ATMICE 1.1 1.4-4.2
85v | SEALION —-04 0.0-2.2
ATMICE 0.0 0.0-1.8

with a non-zeroatmospheriovater content. Since, for the weathercorrection
describedin Section5.3.3, the wind-inducedbrightnesstemperaturechangeis
subtractedrom the T,,(85) valuesafterthe correctionfor the W andL influence,
thesensitvitiesdervedherearemoresuitable.Figure5.7,b) shovs C valuesthat
would be calculatedwith the SL algorithmfrom uncorrected85GHz brightness
temperature$or dry, clearsky conditions. Wind speeds$elov 5ms! leadto a
slight underestimatiorof C' while an increasingoverestimatiorof C' occursfor
higher wind speeds. Averagedaily surfacewind speedsangebetween5 and
15mst, reachingup to 20ms™! (see[Heygsteret al., 1996] and Figures3.2
and3.3). Therefore on average the overestimatiorof C canbeashighas70 %.
This demonstratethe necessityto correctT),(85) for theinfluenceof V' if using
SSM/1T,(85) valuesto calculateC.

The modeledbrightnesgsemperature¢seeFigure5.7a)) arefitted with a 4th-
orderpolynomialin orderto obtaina relationbetweenV andT, and7},. Maxi-
mum (average)differencedetweerthe modeledbrightnessemperatureandthe
fit functionsare0.7K (< 0.1K) for T, and0.8K (0.1K) for T,,. The equationof
thisfit is

Tovro=Tpv—0+ Z a;V?, (5.5)
i=1..4

whereT), v—o (Tp,v20) denotethe 85GHz brightnesstemperatureabove a calm
(wind-roughenedyeasurfaceat polarizationp, anda; denotethe coeficientsof
the polynomial. They arelistedin Table5.5. Valuesof T}, y—, are 150.7K and
235.3K at horizontalandvertical polarization respectrely. Equation5.5 allows
to calculateT,(85) that would be measuredy the SSM/I abore a seasurface
roughenediccordingo V' underdry, clearsky conditions.
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Table5.5: Coeficientsa; of the polynomialof the modeledbrightnesstempea-
turesshownin Figure 5.7a).

aKMsH) ]li=1] i=2 i=3 i=4
85h 1.378] —0.198 | 24.4 x 103 | —=52.3 x 105
85v 0.264] —0.194 | 169 x 10 3 | —=33.1 x 10 °

5.3.2 Atmospheric Water Content

Absorptionand emissionof electromagneticadiationby the atmospheriavater
vaporandhydrometeorsf non-precipitatingloudsincreasel,,(85) anddecrease
P(85). Scatteringby precipitationparticlesdecreasé,(85) andincreaseP(85),
dependingnthepolarization(Section2.4). Sinceareaswith highvaluesof L and
thusthe highestprobability of precipiation,are masked out with the R-factoras
is describedn Section3.2.4,0nly the brightnessemperaturencreasedueto ab-
sorptionandemissions discussedthere.In orderto quantifythisincrease85GHz
brightnesgsemperaturearemodeledwith MWMOD for valuesof ¢, ¢,, W and
L givenin Table5.3. Theinfluencesof W and L areconsideredsimultaneously
since,at small W values,the brightnessemperaturencreasedueto L may be
largerthanat high W valuesbecaus¢he atmospherés moreopaquedn the latter
case.

Figure 5.8a) andb) illustrate the reactionof 7} (85) to anincreasingatmo-
sphericwatercontentover openwater For V = 0ms~! (Figure5.8a)), Tj(85)
may increaseby 70K for typical extremevaluesof W and L of 20kgm~2 and
200gm~2, respectiely (compareFigures3.2 and 3.3). Over a wind-roughened
seasurface, both the seasurfaceemissvity andthe brightnessemperatureare
considerablyarger(seeSection2.2.1andFigure5.7a)), atleastat horizontalpo-
larization,andthe absolutebrightnesgemperaturéncreasecanbe expectedo be
smaller Thisis illustratedby Figure5.8b), shaving the brightnessemperature
increasedueto W and L over a roughseasurfaceat V = 20ms 1. For the
abore-mentionedypical extremesthis increasas still around30K. The absolute
brightnessemperaturéncreasedueto W andL is smalleratverticalpolarization
dueto the higherseasurfaceemissvity (Section8.2).

The sensitvities Sy = giu’; and Sy = %if, i.e. the changesof 7,(85) due
to changesof W and L of 1kgm~2 each,aregivenin Table5.6 in comparison
to theresultsof Fuhrhopetal. [1997]. It becomesvidentwithin the SEALION
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Figure5.8: Brightnessempeaturesat 85GHz, horizontalpolarization,modeled
with MWMODfor differentatmospheriavatercontentsover openwater(salinity:
34%0, SST272K): @) V = 0ms~! (e, = 0.49), b) V = 20ms! (¢, = 0.73).
Contourspacingis 5K. Total seaice concentationsC' that would be calculated
from uncorrectedbrightnesstempeatures for different atmosphericwater con-

tents: c) over a calm seasurface(C = 0%, V = 0ms™!), d) over FY ice
(C =100 %).

projectthatSy; is largerduringclearsky conditionsanddecreasewith increasing
L values.Thesamaeis truefor Sy, whichis largeratlow W valuesanddecreases
with increasind/¥ values.Thesensitvitiesobtainedherearequitesimilarto those
of Fuhrhopetal. [1997].
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Table 5.6: SensitivitiesSy, and Sy obtainedin SEALION and provided by
Fuhrhop et al. [1997] (ATMICE). The two smaller (larger) values of Sy

(SEALION) are for an increaseof W from 8 to 20kgm 2 at L = 0.3kgm 2
(L = 0.0kgm™2). Thetwo smallervaluesof S; (SEALION) are for anincrease
of L from0.3to 0.4kgm~2 at W = 20 kgm~2. Thetwo larger onesare obtained
for anincreaseof L from0.0to 0.1kgm—2 at W = 8 kgm~2.

Sw [Km—kg] | Si, [K m—*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) shavs C' valuesonewould obtainover a calm seasurfacewith
Equation5.4 andthetie pointsderivedin Section5.2withoutcorrectionof T,(85)
for theinfluenceof W andL. Typicalvaluesof W andL (8 kgm~2 and40gm~2,
seeTable 5.1 and Sections3.2.2 and 3.2.3) would causean overestimationof
C over calm openwaterby ~ 35%. At the above-mentionedypical extreme
values(W = 20kgm=2, L = 200gm~2), this overestimatiorwould approach
70 %. Both valueswould further increasefor a non-zerosurfacewind speed,
I.e. over aroughseasuriace. Over seaice, the overestimatiorof C would be
considerablysmallerasis illustratedin Figure5.8d) for 100 % of FY ice. Note
that the vertical scalein this imageis onetenth of thatin the previous image.
In this case,i. e. for emissvities ¢, = 0.91 ande, = 0.94, the overestimation
would rarely exceed5 %. However, seaice propertiesvary significantlyandmay
causeemissvitieswell belov theseemissvity valuesand,thereforeconsiderably
largeroverestimationsf C'. As hasalreadybeenconcludedor V', SSM/I85GHz
brightnesstemperaturefiave to be correctedfor the influenceof W and L to
calculateC.

The modeledbrightnesgemperatureshovn exemplarilyin Figure5.8a) can
berelatedto W and L by a 2D-polynomial

Twizo=Tw-r—0+ Y, a;(e(V))W'L. (5.6)
i,j=0...4

Equation5.6 allows to calculateeachT,(85) valuein the W-L-planeusing W,
L, the 85GHz brightnesstemperatureof a dry, clearsky atmospherely,—r—o
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and coeficients a;;(e,(V')) dependingon the 85GHz surface emissvity e,. A
lookup-tableof 85GHz ¢,(V')) valuesmodeledwith MWMOD for openwater
(salinity: 34%o, SST. 273K) for adry, clearsky atmospherandV valuesgivenin
Table5.3is compiledin theappendix Maximumandaveragedifferencedetween
the modeledbrightnesgemperaturesndthe fit functionsarelessthan0.1K at
both polarizations. Table 5.7 shavs a samplesetof coeficientsfor a calm sea
surface.

Table5.7: A samplesetof coeficientsa;; [K(kgm~2)~%] of the 2D-polynomial

of themodeledbrightnessempeaturesat ¢,(V = 0ms ') = 0.49. Thecolumns
denotej = 0...4,therows: =0...4.

0.0 8.793 —0.377 11.0x 1073 | —16.5x10°°
3.204 —0.295 155 x10°3 | =54.9x10°| 932x10°7
—275x103% | 375x10 % | —28.7x10°| 127x10% | —242x 108
—11.5x107® | —16.6 x107% | 279 x10~7 | —15.8 x 1078 | 34.4 x 10~10
24.6 x1077 | —473x107% | —11.1 x107? | 90.6 x 10~ 't | —23.5 x 10~1?

5.3.3 Correctionfor the Atmospheric Influence

Usingthe SL algorithmtheinfluenceof V', W andL on SSM/I85GHz brightness
temperature$iasto be quantifiedand subtractedrom thesedataseparatelyfor
openwaterandseaice dueto thefollowing reasons:

» Eachpixel with C' < 100 % hasa certainfraction of openwater In this
fraction, T,(85) valuesareinfluencedoy W, L andV, whereasn the sea
ice fractiontheinfluenceof V' canbe negglected.

» Seasurfaceemissvities differ from thoseof seaice. Consequentlythe
correctionof T,,(85) for theweatheiinfluenceis differentfor bothsurfaces.

» The SL algorithmcalculatesC for eachpixel iteratively (seeSection5.4).
At eachiterationstep,anew C valueis obtainedj. e. fractionsof openwater
andseaice changecontinuouslyduringtheretrieval. This altersthe surface
emissvity distribution andhasto be consideredn the correctionof 7),(85)
for the weatherinfluence. As a result,the amountof the weathefinduced
brightnessemperaturehangesubtractedrom 7,,(85) change®etweeriwo
iterationsteps.
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Theweathercorrectionis appliedto 7,,(85) asfollows. First of all, the cloud
maskdervedwith the R-factormethodis usedover bothopenwaterandseaice.
Most areaswith L > 0.1kgm=2 (Section3.2.4) areexcludedfrom the weather
correctionandseaice concentratiometrieval successfullyThe secondstepis the
correctionof 7,,(85) for theinfluenceof W andL in theremainingareasusingthe
datasetsdescribedn Chapter3 andthe coeficientsgivenin Section5.3.2. This
canbeachievedover openwaterby

Tpw=r=0=Tp(85) = Y a;(e,(V))W'LJ, (5.7)

i,j=0...4

whereT), w—r— is Tp(85) measuredy the SSM/landcorrectedor theinfluence
of W andL, andaj; arethe coeficientsrequiredfor this correctionaccordingto
(V). Theseemissvities areselectedusingV” andthe lookup-tablegivenin the
appendix.Overseaice, Equation5.7is usedtogethemwith monthlyaveragesf L
asis shavn in Table5.1 andemissvities which areindependenof V. They are
estimatedor eachmonthfrom the seaice tie pointsT,, ; givenin Section5.2and
themonthly averagedsurfacetemperature< 7, > derivedin Section3.3:

T, — ATp,

E <T,> (58)

Thisis theonly partof the SL algorithm,wherethecontribution of theoxygenab-
sorptionto 7,(85), denotedoy ATy,, is consideredxplicitely (seeSection2.4).
The SSM/I measurementaswell asthe modeledvaluesof 7,,(85) includeim-
plicitely the oxygenabsorption. Therefore,in orderto obtainthe seaice emis-
sivity from the ratio of 7,,; andTj,, onehasto subtractATy, from T, ;. Thisis
doneusingEquation5.8togethemwith the ATy, valuescompiledin theappendix.
Thesevaluesareinterpolatedo matchemissvity stepsof 0.01.Oncea pair of sea
ice emissvitiesis selectedt is usedfor theentiremonth. Therelative errormade
in the calculationof ¢, usinganincorrect< T, > valuefor thetemperaturef the
radiatingseaice and/orsnaw layeris smallerthan5 % for over-/underestimations
of <T,> of 10K in therangebetween—40°C and0 °C.

Overopenwater asathird step,thecorrectionfor theinfluenceof V' hasto be
applied. Thisis doneusingthewind datadescribedn Chapter3, the coeficients
a; givenin Section5.3.1andthe equation

Tp,W:L:V:O = Tp,W:L:O - Z az'Vi, (5-9)

i=1...4
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whereT, w—r-v- iSthe85GHz SSM/I brightnessemperatureorrectedor the
influenceof W, L andV andwith T}, w—1—o givenby Equation5.7.

5.4 CompleteAlgorithm

This sectiongives a detaileddescriptionof the SL algorithm. Its flow chartis
displayedn Figure5.9. TheSL algorithmallowsto calculatehedaily totalseace
concentratiorC'. Thedatausedin the SL algorithmhave alreadybeendescribed
in Chapter3. Additional requirementsire:

* Tie points have to calculatedin adwancefor the retrieval of C' for each
month.

» Daily cloud maskshave to be derivedin adwanceto theretrieval of C' (see
Section3.2.4).

« All datahave to be mappedinto a grid with commonresolution,e.g. the
NSIDC SSM/I grid with 12.5 x 12.5km? [NSIDC, 1996].

The SL algorithmcalculates”' iteratively. For eachpixel, the first iterationstep
(k = 0) — afterapplyingthe cloud maskof the day considered- is to computea
first-guessof the total seaice concentratiorC(®) with Equation5.4, thetie points
givenin Section5.2 and P(85) obtainedfrom the uncorrectedSSM/I data. The
secondstepis to model85GHz brightnesdemperaturethatwould be measured
by the SSM/I above anareacoveredwith seaice accordingto C© andfor atmo-
sphericconditionsgivenby V, W andL yielding 7™ . Fromthesevaluesthe
P#m0) valueis dervedandcomparedo the SSM/I measurementf

AP = |P*™#) — p(85)| < 0.001 (5.10)

holds, C® is the final seaice concentratiorandthe iterationis stoppedfor this
pixel (seeFigure5.9). Thethresholdof 0.001corresponds$o approximatelyl %
changen C.

Otherwisetheiterationis continuedk = &k + 1) andthe SSM/Imeasurements
arecorrectedor the weatherinfluenceexpressedy V', W and L. In doingthis,
one hasto distinguishbetweenthe fractions of openwater and seaice within
the pixel considered.It is necessaryo assumdirst, that eachpixel is covered
completelyby either openwater or seaice and performthe weathercorrection
separatelyffor both casessinceemissvities areknown for the pure surfacetypes
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85GHz SSM/ldata:T,, 1}, P
85GHz Tie points: P;, Py, Ty, This Tows Thaw
AtmosphericparametersV, W, L, T,, R-factor
Firstguesqk = 0) seaice concentrationC(©
Y
Ck) <
T;im,(k) Pcor,(k)
Psim,(k) Tpcor,(k)
k=k+1
psim(k) — P(85)| < 0.001 -
YES
|
v
C=cW®

Figure 5.9: Sdhemeof the SEALION algorithm. The quantities P*™(*) and
T™*) (1 = iterationstep)denotemodeledzaluesof P(85) andT,,(85). They are

obtainedat the seaice concentation C*) and for givenatmosphericconditions
(Chapter3). P(85) is the NBTPDvalue measued by the SSM/I.Thequantities

peor(®) and T2 *) are the NBTPDand brightnessempeature valuesmeasued
by the SSM/land correctedfor theweathennfluencein the kth-order.
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only. For the openwaterfraction, the lookup-tablein the appendixprovidesthe
requiredemissvities ,(V'). For the seaice fraction, that pair of emissvities is
usedwhich hasalreadybeenderivedfor the monthconsideredvith Equation5.8.
Knowing theseemissvities, T,,(85) canbecorrectedor theinfluenceof W and.L
usingEquationb.7andthecoeficientsgivenin Sections.3.2. Overtheopenwater
fraction,thisis followedby thecorrectionfor theinfluenceof V' with Equation5.9
andthe coeficientsgivenin Section5.3.1. Sincethe wind-inducedseasurface
rougheningdependson the wind fetch, which is considerablysmallerin open
waterareassurroundedy seaice thanin the openocean,V is reducedo §V in
theareacoveredby seaice pre-definedvith thePEalgorithmseaice concentration
dataset[Heygsteretal., 1996].

Now, onehastwo 85GHzbrightnessemperatur@airsfor asurfaceconsisting
of openwateror seaice only, correctedfor the actualweatherinfluence. These
pairs,theatmospheriparameterghe emissvities andthe measuredyncorrected
85GHz SSM/I brightnesgemperaturesemainfixed oncethey arecalculatedor
eachpixel. In orderto obtainthe weathefrcorrectedorightnessemperaturever
a mixed pixel,i.e. with 0% < C < 100% givenby C*~1 thesebrightness
temperaturesreinsertedinto Equation5.3. Here, the productse,, ,,(85)75,, and
€,i(85)T; correspondo theweathercorrectedl,(85) valuesover openwaterand
seaice, respectiely. This resultsin kth-orderweathercorrected85GHz bright-
nesstemperaturest polarizationp: T"*. Insertingtheminto Equation4.2
yields the kth-orderweathercorrected85GHz NBTPD value: P<(¥) which is
usedto calculateanew valueof C: C*), At this point,i. e. afteronecompletecy-
cle,onehastwo differentseaice concentrationsthefirst guesC® andC"), one
pair of (usingC®)) modeled85GHz brightnesgemperatureandthe correspond-
ing NBTPD value: ;"™ 7™ ' psim.(0) andone pair of weathercorrected
85GHz SSM/IbrightnesgemperatureandthecorrespondindNBTPD valueused

to calculateC'®): 7o), 7¢o(1) and peer(1) . Therearenovaluesfor T5*) and
Preory(0)

The next stepis to checkwhetherthe new seaice concentratiorC'*) agrees
with the SSM/I measurementsTherefore ;"™ *) and Psim:(*) arere-calculated
for the sameatmosphericconditions, consideringthe new seaice distribution
givenby C*), It canhapperthatthe new C*) valueleadsto alarger AP value
(seeEquation5.10)thantheold one,C*~1). In this case dependingon the signs
of thelasttwo valuesof AP, C*~1) is setto 0.5(C*~2) 4-C(k—1) (differentsigns)
or 0.5(C*+-3) + C(k-2) (equalsigns)and T ™" is re-calculated The iteration
is thusforcedto alternatearoundthe minimum A P value. The nev modeledpo-
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larization P*™(*) is comparedo P(85) (Equation5.10)andsoon. Thisiteration
corvergesin about95 % of all pixelswithin the first 30 steps.a thresholdwhich
is usedto stoptheiterationin ary case Pixelsbelongingto theremainings % are
contaminatedy valuesof L and/oriW and/orV incompatibleto the brightness
temperaturesbsened. This canhappenfor instance dueto the coarserspatial
resolutionof the atmospheridataused. Theretrievalsof L andthe R-factorare
certainlyinfluencedby the beamfillingerror [Bennartz,1999],i. e. by subpbel-
scalecloudswithin thesensors FOV. In particular pixelswhich arenot excluded
from theretrieval of C with the cloud maskandexhibit large L valuescontritute
to theseremaining5 %. Theiterationmay stopat & = 30 without AP falling
belowv 0.001. In this caseit is checled whetherA P haschangedwithin the last
few iterations.If notandif AP is additionallybelow 0.01thelastvalueof C' is
acceptedOtherwisethepixel is flaggedascloudaccordingo the cloud mask.

Oncedaily mapsof C' are obtained linear temporalinterpolationis usedto
replacepixelsflaggedasclouds. Only pixelsflaggedascloudsover a maximum
of threeconsecutie daysarereplacedassuminghat heavy weatherconditions
last shorterthanthreedaysandassuminghat C valuesremainalmostconstant
within threedays. Especiallythe secondassumptions oftenviolatedin the MIZ
andin regions of pronouncedseaice melt during Austral summer Using the
daily gridded85GHz SSM/I brightnesgemperatureshe dynamicchangesn C
associatedvith rapidly overpassingronts in the MIZ are smoothedout a bit,
causinga smallerinfluenceon the seaice concentratiorretrieval. The above-
mentionedmaximum length of three consecutre daysto replacecloud-flagged
pixels ensureghatthe impactof majorair massandthussurfaceair temperature
changeon the seaice cover are considered.The typical time-scaleof suchair
masschangess about4 to 7 days[King andTurner,1997]. In Section5.5aswell
asin Section7 thelaststepof the SL algorithmis discussedThe replacemenbf
SEALION ice concentrationdy PELICON ice concentrationgi. e. 0%) in all
pixels supposedo be openwaterin a distanceto the PELICON ice edgegreater
than25km.

5.5 Error Analysis

Numerouslatafrom differentdatasourcesreusedn the SL algorithm,eachwith
a specificerror contrikbution to the C' valuesobtained. In orderto estimatethis
contribution the conceptof statisticalerror propagations appliedto Equation5.4
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with (p = v or h for verticalor horizontalpolarization):
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2
+ ai( >y aj,-(ep(V))jWiLj_l) + OFrs (5.12)

i,j=0...4

In Equation5.11, o¢ is the standarddeviation of C' causedby the errorsof the
inputdata:thetie pointsgivenin Section5.2,theatmospheriparameterslerved
in Section3.2 andthe SSM/I data(Section3.1.2). Theseerrorsarethe standard
deviationsof theseaice tie points: oz, ;, or, ; (SeeFigure5.6), of the openwater
tie points: oz, ., 0T and of the weathercorrected85GHz SSM/I brightness
temperaturesaTU or,. Theformertwo error pairsaswell asthe corresponding
covariancesry, T 03 ., resultfrom thetie pointretrieval andremainfixed
for eachdayof onemonth. Thelattererrorpalr andthecorrespondingovariance
0%, r, hasto be calculatedduring the ice concentratiorretrieval becausehese
quantitiesvary daily — mainly dependingon the atmospherigparametergiv, V
andL) usedfor theweathercorrection.

Equations.7 and5.9arethebasisfor Equation5.12which allowsto estimate
or, (p = h or v) with the knowledgeof the sensomoiseor,,,, = 1.1K (see
Table3.2) andthe standarddeviationsof W, V, andL: oy, oy andoy. In order
to considerthe differentbasicspatialresolutionsof the 85GHz SSM/I channels,
thus15 x 13 km?, andof the other SSM/I channelsusedto derive W, V and L
(Section3.2), thus 69 x 45km?, thesestandarddeviations are setto twice the
retrieval accuray of W, L andV givenin Section3.2: o = 4kgm=2, o7 =



5.5. ERRORANALYSIS 103

0.06kgm=? andoy = 4ms™!. Theresultingvaluesof o7,, onefor openwater
andonefor seaice at polarizationh or v, arecombinedaccordingto the actualC
valuesasis describedn Section5.4. The covariances?, . is calculatedhesame
way. All termswith mixed covariancesetweenthe seaice tie points,the open
watertie points andthe weathercorrectedbrightnessemperaturesfor instance
a%u’i,Th’w areneglected becausehe crosstalkbetweertheseparameterss small.

A? 2
=|—(S1+ 5+ S 5.13
oc [(A+B)4(1+ 2+ 3)] ( )
with
S]- = T,%O'%u i + T’Uzo-%hi - 2TUTh0—Tu,iaTh,i

2

A
Sy = B2 (Tfa%v,w +T, U:%h,w - 2TUT"U’-2”v,vah’w)

A A?
2 2 2
S3 = or, (Th,z’ + 27,1 hwg T Thw Bz)

A A?
+ a%h (T;{,. + 2T, iTy—= + T2 )

B Tvvp?
ATiva+TviTw A2
_ 20"%,,,Th (Tv,iTh’i + ( h, B B ,iL by ) +Th,wTv’w§>

A = T,;T, — Ty,;T,
B = TvTh,w_Tth,w

Equation5.13is obtainedcalculatingthe derivativesof Equation5.11andis used
to determines for eachday in 1999. Over the monthly averagedopenwater
fraction,the averageo value(not shavn) remainsalmostconstantat a value of
19.8% + 0.8 %. Relative contritutionsto this averageopenwatero. valueare:
0.2% from Sy, 0.3 % from S, and99.5 % from S; (seeEquation5.13). This is
reasonableincea) the variability of the seaice tie pointscanbe expectedto be
negligible over openwater b) the openwatertie pointsexhibit a very low vari-
ability (compareTable5.2) andc) only the day-to-dayvariability of the 85GHz
brightnessemperaturesind of the atmospheriqparameterss large. This large
averageerror, however, togethemwith thelarge overestimatiorof C' evenfor small
L valuesevident in Figure5.8c) is the main reasonfor the last stepof the SL
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Figure 5.10: Comparisonbetweenthe monthlyaveraged seaice concentation

C andthe correspondingstandad deviation o~ obtainedwith Equation5.13for

selectednonthsof 1999. Valuesof C below15 % are omitted.In order to reduce
thedatavolume all platesshowonly 1000datapairs.

algorithm. Spuriousseaice concentrationsn the pre-definedopenwaterregion
arereplacedoy PELICON ice concentrationgHeygsteret al., 1996]in all open
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waterpixelsat a distancegreatethan25km to the PELICON ice edge.This will
bediscussedn Section?.

Table5.8: Monthlyavemgedstandad deviationo [ %] estimatedromtheerrors
of the input data with Equation5.13for each monthof 1999 over the averaged
monthlyseaice cover.

Jan. Feb Mar. Apr. May Jun.
106 25 | 104+£22 | 98+£3.0 | 70£29 | 5.6+2.6 | 5529
Jul. Aug. Sep. Oct. Nov. Dec.
48+30 | 53+24 |46+24|48+23|56+£24|89+23
100
__ 80 -
X
O
2 60F 8
@]
O]
o
]
< 40 N
QO
]
a
o
20
0
Jan.  Mar. May Jul. Sep.  Nov.
Month

Figure5.11: Relativedistribution of the seaice concentation classeswithin the
monthlyavemgedseaice extentof 1999: 15 % < C' < 50 % (dark grey), 50 % <
C <90 % (mediumgrey) andC > 90 % (light grey).

Table5.8shonvs o obtainedwvith Equations.13for eachmonthof 1999.Over
the seaice fraction, the averageerror is anti-correlatedwith the seaice extent
(r = —0.88). This canbe explainedwith the dependencbetweerns- andC asis
illustratedby Figure5.10. Smallseaice concentrationsremorelik ely associated
with large errorsthanhigh seaice concentrationgn absoluteaswell asin relative
terms. On the one hand, this is causedby the larger absolutevariability of T;,
andTy, forcing S; (seeEquation5.13)to belargerover openwaterthanover sea
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ice. Onthe otherhand,the numberof pixels exhibiting high C valuesincreases
significantlytowardsAustralwinter asis shavn in Figure5.11. Consequentlyin
Australwinter a larger numberof smallabsoluteerrorscontribute to the monthly
averagedvalueof o forcing it to be small. Thisis evidentin Figure5.10indi-
catingthat o remainsof the orderof 5 % at high seaice concentrationsluring
Australwinter (seeimagesb) to e)). However, atlow seaice concentrationsthe
monthly averagedo value easily approacheg0 % correspondingo a relative
error of 100 % or more. This is in line with the findings madein Section5.3.
The choosery, valueof 0.06kgm—2 cancausespuriousseaice concentrations
of 20 % or more(compard-igure5.8c)). Thereforeatmospheriparametersised
to correctSSM/I 85GHz datafor the weatherinfluencemustbe selectedvery
carefully

Table5.9revealsthatin the low ice concentratiortlass(15 % < C < 50 %),
theaverager valuesagreewith eachotherwithin onestandardieviation (2.4 %)
throughoutthe year Therefore,atlow seaice concentrationg ¢ is independent
of the season.This is differentfor the high ice concentratiorclass(C > 90 %),
whereFigure5.10aswell asTable5.9 indicatea significant(standarddeviation
is here0.4 %) decreasef the averages valuesat freeze-up(March/April) and
an increaseat melt-onset(November/December)Thesechangesoincidewith
the marked increase/decreass T, ; and T} ; shavn in Figure5.6. Theterm S;
(compareEquation5.13) hasa relative contribution to the monthly averagedo
value of about90 %. A significantchangein the seaice tie points might have
a large contribution to S;. However, the impactof the changein 7, ; and T}, ;

Table5.9: Monthly averaged o valuesbinnedinto three seaice concentation
classeslefinedn Figure5.11andaveragedoveread of theseclassesThevalues
are givenin %.

Jan. Feb Mar. Apr. May Jun.
15%<C<50%|133% |12.6% | 134% | 11.5% | 11.9% | 12.2%
50%<C<90% |95% |94% |87% |56% |6.0% |59%
90%<C 81% |82% |72% [40% |46% |4.1%
Jul. Aug. | Sep. | Oct. Nov. Dec.
15%<C<50% [122% | 12.7% | 11.4% | 13.0% | 10.5% | 11.7%
50%<C<90% |57% |58% |[40% |53% |51% |74%
90%<C 36% |44% |39% |43% [42% |64%
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betweernMarchandApril (NovemberandDecemberpn S; is foundto be negli-
gible. Therefore the changein the monthly averagesf o is mostlikely caused
by anincreaseg(decreasedf both pairsT,, T}, andor,, or, betweenMarchand
April (Novemberand December).This seemdo be reasonabldor two reasons.
Firstly, the snav canbe expectedto undego diurnal melt-freezecyclesandthus
to becomecoarse-graineds soonasthe diurnal variationof solarradiationand
air temperaturdvasbecomedarge enoughto forcethis cycle. Thiswould increase
the contribution of volumescatteringesultingin a decreas®f the surfaceemis-
sivity andthereforeTl,, andT},. Oncealmosttheentireseaice coveris affectedby
this cycle, o7, andoy, would decreasaswell. Secondlyduring Australwinter,
four seaice typescontributeto the seaice cover: FY ice,old ice, pancak ice and
youngice, while during Austral summerpancale ice andyoungice have disap-
pearedalmostcompletely Consequentlyor, andor, would decreasdecaus®f
thefewer differentseaice types.In fall (March/April), pancalk ice andyoungice
re-appear Moreover, snov propertiesbecomehighly variableagain,depending
on the progressof cooling andthe spatialdistribution of freshsnav. Both pro-
cesse$eadto anincreasingvariability of surfaceemissvitiesand,thereforeto an
increaseof o7, andor,, .
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Chapter 6

Applications

This chapteris organizedin two parts. The first and major part discusseghe
resultsobtainedwith the SEA LION (SL) algorithmfor the seaice cover of the
SouthernOceanin comparisorwith VIS/IR data,ship obsenationsandseaice
productsderivedwith othermethods$rom microwave radiancesThe secondpart
givesonecasestudyfor theapplicationof the SL algorithmin the Arctic.

6.1 Antarctic

This sectionfocussedirst on afew examplesof the daily seaice concentratiorC'
obtainedwith the SL algorithm,Cs.4. Theice concentratiordevelopmeniduring
melt-onsetis shovn in comparisorwith resultsof the Bootstrap(BS) algorithm
(seeSectiord.2) andthe PELICON(PE)algorithm(seeSectiord.1)in Figure6.1
for the Amundsen/RosSeaquadrantlce concentrationsbtainedwith thesetwo
algorithmsaredenotedoy Cgsy andCpgy, respectiely. Threedaysat melt-onset
in Austral spring1996 are selected.The temporalspacingbetweernthe daysse-
lectedis two weeksin orderto documentheprogres®of theseaice decay Evident
in all columnsfrom topto bottomis aretreatingseaice edgeandwideningcoastal
polynyas. One canidentify, from top to bottom, an increasingnumberof small
regionswith lower seaice concentrationn the packice.

However, in themiddlecolumnshowving C'sg4 severaldifferencesanbeiden-
tified in comparisorto theleft andright column:

* theseaice concentratiorgradientacrosghe MIZ andin thevicinity of the
coastabpolynyasis steeper

109
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Daily sea ice concentration, 1996 [%]

s ‘ ‘ B
0 20 40 60 80 100

Figure 6.1: Daily seaice concentation for selecteddaysat melt-onsein Aus-
tral spring 1996; left column: Cpgs (PEA=PEalgorithm), middlecolumn: C'sz4
(SLA=SEalgorithm), right column: Cgs4 (BSA=BSalgorithm). Valueslessthan
15% are setto zeo in order to excluderemainingspuriousice causedby the
weatherinfluence Ead image showsthe quadrant betweerd0° W and 180° W
with the SouthPole at theupperright corner
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 thecoastabpolynyasarelarger,

* theseaice concentrationn thepackiceis muchmorevariablewith frequent
dropsbelov 50 % suggestingubpixel-scaleareasof low ice concentration
or openwatet

Table6.1: Average and correspondingstandad deviation o and skewnessof the
seaice concentation distribution of theareashownin Figure 6.1. N is thenum-
ber of pixelswith C' > 30 %.

Average| o | Skewness| N

Cpra: | Nov. 16| 77.6 | 145 —-1.23 | 31445
Nov.30| 729 |17.7| —-0.66 | 26391
Dec.14| 73.0 |17.7| —-0.52 | 21058

Cspa: | Nov. 16| 84.4 | 155 —-1.36 | 31792
Nov.30| 78.3 |19.4| —-0.83 | 24987
Dec.14| 67.7 |16.3| —-0.28 | 20502
Cpra: | Nov.16| 89.4 |16.2| -1.95 | 33575
Nov.30| 82.8 |18.3| —-1.20 | 28661
Dec.14| 80.5 |19.1| -—-1.00 | 22843

Thesedifferencedbecomeaven morestriking whenconsideringhatthe C'sz4
valuesshawn in Figure 6.1 areaveragedover four NSIDC 12.5 x 12.5km? grid
cellsin orderto matchthe coarserspatialresolutionof the NSIDC grid usedto
map Cgsa and Cpra (25 x 25 km?) and, therefore,to judge whetherthe larger
numberof detailsis just causedy the betterspatialresolution.Strictly speaking,
this shall be donewith the antennapatternof the SSM/I for the corresponding
frequenciesi. e. 19 and37GHz. By doingthis, only a few moredetailsevident
in the mapsof Csz4 Would getlost, particularlythoseof the sizeof onegrid cell.
The comparisonof the seaice areasderived from Csr4, Cpsa and Cprs given
in Section6.1.3will allow afew conclusionsaboutary differencedn C within
the packice throughoutthe year In orderto geta first ideaon this, Table 6.1
lists the average,standarddeviation and skewnessof C obtainedwith the three
algorithmsin theareadisplayedn Figure6.1. To overcomeheweatheiinfluence
evidentin the right column of Figure 6.1 shovn by low valuesof Cgss (blue)
in regionsindicatedasopenwaterby the othertwo algorithms,only pixels with
C > 30 % areconsideredn thistable.Table6.lillustratestheseaice decayin the
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areaselectedy a decreasingnumberof pixelswith seaice concentrationsbove
30 %, adecreasingverageseaice concentratioranda decreasingkewness.The
latter parametedescribeghe distribution of C' within the seaice coveredarea.
Thereforejn this particularcase adecreasingkewnessndicateghatthenumber
of pixelswith low valuesof C' increasest the expenseof the numberof pixels
with high valuesof C'. Following the resultsobtainedwith the SL algorithm,the
seaice retreatgyuite fastin theareaandthe periodconsideredcomparedo C'gsy

andeEA.

In orderto specify the locationsof the largestdifferencesbetweenthe ice
concentratiormapsshawvn, the mapsshown in the middle columnof Figure6.1
(Csra aresubtractedrom thecorrespondingnapsof Cgsy andCpgs. Mapsof the
resultingdifferencesaredisplayedn Figure6.2. Figure6.2d) to f) revealaband

Nov. 16 B Nov. 30 i Dec. 14

d) e) | f)

Daily sea ice concentration difference, 1996 [%]
| . | 1 1 - .
-100 -75 =50 =25 0 25 50 73 100

Figure 6.2: Differencesof the seaice concentations shownin Figure 6.1 for
selecteddaysin spring1996,a) to €): Cpra — Csra, d) tof): Cpsa — Csra. The
geagraphicallocationis thesameasin Figure 6.1.
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of positivedifferenceslongtheMIZ, approximatelyl to 2 pixelswide (=~ 50 km),

which cannotbeidentifiedin imagesa) to ¢) of Figure6.2. Positvedifferencesre
evidentin all imagesin areasof coastalpolynyas. Thesedifferencesaresmaller
in imagesa) to c), i. e. Cprga Seemdo give a betterestimateof the polynya area
thanCBSA.

The negative differenceevidentin Figure6.2a) alongthe MIZ and,mostpro-
nouncedneartheletter“a)” is causedy aninsufiicientcorrectionof theweather
influenceyielding an overestimatiorof C'sz4. Mapsof the R-factorandtheinte-
gratedcloud liquid watercontentL of this particularday andregion (not shavn)
reveallarge valuesfor this latter parametendjacento the MIZ whereL exceeds
120gm~2. The cloud maskthathasbeenobtainedwith the R-factormethodfor
this day (not shovn) missesthis area. Consequentlythe areais not excluded
from theretrieval of C' andonly the averageL valueof ~ 50 gm~2 obtainedfor
Novemberl996overtheopenwaterareaalongtheseaice edge(seeTable5.1and
its discussion)s usedfor theweathercorrection.Therefore assuminganaverage
seaice concentratiorof 50 % in this partof the MIZ andfollowing the increase
of C' dueto L shawn in Figure5.8c) andd) an overestimationof Cs4 in the
rangeof 10 % to 20 % canbe expected- a valuewhich agreeswith the obsened
seaice concentratiordifference.Positve differencesscatteredver the packice
coveredareain all imagesof Figure6.2 canbe associatedavith subpixel-scalear-
easof low ice concentration®r openwaterwhich aredetectedusingthe 85GHz
SSM/Ichannelsandthe SL algorithmbut which cannotberesohedwith methods
dependingonthe otherSSM/I channels.

6.1.1 Comparisonwith OLS Imagery

This sectioncomparesmapsof Csr4 and Cpgy With imagescollectedwith the
OLS sensor The focus of this comparisons to highlight the larger numberof
detailsevidentin themapsof Cs;4 comparedo Cpgs. A comparisorwith VIS/IR
imageryrequiresdaylightandclearsky conditions. Consequentlythe following
four casegliscussAustralsummerconditionsonly andfocuson cloud-freeareas.
For the comparison25 OLS pixels (seeTable 3.1 for original spatialresolution)
areaveragedn orderto matchthespatialresolutionof theNSIDC 12.5 x 12.5 km?
grid usedfor mappingCprrs andClsr4.

TheVIS imagesshawv theshortwave albedoasgreyscalevalues.Dark (bright)
areagdenotealow (high) albedo thusopenwatercanbeidentifiedby blackareas
while the ice and cloudscan be associatedvith grey and white areas. The IR
imagesarecorvertedinto infraredtemperaturessing
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120
Tr=1 — 6.1

whereTpy is theinfraredtemperaturén K andzx is the OLS measuremerttinned
to valuesO0...255 for temperaturedetweenl190 and 310K [Schiuter, 2000].
Sinceeg Is very closeto unity for most naturalsurfaces, Tz canbe regarded
asthesurfaceor cloud-toptemperaturesOpenwaterareasexhibit a surfacetem-
peraturearound—1.8°C andappeamhite in theIR imagesshavn. Superimposed
onthe VIS imagesareisolinesof Cg;y andCpry at15 %, 60 % and90 %, color-
codedasindicatedin thelegend.TheIR imagesaresuperimposedly theisolines
Cspa = 15% (solid red line) andCprs = 15 % (dottedblackline). The 15 %
isolinecanberegardedasthe seaice edgein caseof acompactseaice cover.

Figure 6.3 from mid-November 1996,shows a typical situationfor the melt-
onsetin the Amundsen/RosSeaarea. While mostof this region is still covered
by packice with C' > 90 % andTz < —2° C, several polynyascanbeidentified
alongthe coastby a low albedoandvaluesof T typical of openwater This
seemso bequiterealisticbecauseluringNovembertheincreasingsolarradiation
accompaniedby rising air temperaturestopsthe seaice productionin the coastal
polynyas[Markus et al., 1998]. The decayof the Antarctic seaice cover starts
notonly from the MIZ but from the coastalpolynyasaswell. Thereasorfor this
is a positive feedbackmechanism.As long asair temperaturegre low enough
to generatenew ice in thesepolynyas,they remainmoreor lesscoveredby thin
seaice. Oncethe air temperatureexceeda critical value, the heatloss at the
openwatersurfaceis to smallto form new ice. The openwaterfraction of the
polynya increasesand considerablylesssolar radiationis reflectedback. Both
air andwaterheatup slowly, thinning the surroundingseaice until it disappears.
The total areaandthe openwater fraction of the polynya increase.Figure 6.3,
topandmiddlerow, revealsquite agoodagreemenbetweerthe coastapolynyas
andareasencircledby the 15 % isoline of Cs.4, While just onepolynya exhibits
a small areaencircledby the 15 % isoline of Cprs. However, the 60 % isoline
of Cpra agreeswell with the seaice edgeof all coastalpolynyasshown. In the
packice, also somepolynya-like featurescanbe identified by a few dark spots
evidentin theVIS imagesshaown in theright columnof Figure6.3revealingalow
albedo.The majority of thesefeaturesarewithin the 60 % isoline of Cs;4 andin
two casesavenwithin the 15 % isoline of Cg14. At leastsomeof thesefeatures
arecertainlyice-freebecausehey coincidewith areasof T;z > —2°Cin thelR
image. However, thesepolynyasseemto be too smallto be detectedby the PE
algorithmsinceCpg4 remainsabove 60 %.
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Figure6.3: OLSimagessuperimposeavith SSM/Iseaice concentation isolines
for Novemberl6, 1996. Top and middle: VIS-imaesand isolinesof Csz4 and
Crra, respectivelyBottom: IR-tempeature and seaice edge. Leftcolumn: area
of 2800 x 2800 kn? betweend(* W and 180> W (SouthPole at the upperright
corner). Rightcolumn:zoomof theareamarkedin left column: 1400 x 1400 kn?.
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Figure6.4: Sameasin Figure 6.3 for January23,1998.
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Figure 6.5: Sameas in Figure 6.3 for January 2, 1996. Left column: area of
2800 x 2800 kn¥ betweer0® W and90° W (SouthPole at thelower right corner).
Rightcolumn: zoomof theareamarkedin left column: 700 x 700 knr?.
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Figure 6.6: Sameasin Figure 6.3 for January 3, 1996. Each image in the left
column:areaof 2800 x 2800 kn? betweer)°E and90°E (SouthPole at lower left
corner). Rightcolumn:zoomoftheareamarkedin theleft column: 700 x 700 kn¥.
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Figure6.4 shavs the sameregion laterin the melting periodof theyear1998.
Threelarge coastalpolynyascanbeidentifiedin the OLS imagesof the left col-
umn. Almostall detailsof the seaice edgeof two of thesepolynyasareevidentin
the15 % isolinesof Csz4 asis demonstratetly theVIS andIR imagesof theright
column. The sameholdsfor the cloud-freepart of the outerseaice edgevisible
the right half of theimagesin the right columnof Figure6.4. The 15 % isolines
of Cpra shov fewer detailsin both the coastalpolynyasaswell asthe outerice
edge.While bothalgorithmsallow to detecttheicebeg B10A evidentin the half
of theimagesof theleft columnof Figure6.4,only Cs4 is abore 90 %.

Figure 6.5 displaysa flaw polynyai. e. a polynya adjacento shelfice, in the
WeddellSea. The entire polynyais cloud-free. The seaice edgeof this polynya
taken from the VIS and IR imagesshovn agreeswithin one pixel, i. e. within
10km with the 15 % isoline of Csz4 While the agreemenbf the 15 % isoline of
C'pra With this seaice edgeis poor. The60 % isoline of Cpry agreesnuchbetter
Theforth caseshown in Figure6.6is anexampleof the outerseaice edgein the
easternWeddell Sea. Most coastalpolynyasindicatedby the Csz4 isolinesare
obscuredby clouds. However, in the cloud-freepart, the 15 % isoline of Cgra
agreeswithin 10km with the seaice edgeidentifiedin the VIS andIR images,
thusmuchbetterthanthe 15 % isoline of Cpga.

To summarizethesecasestudies: As can be expectedfrom exploiting the
much higher spatialresolutionof the 85GHz SSM/I channelscomparedo the
otherSSM/I channelsusedin the PE algorithm,the seaice concentratiorderived
with the SL algorithmrevealsmuchmoredetails.It is shovn thatduring Austral
summerthe seaice edgeindicatedby VIS/IR imagery coincideswithin 10km
with the 15 % isolineof C'sz4. Thisis a substantialmprovementcomparedo the
resultsprovided by the PE algorithm.

6.1.2 Comparisonwith Ship Observations

This sectionfocusse®n the comparisorbetweenselectedn situ obsenationsof
theseacecoveraboardheU.S.ResearciWesseNathanielB. Palmer, denotedy
Cshrp In the following discussionandthe seaice concentratiorcalculatedrom
SSM/I data. The latter dataset,denotedn summaryby Csspsr, consistsof Cggy,
Cpra andCg4. Detailsof theselectionaredescribedn Section3.4.

Figure 6.7 shaws the results: the relatve occurenceof Csyzp in comparison
with thatof Cgsa (Cpra, Csra) in stepsof 10 %, the averagedifferencebetween
CBgsa (Cpra, Csra) andCgsyp andthe equationof the linear regressionbetween
Csup andCgsa (Cpra, Csra)- In termsof therelative occurenceC'spy andCpsa
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Figure 6.7: Relative occuencesof the total seaice concentations observed
aboad the U.S.Reseath vesseINATHANIEL B. PALMER (Csgp) during 1994-
1998in comparisonwith thoseobtainedfrom SSM/Idata (Cssar). Imagesa), b)

and c¢) showthe comparisorwith Cs4, Cpsqs and Cpgya, respectively All values
are binnedinto 10 % intervalls. Average differencesbetweenC sy and Cssyr

(e.9. < Csgsa — Csgrp > + its standad deviation) and linear regressionequa-
tionsare givenin additionin the upperleft corners of eat image.

agreequite well with Csyp (imagesa) andb)), whereasCpgra revealsdiscrep-
anciesparticularlyat high ice concentrationsThe correspondingveragediffer-
encesarealsosimilar for Cs;y andCpsa (—7 % and —5 %, respectiely), while
thatbetweenCpz4 andCsyzp is considerablytarger The mostcorvincing linear
regressiorbetweerC s,y andCsyrp, givenby thecorrespondingquationn each
image,is obtainedwith Cs14 (SeeFigure6.7a)). However, the obtainedslopeof
~ 0.7 is considerablysmallerthan1. Using Cgsa yieldsthe smallestslopeand
thelargestbiasand,therefore theworstfit. In conclusiontheresultsfor all three
algorithmsare quite similar and certainly not sufficient to judge the quality of
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Csr4 in comparisorto Cgsy andCpgy. Thisis alsoindicatedby quite low linear
regressioncoeficients, rangingbetween0.534 for the comparisonof C'sz4 and
Csp and0.562for the comparisorof Cgsy With Cggrp.

As alreadymentionedn Section3.4,shipobsenationsof theseaice coverare
quite difficult to comparewith seaice concentration®btainedfrom spaceborne
remotesensingdata,particularlydueto thelarge differenceof theareawhich can
be obsenedby bothmethods However, acomparisorbetweershipobsenations
andC obtainedfrom SMMR datawith the BS algorithmmadeby Grenfellet al.
[1994] revealsmuchbetterresults.They obtaineda correlationcoefient of 0.849
anda linear regressionwith a slopeof 0.97 anda biasof 2.2 % which is almost
a perfectagreementThe differencebetweerboth comparisonganbe explained
with thedifferentshipobsenationdatasets.Grenfelletal. [1994] have beenable
to usehourly shipobsenations.Thisallowsto calculateaweightedaverageof the
seaice concentratioralongthe ship’s track. Moreover, uncertainitiesn the ship
obsenationscanbeestimatedrom thespreadf ice concentrationaveragecdver
the particularSMMR pixel. This is a significantadvantagecomparedo the data
setusedn thisthesiswhereoftenonly oneshipobsenationfallsinto onegrid cell
of 25 x 25 km2. This doesnot allow to estimatethe weightedaverageandspread
of C. TheagreemenbetweerCs4, andC'syrp mightbeimprovedcomparingC'sra
andCsyp mappednto the12.5 x 12.5 km? grid. However, in doingso,ontheone
handthe probability that more than one ship obsenation falls into one grid cell
is significantlyreduced.On the otherhand,a point obsenation of the ice cover
canbeexpectedo agreemoreoftenwith theaverageseaice conditionsof asmall
thanof alarge area,sincehomogeneouseaice conditionsaremoreprobableon
smallerspatialscales.This might bea pointdeservingurtherstudies.

6.1.3 Sealce Area

In thisandthefollowing sectionseaice areasandextentscalculatedrom Cg4 are
shown in comparisorto thosecalculatedfrom Cgsy andCpgy. Seaice concen-
trationsbelow 15 % maybecausedy theweatheiinfluence(compareFigure6.1,
right column)andaresetto zero. In the next step,the seaice areais calculated
by performingthe sumof all pixelswith C > 15 %, weightedby C. Figure6.8
(top) illustratesthe annualcycle andthe interannualvariability of the Antarctic
seaice areafor the period1992-1999.All threealgorithmsyield a similar mini-
mumseaice areain Februaryof about2.5 x 106 km?. Themaximumseaice area
occursin late Austral winter andis found to amount~ 15 x 10° km? basedon
Cpra in agreementvith thefindingsof Thomagq1998]. However, Csp.y andCpsa
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Figure6.8: Time-serie®fthedaily Antarctic seaice area(top) andareadifference
(bottom)derivedfromCggs, Cprs and Csry for 1992-1999.

bothresultin a larger averagemaximumseaice areaof ~ 16.5 x 106 km? and

~ 17.5 x 10°km?, respectiely. Figure 6.8 (bottom)revealsmore detailsabout
thedifferencedetweerthe seaice areasobtained.

On average the SEA LION (SL) seaice areaexceedshe oneobtainedfrom
Cprra (PE seaice area)during almostthe entire year— exceptin Decemberand
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January The differencebetweenthe PE andthe SL seaice areasincreasegrom
late Austral summerto Austral winter, remainsratherconstantthroughoutthis
seasoranddecreasespidly duringspringbecomingeventuallynegative. In con-
trast,the SL seaice areafalls below theoneobtainedrom Cgs4 (BS seaice area)
for almostthe entireperiod. Startingin mid-winterthe differencebetweerthe SL
andthe BS seaice areadncreasesapidly to a maximumin Decembebeforede-
creasingo its minimumduring early freeze-up~vheredifferencesnayfall below
0.5 x 108 km? andsometimeshe SL seaice areamayexceedthe BS seaice area.

Figure6.9shovsthedaily SL seaice areaaveragedvertheperiod1992-1999
(grey) in comparisorto correspondinglyaveragedPE (blue)andBS (red) seaice
areas.From mid-Marchto mid-Novembey PE seaice areasshavn in Figure6.9
aresmallerthanthe meandaily seaice areasobtainedfrom Cgsy andCgz4. This
indicateseithera smalleraveragenumberof pixelscoveredby seaice or alower
averageseaice concentrationwithin eachpixel. Thisis discussedh Section6.1.4.
The averageBS and SL seaice areasagreewithin their standarddeviationsdur-

20 — BOOTSTRAP PELICON — SEA LION

15

10

Average daily area [10° km?]

Jan Mar May Jul Sep Nov
Month

Figure6.9: Daily Antarctic seaice areaderivedfrom seaice concentationsob-
tainedwith the three mentionedalgorithmsand averaged over the period 1992-
1999. Thidck lines denotethe average seaice area, thin lines denotethe range
givenby + onestandad deviation.
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ing almostthe entirefreeze-upperiod. However, startingin mid-Septemberthe
averageSL seaice areabgginsto decreaseat first moderatelyandafter October
morerapidly until the minimum seaice areais reachedDuring the moderatede-
creasethe averageBS andPE seaice areagemainconstanior decreaselightly

by asimilaramount.This differencebetweertheresultsobtainedwith thePEand
BS algorithmsandwith the SL algorithmmustbe causedy a differentchangan

the averageseaice concentratiorbecauseahe averagedaily seaice extentalters
by a similar amountfor all threealgorithmsasis demonstrateth Figure6.11.In

searchingor anexplanationof this differentseaice concentratiorchangen late
winter/earlysummerat leasttwo reasonseemto be possible:

» Theseaice tie pointsusedto calculateCsz4 aretoo small. In this casethe
differenceP; — P (seeEquation5.4) would be too large and Csz4 would
be underestimatedThis seemgo be unrealisticsincethe averageseaice
tie pointsfor September/Octobearequitelargeandagreewith in situmea-
surementgseeFiguresb.1and5.6).

* The seaice tie pointsusedby the PE and BS algorithmsare inadaequate
duringtheseSeptember/Octobemnd causean overestimatiorof Cpgs and
Cpsa. Thesealgorithmsuse seasonalBS) or yearly seaice tie points
(PE). During September/Octobenne can expect the highestsnawv load
on Antarctic seaice. A high snav load may lead to wide-spreadlood-
ing and the formation of slushat the snow-ice interface which causesa
polarization-dependerdecreasef the 19 and 37GHz SSM/I brightness
temperaturegGarrity, 1992]andGarrity (2000),personatommunication).
Consequentlyfor a100 % seaice coverwith slushatthe snav-ice interface
the SSM/I brightnesgemperaturesire smallerandthe 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-mentioneddiscrepang in the seaice concentrationchangein
September/OctoberAn increasedsnawv liquid water fraction would have
the oppositeeffect, causinga brightnesgemperaturéncreaseadepolariza-
tion, thuslarger brightnesgemperaturesanda smallerpolarizationdiffer-
encethanrevealedby the seaice tie pointsand,finally, an overestimation
of theseaice concentrationThis mightexplainthediscrepang mentioned.
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6.1.4 Sealce Extent

Theseaice extentis the sumof theareaof all ice-coreredpixels. Again only sea
ice concentrationgbove 15 % are consideredseebeginning of Section6.1.3).
Figure 6.10 illustratesthe interannualvariability and the annualcycle of the

N
n
1

G I L L B B

----BOOTSTRAP e PELICON — SEA LION ]

Y
M I
m ]

l" 1\
3
I 5 R

N
O

N ™ LA

i\ ,"‘.‘ I A R pA)
7AY FA! i |

\ 1 : (AR

-
|/

Qan

foboar

@]

Daily sea ice extent [10° km?]

o1
=z
IR SR

O
T

1992 1993 1994 1995 1996 1997 1998 1999
Year

1.0
0.5

—— SEA LION — BOOTSTRAP
-------- SEA LION — PELICON

-0.5

L") L L B B
T,

-1.0

sl
‘\\\\\\\'7‘7-"#\‘\\\ A

-1.5

-2.0

Extent difference [10° km?]

—-2.5

73.0 1 1 1 1 1 1 1

1992 1993 1994 1995 1996 1997 1998 1999
Year

Figure 6.10: Time-seriesof the daily Antarctic seaice extent (top) and extent
difference(bottom)derivedfromCgss, Cppa andCspy for theperiod1992-1999.
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Figure6.11: Daily Antarctic seaice extentderivedfrom seaice concentations
obtainedwith thethreementionedlgorithmsandavemagedovertheperiod 1992-
1999. Thidk lines denotethe average seaice extent,thin lines denotethe range
givenby + onestandad deviation.

Antarctic seaice extent varying, on average,between3.5 x 106 km? in Austral
summerand 19.5 x 10® km? in Austral winter for the period 1992-1999. This
agreeswith thefindingsof Comisoetal. [1997] andThomag1998]. SEALION
(SL) seaice extentsseento besmallerthanthoseobtainedrom Cgss (BS seaice
extent)andCpry (PE seaice extent)all yearround. This is showvn in moredetail
in Figure6.10 (bottom)displayingthe differencedetweernhe SL seaice extent
andthe PEandBS seaice extents. Clearly, SL seaice extentsaresystematically
smallerthanthe PEandBS seaice extents.In comparisorto thedifferenceof the
SL andPE seaice extents,the differencebetweerthe SL andBS seaice extents
are,on averagejwice aslarge. Thefew outliersevidentin bothtime-serief the
extentdifferencearecausedy datagaps.

Figure6.11shovsdaily SL sedce extentsaveragedvertheperiod1992-1999
(grey) in comparisorto correspondinghaveragedPE (blue)andBS (red) seaice
extents. Almost throughoutthe entireyear averageBS seaice extentsarelarger
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thanaveragePE and SL seaice extents. The averageSL and PE seaice extents
agreewithin their standarddeviation betweenMarch and Septembernd differ
only slightly morein October/Neember This indicatesthat the considerably
smalleraveragePE seaice areashown in Figure6.9is causedy alower average
seaice concentration.For regions exhibiting high ice concentrationgpackice)
Comisoetal. [1997] have alreadystatedhatCgs4 agreesnuchbetterwith seaice
concentrationslerived from AVHRR IR imagerythanC provided by the NASA
Team(NT) algorithm(Cnra). The differencebetweenCpsy and Cyry is found
to be ~ 10% (seealso Table 6.2). Using Cpg4 insteadof Cyrsa would make
no differencesincethe extendedweathercorrectionusedin the PE algorithmis
confinedto regionswith seaice concentrationdelon 50 % [Thomas,1998].

Whatshouldbe evidentin Figures6.9and6.11is the earlierdetectionof the
melt-onseduethe betterspatialresolutionof the 85GHz SSM/I channelsashas
alreadybeenshawvn in Figures6.1and6.2. In fact,the averageSL seaice extent
startsto fall below the averagePE seaice extentin late October/earlyNovember
and,until March,remainsbelow the averageBS andPE seaice extents.

6.1.5 Sealce Anomalieswithin 1992-1999

In orderto gaininformationaboutthe spatialandtemporalvariability of the sea
ice cover, monthlyandyearlyaveragesswell ascorrespondingnomaliegyearly
anomaly= yearly meansaveragedover the entire period — singleyearly mean;
monthlyanomaly= monthlymeansaveragedverentireperiod— singlemonthly
mean)andtheirstandardleviationsaredervedfrom thetime-serie®f Csz4, Cgsa
andCpg4. Seaice concentrationbelov 15% areomitted(seebeginning of Sec-
tion 6.1.3).Average®f Csr4, Cppq andCpggy areverysimilarfor theentireperiod
andareshown in theimagesof theleft columnof Figure6.12.

However, the differencemagesgivenin theright columnof Figure6.12vary
considerably Imageb) shows that, on average Csr.4 exceedCpgy, particularly
alongthe coastandin the southernrRossSea.Smallestdifferencesanbeidenti-
fiedin the WeddellSea.In contrastijmaged) revealsthat,on average Cs4 falls
belov Cgss exceptalongthe coastandin the southernRossSea. The positive
differencesvidentin imagesb) andd) alongthe coastaremostlik ely dueto the
smallercontaminatiorof C' by landwithin theFOV whenusingthe85GHz SSM/I
channeldBennartz,1999]. The positive differencedocatedin the southerrRoss
Seacanbe explainedby two facts: the smallersensitvity of the 85GHz SSM/I
channelgo thinice andthebetterspatialresolution. Thesmallersensitvity causes
higherice concentrations thin ice areasvhenusingthe SL algorithminsteadof
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Figure6.12: Seaice concentation averagedover the period 1992-1999left col-
umn)and differencesbetweertheseavemages(right column). Valuesbelow15 %
are setto zeo in theleft imagesandare not consideed whenderiving the differ-

ences.
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usingthe BS or the PEalgorithms.This, togethemwith the betterspatialresolution
allows amorerealisticestimationof the openwaterfraction of polynyaswhichis
particularlyimportantduring melt-onset.The differenceshavn in imagef) is in
line with the discussiorgivenin Sections4.2 and6.1.4)andwith thefindingsof
Comisoetal. [1997]revealinganaveragevaluefor Cpgy — Cpsa closeto —10 %
(seeTable6.2). In comparisonthe SL algorithmprovidesaverageseaice concen-
trationswhich areabout5 % largerthanthoseobtainedwith the PEalgorithmand
whichareabout3 % smallerthanthosecalculatedwvith theBS algorithmasis doc-
umentedn Table6.2. Therefore takinginto accountthe resultsof Comisoet al.
[1997], the SL algorithmprovidesat leastin the packice a seaice concentration
which is morerealisticthanthe onegivenby the PE algorithm.

Table6.2: Averagesand correspondingstandad deviation, o, of the differences
givenin theright columnof Figure 6.12.

(Cpra — Cpsa) £ 0 | (Csza — Cpra) £ 0 | (Cspa — Cpsa) £ o
(—81x27)% 46+£24)% (—35+£32)%

It is well known, thatanomalieof the Antarcticseaice coverarelinkedto the
Antarctic CircumpolarWave(ACW) asstatedoy White andPetersornn1996]. The
ACW is azonaloceaniovave propagatingeastvard aroundAntarcticaandacting
asatransporimediumof atmosphericpceanicandcryospherianomaliesof, for
instancetheaverageSST, the surfacesalinity, the surfaceair pressureandthe sea
ice extent. Oneentireloop takesabout8 to 10 years(40° longitudeperyear).The
anomaliesusually appearin a bi- or tri-polar structure,i. e. revealtwo or three
minimaandmaxima,respectrely.

Figure 6.13 shaws the anomaliesof the annualmeanseaice concentration
obtainedwith the SL algorithmfor theperiod1992-1999 Certainly this periodis
too shortto obsere seaice concentratioranomaliedraveling with the ACW for
afull cycle. Thereis only poorevidencefor a bi- or tri-polar distribution of the
yearlyanomalieshowvnin Figure6.13.However, whenfocussingononeareafor
instanceghe Amundsen/RosSeasector(—120° to —180°), thechangean thesign
of theanomalyparticularlyfrom 1995to 1998(+,—,+,—) is quitecorvincing and
seemdo indicatea propagatingvave.

Figure 6.14 shows the anomaliesof the monthly meanseaice concentration
in Septembefor theperiod1994-19991n imagea) onecanclearlyidentify three
wavesby alternatingpositive andnegatve anomalyvaluesalongthe MIZ. Forced
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Figure6.13: Yearly anomaliesof the yearlymeanseaice concentation obtained
with the SLalgorithmandaveragedover the period 1992-1999.

by the ACW this anomalydistribution propagategastvard. Thisis illustratedby
the next imagesshaown in Figure 6.14 at leastpartly. The negative anomalyat
the Antarctic Peninsulgimagea)) becomegositive in imageb), negatve image
c) andswitchesbackpositive valuesin imaged). The samehappensat approxi-
mately120°W with reversedsigns.In theremainingareasthe anomaliegeverse
signsatleastonceduringtwo years.

Averagingthe anomaliesof the annualmeanseaice concentratiorobtained
with the BS, the PE andthe SL algorithmsyields the imagesa), b) andc) dis-
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Figure6.14: Selectednonthlyanomaliesof the monthlymeanseaice concenta-
tion obtainedwith the SLalgorithmandavetagedovertheperiod1992-1999.The
digitsin the centerof eat image indicateyearand monthof theanomaly
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Figure6.15: Average yearly seaice concentation anomalyobtainedwith a) the
BSalgorithm,b) the PE algorithmandc) the SLalgorithmfor 1992-1999.
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playedin Figure6.15,respectrely. Theseimagesreveal thatthe yearlyanoma-
lies changesignificantlyduring 1992-1999with aninterestingspatialdistribution
which is very similar for the threealgorithmsused. Following the imagesof
Figure6.15,the easterniVeddell Sea,almostthe entireice-coreredareaoff East
Antarcticaandparticularythe southernRossSeaaresitesof a low variability of
theyearly seaice concentratioranomaly This agreeswith the anomaliesshown
in Figure 6.13where,for instance,n the southernRossSea,the anomaliesare
below 5 % throughouthe period. This canbe expectedsincethis partof the Ross
Seais not influencedby the ACW and, becausef its geographyexhibits very
constantweatherconditions. This is alsovalid for the region eastof the Antarc-
tic Peninsulavhere,on average the largestamountof old ice canbe found. In
contrastthe centralWeddellSeaandlarge areasof the AmundserandRossSeas
reveal highly varyinganomaliesf the annualmeanseaice concentrationThese
anomaliesaremostlik ely causedy the ACW, atleastin thelattertwo areas.

6.2 Arctic

Originally, the SL algorithmhasbeendevelopedto calculatethe seaice concen-
trationin the SouthernOcean. This sectionfocussen extendingthe algorithm
in the NorthernHemisphereln the Arctic, highly resohed dataof the integrated
cloud liquid watercontent areavailablefrom the NWP modelHIRLAM (see
below). They canbe usedinsteadof the cloud maskdescribedn Section3.2.4.
Thesmallpenetratiordepthat85GHz causingalargeinfluenceof thesnaw cover
onseaice onthe SSM/I measuremerdllows to usethe SL algorithmin the Arctic

aswell — atleastover snon-coveredareas.

Applying the SL algorithmin the Arctic requiressomemodifications.At first,
onehasto calculatea new setof tie points. Secondlyatmospheriguantitiessuch
asthe integratedwatervaporcontenti, the surfacewind speedV and L canbe
taken from several NWP models. The resultsshavn in Section6.2.1are based
oninvestigationof the seaice coverin the GreenlandSea.Therefore W, L and
V aretaken from the DanishNWP modelHIgh ResolutionLimited Area Model
(HIRLAM) running operationallyat the Danish Meteoplogical Institute (DMI,
see[Sasset al., 1999]). In the GreenlandSea,this model provides datawith a
spatialresolutionof 0.15° x 0.15° (~ 5 x 15 km? at75°N), thussimilar to thatof
the SSM/1 85GHz channelsMoreover, fieldsof W, V and L areavailableevery
hour, keepingthetemporaldifferencebetweemmodeldataand SSM/I databelov
half anhour. For furtherdetailsof HIRLAM seeSas<stal. [1999].
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The springcasestudydiscussedn Section6.2.1focussedirst ontheretrieval
of Csra USINgHIRLAM datafor the weathercorrection. Then,a comparisorbe-
tweenCsra, Cnra andSAR imagestaken by the CanadiarRADARSAT-1 satel-
lite is given. This satellite,launchedin November1995, allows to acquirethe
backscattecross-sectiow;,, in the C-band(5.3GHz) with 50m spatialresolu-
tion in theScanSARwvide modewith aswathwidthof 460km [Raney etal., 1991].
Thesedataareoperationallyusedby the Canadiarice Serviceandby the DMI to
obtainhigh-resolutioroperationakeaice mapsof the NorthernHemisphere.

6.2.1 Spring CaseStudy

Figure6.16displaysthe locationof the areaconsideredn the GreenlandSea. A
total of 12 SSM/I overflights during the period April 10 to 24, 1999, are used
to calculateC. All data, SSM/I aswell as model data, are interpolatedinto a
5 x 5 km? grid usingBadkus-GilbertInterpolation[Stogryn,1978],[Poe,1990].
Seaice andopenwatertie pointsarecalculatedrom SSM/I dataof all overflights
with thesamemethodusedin Antarcticawith oneexception:thecorrectionof the

O-April 14, 1999
0 April 20,1999 X

Figure6.16: Location of the investigatedareain the GreenlandSea. Thelarge
rectanglesurroundsthe region consideed to retrieve C. The colored squaes
denotethelocation of the RADARSA-1 SARframesusedfor the comparison.
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seaice tie pointsfor theinfluenceof L is basedon HIRLAM dataover seaice.
Theresultingtie pointsarelistedin Table6.3.

Table6.3: Tie pointscalculatedfrom SSM/Idata of 12 overflightswithin April 10
to 24,1999,in theareashownin Figure 6.16.

Pt+o Thi £ 0o [K] | Ty 0o [K]
0.028 £0.003 | 212.44+7.8 | 224.7+8.7
P,+o Thw 0 [K] | Ty =0 [K]
0.211 £ 0.005 | 150.6 =2.0 | 231.1+0.9

The HIRLAM datacauseproblemswhen correctingthe weatherinfluence.
Although the temporaldifferencebetweenthe datasetsusedis small andtheir
spatialresolutionis similar, mapsof W, V' and L derivedfrom SSM/I dataover
openwater with the methodsdescribedin Section3.2 often disagreewith the
modeldata. Thisis evidentin (Figures6.17and6.18,imagesa) to f)). Thebest
agreemenbetweerHIRLAM andSSM/I datacanbeidentifiedfor V. The gen-
eraldistribution of W is similar. However, HIRLAM providessmallervaluesof
W thanthe SSM/I data,especiallyin areaswhereW is smallaryway. Adding
2kgm~2 to themodelediW values(Figure6.17,a)) wouldimprove theagreement
with imaged) but this cannotbe donefor the W dataof April 20 shawn in Fig-
ure6.18becaus¢he maximumHIRLAM W valuesin imagea) arequite similar
to the maximumSSM/I W valuesin imaged). ConcerningL, the disagreement
betweerHIRLAM andSSM/I datais evenmorepronouncedecausd. varieson
smallerscalesIn Figure6.17,betweercelandandSvalbard,SSM/I L valuesare
alwaysbelonv 100gm~2 (f)) while HIRLAM L valuesexceed100gm—2 several
times(c)). Thisis similarin Figure6.18. As aresult,the weathercorrectionpro-
videstoo high valuesfor the correctedrightnessemperatures) areasvherethe
SSM/ldatabut nottheHIRLAM datashov aweatheiinfluence.Consequentlyin
areasvheretheHIRLAM datado notreflecttheactualweatherconditions,C will
beover- or underestimated dependingn thedifferencebetweeractual(SSM/I)
andmodeledHIRLAM) valuesof W, L andV'.

This canbe seenin imagei) of Figures6.17and6.18. Especiallyin areasof
openwaterwhereSSM/I L valuesexceedthosetaken from HIRLAM data,the
weatherinfluencecausesa significantoverestimationof Csr4. Over seaice, if
HIRLAM providestoo largevaluesof W, L andV, thenCgp4 is underestimated.
The cloud bandextendingfrom the Eastcoastof Greenlandowardslcelandevi-
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Figure 6.17: Seaice retrieval for SSM/loverflight on April 14, 1999, 8GMT.
Imagesa) to c), d) tof), andg) to i) display(fromleft to right) W, V and L taken
fromHIRLAMandSSM/ldata,andC'nra, Cgsa andCisz4, resepectivelyThedark
grey areain themiddlerow is the seaice extentgivenby Cgsy.
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Figure6.18: SameasFigure 6.17for SSM/loverflighton April 20,1999,9 GMT.

dentin themiddleof Figure6.17c) leadsto anunrealisticdecreasef Csz4 in this
areaasis shovnin Figure6.17i) (comparewith imagesy) andh)). In comparison,
the mapshawing the SSM/I L data(Figure6.17f)) shows only poor evidenceof
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the cloudbandmentionecover openwater andit is questionablérom thisimage
whetherthis bandcontinuesover seaice.

In orderto performa morepreciseweathercorrection,at leastover openwa-
ter, HIRLAM dataarereplacedoy SSM/I datain all pixelswhereCpgsy is belov
15 %. By usingthis combinationof HIRLAM andSSM/I datathe overestimation
of Csr4 Is considerablyreducedover openwaterasis illustratedby Figure6.19
(comparamagei) of Figures6.17and6.18). Remainingareasvith non-zeraC'sp4
valuesdistantfrom the packice canbe attributedto the differentspatialresolu-
tions of the basicinput datawhichis 12.5 x 12.5 km? for the 85GHz dataand
25 x 25 km? for W, V andLL. Also, this spuriousce maybe causedy uncertaini-
tiesin theretrieval of W, V andpatrticularly L from the SSM/I data.Over seaice,
however, this modificationcannotdecreas¢heerrorin Cgrg.

20
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Figure6.19: Mapsof Csz4 obtainedfor the SSM/loverflightson April 14,1999,
(image a)) and April 20, 1999, (image b)) with a weathercorrection basedon
HIRLAM dataover seaice and SSM/Idataover openwater
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Figures6.20to 6.23 shav RADARSAT-1 SAR scenesf April 14 and 20,
1999, respectiely, superimposedavith isolinesof Cyry andCsy4. Thesescenes
(Orbits 17961and18047)have beenacquiredin the descendingScanSARwide
mode.Theoriginal spatialresolutionis 50m. Averagingover 8 x 8 pixelswith this
resolutionyieldsthe SAR pixels shavn in Figures6.20to 6.23. In thesefigures,
bright (dark) areasdenotea large (small) backscattecoeficientoy,,. If consider
ing freefloatingseaice, i. e. nolandfastice, theno;, canbeexpectedo increase
with seaice ageand/orroughnessThinice suchasnilasis undeformedandof low
porosity It appearslark, sincealmostno scatteringakesplace.Thickerice such
asFY iceandMY ice scattersa significantamountof themicrowave radiation— it
appeardright. Exceptionsarelandfastice appearingdark sinceit usuallygrows
more undisturbedand remainsundeformedandroughice suchasbrashice and
pancalk ice appearingright. Openwaterexhibits bothdarkandbrightsignatures
dependingntheincidenceangleandthe seasurfacestate.

Figures6.20and6.21shov awell developediransitionbetweeracompactsea
ice edgeformedunderconvergentconditions(top half) anda diffuseseaice edge
with lots of ice streamergormedunderdivergentconditions(bottomhalf). These
different conditionscan be explained by a front, which is supposedo extend
from themiddle of thebottomedgeof thesemagegsowardsthe upperleft corner
separatingeasterlywinds on its northernside from northwesterlywinds on its
southernside. Over openwater thesetwo differentwind regimescanhardly be
identifiedonthe SAR sceneshavn. However, the changen thewind directionis
evidentby achangean thebackscattepatternacrosghisfrontin thenon-areraged
SAR scengnotshovn) wheresouthof thefront mentionedhebackscattepattern
revealsthe structuretypical for boundarylayerrolls aligning parallelto the wind
direction. The poorly visible cloud bandin imagef) of Figure6.17 canalsobe
attributedto this front.

Both Csr4 andCnrys depictthe compactpartof theice edgequite well. How-
ever, the Csz4 isolinesindicatea muchsteepetice concentratiorgradientin the
MIZ in agreementvith the SAR scene.While the SAR ice edgecorrespondso
Cnra Valuesbetweerb0and60 %, Cgr4 takesvaluesbetweer70and80 %. In the
diffusepartof theice edge theisolinesof Cnyr4 aswell asthoseof Csr4 extend
over a larger areaacrossthe MIZ. In the outer partsof the ice edgeandin the
transitionzonebetweerthe areacoveredwith ice filamentsandthe packice, the
20 % isolineof Cgr4 agreedetterwith thefeaturesevidentin the SAR scenehan
Cnra. The20 % isolinesof Cs4 evidentdistantfrom theice edgeareassociated
with spuriousice causedy aweatherinfluence.

The seaice edgeshavn in Figures6.22and6.23is alsolesscompact,sug-
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Figure6.20: RADARSA-1 SARscenefrom April 14,1999,7:26 GMT, superim-
posedwith isolinesof Cyra betweer20 and 90 %. Isoline spacingis 10 % with
colorsindicatedin thelegend.

gestingadivergentseaice motionin theMIZ. The20 % and30 % isolinesof both
Cnra andCgry agreebestwith the SAR ice edge.Theice concentratiorgradient
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Figure6.21: SameasFigure 6.20with isolinesof Cs.4.

givenby the separatiorof theisolinesof Csz4 IS againsteepethanthe onetaken
from C'nry4 isolines. The transitionbetweenthe outer diffuse partandtheinner,
compactpart of the SAR ice edgecanbe identified by an almostuninterrupted
bandof backscattevaluessimilar to thoseof the ice filaments. Facingthe ice
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Figure6.22: Sameas Figure 6.20usingthe RADARSA-1 SARscenefrom April
20,1999,7:51GMT. Bladc linesdenotethe coastline

filaments,this transitioncorrespond$o Cyra valuesbetweer60 and70 % while
Cqa takesvaluesbetweerB0 and90 %.

In thebottomthird of Figures6.22and6.23onecanidentify two islands.The
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Figure6.23: SameasFigure 6.23with isolinesof Csgy4.

areabetweertheseaslandsandthe coastis coveredby land-fastice asis indicated
by thelow backscattevalues.The seaice drifting in the East-Greenlan@urrent
(from top to bottomin theseimages)hasto move aroundthe biggerislandand
piles up north of this island becomingheavily deformedasis shovn by larger
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backscattervaluesnorth of the islandcomparedo further north alongthe coast.
Southeastf thisislandthe SAR imagegevealquitelow backscattevalueswhich

may be attributedto thin ice or land-fastice. The formerice type seemso be
more likely becausehis region is not shelteredagainstoceanswell or the sea
ice drifting southvards. Therefore,in the caseshown in Figures6.22and6.23,
somebiggerice floes seemto have preventedthe seaice drift from the north
allowing the formationof a polynya during northerlywinds on the leevard side
of thisisland. In the shearzonebetweenthe thin ice covering the polynya and
the seaice drifting southvardsleadsand fracturescandevelop causinga lower
seaice concentratioranda mixture of low andhigh backscattevalues.Thesame
happengurthersouthalongthe coastin thetransitionzonebetweernand-fastand
drifting seaice. Thisis evidentin Figures6.22and6.23southof the biggerisland
mentionedwherethe shearzonecorresponds$o Cnr4 Valuesfalling belov 80 %

while C'sz4 takesvaluesbelow 70 %. In a greaterdistanceto the coast(x~ 30 km)

Csra Valuesquickly exceed90 % while Cnra vValuesremainmostly between80

and90 %.

More knowledgeabouttherelationshipbetweerv;, andC' is requiredo judge
whetherthesmallareaswithin thepackice with C'sz4 valuesbelon 90 % (seeFig-
ure6.23)arereal. It canbe expectedthatoverthin ice the SL algorithmprovides
high ice concentrationsit considerablysmallerthicknesseshanthe NT andBS
algorithmsbecauséhe larger penetratiordepthat 19 and37GHz causes larger
contritution of the water underneattthe seaice to the brightnessemperatures
measuredTherefore dark areasevidentin a SAR scenewithin the packice,i. e,
thin ice, canlessoften be attributedto low Csr4 valuescomparedo Cyry, and
areasof openwateror dark nilas canbe identifiedwith the SL algorithmwith a
higherreliability thanfor instancewith the NT algorithm. Thisis in line with the
findingsof Lubin etal. [1997].

To sumup theresultsof this casestudy both Cyr4 andCsy depictthe SAR
ice edgequite well. The higherspatialresolutionwhenusingthe SSM/I 85GHz
channelgevealssomeadwantagesnamelya morerealisticseaice concentration
gradientacrossacompactswell asadiffuseseaice edge andabetteragreement
with small-scaldeaturesuchasice streamersindlocalice concentratiomrminima
causedy leadsor polynyas.However, theretrieval of C'sz4 is verysensitveto the
quality of theatmospheriparametersisedfor theweathercorrection particularly
of L. A differencein the locationof aboutten kilometersbetweenthe modeled
L valuesandthoseL valueswhichinfluencethe SSM/I measurementsancause
absoluteerrorsup to 100 %. Theseerrorscanbe reducedconsiderablyusingat-
mospherigarameterslerived from coincidentSSM/I measurementsTherefore,
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it is highly desirableo put moreeffort in theinvestigatiorof the R-factormethod
[Miao etal.,2000],with thegoalto obtainL from SSM/Imeasurementseropen
wateraswell asoverseaice.



Chapter 7

Summary and Discussion

The SEALION (SL) seaice concentratioralgorithmallows to calculatethe to-
tal seaice concentratiorC' usingthe 85GHz SSM/I polarizationP(85), whichis
the 85GHz brightnesgemperaturgolarizationdifferencedivided by the sumof
the 85GHz brightnesgemperatureat horizontalandvertical polarization. With
a physicalbackgroundsimilar to known seaice concentratioralgorithmssuchas
the NASA Team(NT) algorithm[Cavalieri et al., 1991], the NT algorithmwith
anextendedweathercorrectioncalledPELICON(PE)algorithm[Heygsteretal.,
1996], [Thomas,1998] andthe Bootstrap(BS) algorithm[Comisoet al., 1997],
the SL algorithmalso needsseaice tie points (T, ;, T ;, P;) and openwatertie
points(Ty v, Th w, Pw) — brightnesgdemperatureandpolarizationgypical for sea
ice and openwater respectiely. They arediscussedn Section7.1. The large
weatherinfluenceon SSM/I 85GHz datarequiresa correctionasis discussedn
Section7.2. Oncethetie pointsare calculated atmospheridataandcorrection
coeficientsneededor the weathercorrectionare processe@ndthe cloud-mask
(seeSection3.2.4)is applied,onecanstartto calculateC'. Thisfollows anitera-
tion where,startingwith anarbitrarily chooserfirst-guessC value,the difference
(AP) betweerthemeasuredSSM/I) andeventuallyweathercorrectedP(85) and
themodeledP(85) is minimized. A thresholdof AP of 0.001ensures theoret-
ical retrieval accurayof ~ 1% in C. If AP obtainedfrom the P(85) values
belongingto thecurrentguessof C' is too large,the85GHz SSM/I measurements
are correctedfor the weatherinfluence. The resultingweathercorrectedP(85)
valuesare usedto calculatea new guessof C' which, in turn, is usedto obtaina
new modeledP(85) value. Thisyieldsthenext combinatiorof modeledandmea-
suredweathercorrectedP(85) valueswhicharecomparedvith eachotherandso
on. Theiterationis stoppedafter30 stepsor if AP fallsbelowv thethresholdmen-
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tionedearlier PixelswhereAP is still too large areflaggedasbadvalues.These
pixels andthoseflaggedascloudsapplyingthe cloud maskarereplacedusinga
lineartemporalinterpolationover a maximumof threeconsecutie days. Seaice
concentrationebtainedwith the SL algorithmarecomparedvith thoseobtained
with theabore-mentionedlgorithmsandwith independendata(seeSection7.3).

7.1 Discussionof Tie Points

Thetie pointsareobtainedfrom NSIDC daily gridded85GHz SSM/I brightness
temperaturefNSIDC, 1996]of selectedareador eachmonthof theperiod1992-

1999.Theopenwatertie pointsarecalculatedrom openwaterareasf the South-

ernOceanwhich, onadaily basis,

» canbeassumedo be almostcloud-freeusingmapsof the integratedcloud
liquid watercontentL,

« exhibit anintegratedwatervaporcontenti’’ belov 10kgm~2 andasurface
wind speed/ below 10ms~2,

* have aseasurfacetemperatureloseto 273K.

By this approachthe openwatertie pointshave to be correcteconly for theinflu-
enceof W andV within the rangesmentionedabove obtainedfrom SSM/I data
asdescribedn Section3.2. Monthly openwatertie pointsremainconstantwith
an averagestandarddeviation of 0.5 K at verticaland1.0 K at horizontalpolari-
zation.Consequentlytheir variability hasa negligible influenceon theerrorin C
(compareSection5.5).

The areasto calculatethe monthly seaice tie points from SSM/I dataare
selectectarefully Requirementsor theseareasare:

 analmostcontinuoushigh-percentagéx 100 %) seaice cover throughout
themonthconsidered,

+ asmallweatheiinfluencewithin the samemonth.

Theserequirementsre achieved usingmapsof monthly averagedP(85) values
andof its standardieviationwhich allow to selectanareawith low averageP(85)
valuesassociatedvith a high averageseaice concentrationandwith alow vari-
ability of the P(85) valuesassociatedvith a constantseaice concentratiorand
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a small weatherinfluence. Using thesemapsto calculateT,; and T} ; ensures
thatthe seaice tie pointsarealmostindependenbf a changen the seaice con-
centrationandin the weatherinfluence. The valuesof T,,; andT}, ; obtainedfor
the periodconsidereaxhibit a well-definedannualcycle asis illustratedby Fig-
ures5.5and5.6,imagesa)). Thetime-serieof T} ; andthe one of the surface
air temperaturestimatedrom ECMWF datafor the areasselectedo obtainT, ;
andTj ; (seeFigure3.5) showv a positive trend. Averagesof T}, ; andthe surface
air temperaturecalculatedfor the monthsApril to Octoberfor 1992-1994and
for 1997-1999%eveal anincreaseof the surfaceair temperaturérom —15.5°C to
—13.0°C andof T3 ; from 213.9K to 215.2K. Believing the ECMWF surfaceair
temperaturesthe positive trend of T}, ; givessomeconfidenceaboutthe seaice
tie pointsbecauseassuminghatthe averagesurfaceemissvity hasnot changed
drasticallybetween1992and 1999, increasingdl} ; valuescanbe expectedfrom
increasingsurfaceair temperatures.

In March/April, T, ; andT}; valuesaveragedover the period 1992-1999n-
creaseby ~ 20K from Austral summervalues(Januaryto March) to Austral
wintervalues(April to August).After August,theseaveragedseaicetie pointsin-
creasdurtherby =~ 10 K, reachingnaximumvaluesin Novemberbeforedecreas-
ing rapidly to Austral summervaluesbetweenNovemberand January Simulta-
neously the averagestandardieviation of T, ; andT} ; increasesn March/April
from typical Austral summervaluesof ~ 9K to &~ 14K turning out to be typi-
cal for early Australwinter. The averagestandarddeviationsgraduallydecrease
throughoutherestof theyearreachingtheir summervaluesin December

In orderto explainthisbehaiour, onehasto considethesnov metamorphism
becausesnonv hasa majorimpacton 85GHz SSM/I datadueto the small pene-
trationdepthat this frequeng. Startingin January/Februaypnly FY ice andold
ice canbe found in the SouthernOcean. Moreover, mostof the remainingsea
ice is coveredwith old, coarse-grainedgnav with a snav liquid water content
dependingon the hour of theday Freeze-ugstartsin March/April whena lot of
differentsurfacetypescontribute to the areasselectedo estimateT, ; and T} ;:
youngice, bareor coveredby athin freshsnow layer, FY ice becomingSY ice,
coveredwith freshsnaw or old, coarse-grainegnow, andold ice, coveredwith
freshsnaw or old, coarse-grainednow. Thisgrowing numberof differentsurface
typesbetweenAustralsummerandfreeze-upausesheincreasef thevariability
of T, ; andT} ;. Laterin theyear the snav cover becomesnoreuniform, andthe
ratio betweeryoungice andFY ice and/orold ice within theareasselectedo cal-
culateT,; andT}, ; decreasesConsequentlythe spreadf the T, ; andT} ; values
decreasegatrticularlyin Australspringwhenthesnaow liquid watercontentstarts
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toincrease.

Moreover, thin ice aswell asfreshsnov have alarger85GHz emissvity than
bareold ice or adry coarse-grainednaw cover. Thereforethemarkedincreaseof
T,; andT} ; in March/April might be explainedby anincreasingarealfraction of
a) thin ice andof b) old ice coveredwith freshsnaw. Brightnessemperatures-
creasawith thesnow liquid watercontent.Thereforetheincreaseof T, ; andT}, ;
valuesbetweenAugustandNovembershavn in imagea) of Figures5.5and5.6
canbeattributedto agrowing snow liquid watercontentcausedy increasingsur
faceair temperaturesThe decreasingeaice tie point valuesbetweerNovember
andJanuaryarelik ely associatedvith anincreasingarealfraction of seaice cov-
eredwith old, coarse-grainednav andof meteoridce whichis almostfreshwater
iceandhasaconsiderablyargerpenetratiordepth[Ulaby etal., 1986]. It remains
unclearatthis stagewhy thelarge snow liquid watercontentduring Australsum-
merhasno effectonT;, ; andT}, ;. Onemightassumehatthesnow consistof icy
grainsbeingspacedoo widely to hold the waterin its porespace.

The annualcycle of the P; valuesis lesspronouncedseeimageb) of Fig-
ures5.5and5.6). However, P; valuesaveragedvertheperiod1992-199%arybe-
tween0.22(Januarypnd0.32(October) increasegraduallyduring Australspring
anddecreaseapidly betweenNovemberand January The above-mentionedn-
creaseof T, ; andT}; in March/April seemdo be shiftedin time towardsJan-
uary/Marchin the P; valueswhich is difficult to explain. The snov exhibits its
largestwetnessn Januarywhenthe surfaceair temperatureare largest. Corre-
spondingly in this monththe most pronounceddepolarizationdue to the snaov
wetnesanbe expected. This is illustratedby the P; valuesbut not by T, ; and
Ty . In February/Marchthe surfaceair temperaturesiave startedto decrease
causinga smallersnav wetness. This would explain the larger polarizationin
Februarycompardto Januaryasis shovn in Figure 5.5b) and, for mostyears,
alsoin Figure5.6b). However, it turnsout thatin someyears(1994,1996)the
increaseof P; in January/Februarg causedy afurtherdeceaseof T, ; andT}, ;.
This cannotbe explainedby a decreasingnov wetnessandmay be attributedto
polarization-dependengdlumescatteringBarberandNghiem,1999].

A changeof theareasselectedo calculatetheseaicetie points,for instanceby
choosinganotherP thresholdor by choosingareaswith surfaceconditionstypical
for that particularareain orderto obtainregional seaice tie points, might lead
to animprovementin the seaice concentratiorretrieval. So far, during Austral
summemostbrightnesgemperaturesisedto obtainT,, ; andT} ; aretakenfrom
theWeddellSeaalthoughquiteahighamountof seaice remainsgn the Amundsen
and RossSeasin this season.This is causedyy the thresholdschooserfor the
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monthly averagedP(85) valueandits standarddeviation, excludingmostseaice
pixelsof the AmundserandRossSeadrom the areaselectedo derve theseaice
tie points.

Certainly thedependencef microvaveradiationat85GHzonthesnow prop-
ertiesdeseresfurtherstudies.It would have beenquite niceto modelthe85GHz
brightnessemperaturesvith a radiatve transfermodel suchas MWMOD (see
Section2.5.1)for the different propertiesinvolved, aswas doneby Fuhrhopet
al. [1997]. Unfortunately the modulesspecifyingthe radiatve transferin the sea
ice andsnawv within this modelhave notyet beenvalidatedfor frequencieabove
40GHz.

7.2 Discussionof Weather Corr ection

The error estimationconductedn Section5.5 revealsquite a small contribution

of the variability of the tie pointsto the standarddeviation derivedfor Csr4. Far
larger errorsare associatedvith the weatherinfluence,which is the changein

the brightnesgemperaturelueto scatteringoy the oceansurfaceanddueto ab-
sorptionandattenuatiorof microvave radiationby theatmospheriavatercontent
(integratedcontentsof the watervapor W, and of the cloud liquid water L).

The relative contribtution of theseerrorsto the standarddeviation of Cq4 IS, On

averagejargerthan98 %.

The brightnesstemperaturechangedue to the weatherinfluence has been
guantifiedwith the radiatve transfermodel MWMOD (seeSection2.5.1) over
alargerangeof V, W andL values,andof 85GHz surfaceemissvities. In order
to avoid a conflict with the questionableesultsobtainedwith the seaice mod-
ulesof MWMOD for frequenciesabore 40GHz (seeSection2.5.1),the seaice
andits snav cover hasbeensimulatedusingappropriatesurfaceemissvity val-
uesasinput for MWMOD. This, of course,is one shortcomingof the method
proposedsincethe interactionof microwave radiationat 85 GHz with the seaice
andits snov cover underdifferentatmosphericonditionshasnot beensimulated
explicitely in thisthesis.

By performing polynomialfits of the modeled85GHz brightnesstempera-
turesone obtainsthe coeficients usedto correctthe 85GHz SSM/I brightness
temperaturegor the weatherinfluence. This requiresto know the atmospheric
parameterd”, W and L which areeithertakenfrom Numerical\\eatherPredic-
tion (NWP) modelsof the EuropeanCente for MediumRang WeatherForecast
(ECMWF) and of the Danish Meteoological Institute (DMI), or are calculated
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with known algorithmsfrom dataof the otherSSM/I channelsThe oftencoarser
spatialresolutionof the atmospherigparametergancausese/ereproblems par
ticularyin caseof L which, sinceassociateavith clouds,exhibits ahightemporal
andspatialvariability. For instancejf usingthe SSM/I L dataset(spatialresolu-
tion = 25 x 25 km?) for the weathercorrectionof the 85 GHz SSM/I brightness
temperaturegspatialresolution= 12.5 x 12.5 km?), eachpixel of the SSM/I L
datasetcoversfour 85GHz pixels. This meanghataninhomogenuouslistribu-
tion of L within one25 x 25 km? pixel cancausea brightnessemperaturehange
in eachof thesefour 85 GHz pixelswhichmaydiffer from thebrightnessempera-
ture changeassociateavith the currentL valuein the25 x 25 km? pixel. In order
to mitigatethis errorandthe lack of reliable,highly resolved L dataoverthesea
ice, the R-factormethod([Miao et al., 2000]) is usedto exclude cloud-covered
pixels from the seaice concentratiorretrieval with the SL algorithm. Although
this methodsuccessfullymasksoutabout75 % of all L valuesabore 50gm? over
openwateraswell asover seaice, the L influencein theremaining25 % canlead
to aconsiderabl®verestimatiorof Cgr4.

It hasalsoturnedoutthatthe SSM/I L datasetseemgo missareaswith low L
valuesascanbeconcludedrom Figure2.14in comparisorio Figures3.2and3.3.
The high averagecloud cover revealedby Figure2.14is by no meansconfirmed
in the L maps.Thisis probablyonly partly causedy the high percentagef ice
cloudsat high southernlatitudeswhich reveal very small L values. Low-level
cloudslik e Stratusresult,on average,n larger L values. Stratuscloudsarealso
very commonat theselatitudesand, therefore shouldbe evidentin the SSM/I L
maps.

For thesereasonsthe averagestandardieviation of Cs14 of ~ 20 % obtained
in Section5.5 over openwatercannotbe regardedasanupperlimit but seemgo
be quitea commonvalue. Therefore after C's;4 hasbeencalculatedspuriousice
concentrationgarereplacedy Cpgy valuesin all openwaterpixelsat a distance
greatethan25km to the PELICON seaice edge[Heygsteretal., 1996].

Theinaccurag in C'sp4 maybecomesmallerif the L datasetusedexhibitsthe
samespatialresolutionthanthe 85GHz data. This is the casefor the casestudy
discussedn Section6.2whereHIRLAM dataareusedinsteadof ECMWF data.
However, this casestudy revealsthat, despitethe muchbetterspatialresolution
of theHIRLAM dataset,atime lag betweerHIRLAM and SSM/I dataof about
half anhour canalreadycauserelative errorsin Csr4 above 100 %. Moreover, in
polarregions,thusin Antarcticaaswell asin the Arctic, only afew obsenations
areavailableto validatethe modeleddata.In conclusionsincethe quality of the
atmospheriparametersequiredfor the weathercorrectionof the 85GHz SSM/I



7.3. SUMMARY OF RESULTS 151

brightnessemperatureseverelylimits the usageof the SL algorithm,it is highly
desirableto searchfor new, morereliabledatasetsof theseparameters.

7.3 Summary of Results

Antarctic seaice concentrationgre calculatedwith the SL, the PE andthe BS
algorithmsfor eachday of the period1992-1999 Visually, seaice concentrations
obtainedwith the SL algorithm(Csz4) shav by far moredetailsthanthoseof the
two algorithms,Cpgs andCpsa, respectiely.

» Coastalpolynyasappearas sharp-edge@reasof a significantlylower sea
ice concentrationn daily aswell asmonthly averagednapsof Cspa.

» Polyryasforcedby divergentseaice motion occurwithin the packice es-
peciallyin the AmundserandRossSeasandcanbeidentifiedonly on daily
mapsof Csza.

* The seaice concentratiorgradientacrossthe mamginal ice zone(MIZ) is
muchsteepebasedn daily mapsof Csz4.

Moreover, in a time-seriesshaving Csz4 in the Pacific Sectorone can easily
track the hugeicebeg B-10A by the polynya forming on its leeward side under
favourablesurfacewind conditions.

Overtheperiod1992-1999( s 4 takesaveragevaluesbetweerthoseof C'ggy
andCpg4 —thelattervaluesbheingabout’ % smallerthanCgs,4 values confirming
the differenceof 10 % found by Comisoetal. [1997]in packice areas.In detail,
Csra valuesareabout5 % larger than Cpgys valuesandabout3 % smallerthan
Cpsa values. Therefore,believing the findingsof Comisoet al. [1997] average
Csa valuesare morerealisticthanthoseof Cpgs. Monthly andyearly seaice
concentratioranomaliescalculatedfrom all three SSM/I seaice concentration
time-seriedor the period1992-199%ield quite similar results.

The averageAntarctic seaice areaobtainedfrom Cs4 valuesfor the period
1992-1999s in bestagreementvith the Bootstrap(BS) seaice area,particularly
during freeze-up.In contraststartingin March, the averagePELICON (PE) sea
ice areabecomesncreasinglysmallerthanboththe BS andthe SEA LION (SL)
seaice area. This differenceis mostlikely causedy a differencein the average
seaice concentratiorbecauseverageAntarctic seaice extentsobtainedfrom the
seaice concentrationsf all threealgorithmsarequite similar or evenagreewith
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eachotherwithin onestandardieviation betweerMarchandSeptemberParticu-
larly during Australspringandsummey SL seaice extentsaresmallerthanthose
of thetwo otheralgorithms.This canbe explainedby the betterspatialresolution
of the85GHz SSM/I data. They allow to detectsmalleropenwaterareaswithin

the packice andto give a more realistic estimateof coastalpolynyasandtheir
openwaterfractionthanthe otherSSM/l data.

Resultsof all threeseaice concentratioralgorithmsare comparedo about
850 ship obsenationsof the seaice cover taken every six hoursaboardthe U.S.
researctvesseNathanielB. Palmerin 1994-1998 This comparisorshonvsapoor
correlationbetweerthe satellitedataandthe ship obsenations. The correlation
coeficientsrangebetweerD.5and0.6. Lowestdifferencedbetweershipobsena-
tions andthe satellitedataarefoundfor Cgss (5 %) andCsza (7%). SL seaice
concentrationsare validatedwith VIS/IR imagesof the Operational Lincescan
Systen{OLS). Datafor 21 daysanddifferentareagMIZ andcoastalpolynyas)
are investigatedrevealing that the OLS seaice edgecorrespondsvithin 10km
with the 15 % isoline of Csz4. For Cpgy valuesthe OLS seaice edgeis in better
agreementvith the60 % isoline. Moreover, thegradientof Cgr4 valuesacrosshe
MIZ is morerealisticthanthe oneinferredfrom Cnr4 values.This is illustrated
for botha compactanda diffuseseaice edgein the GreenlandSeafor two days
in April 1999by a comparisorof Csr.4 andCnrsa mapswith RADARSAT-1 SAR
scenes.



Chapter 8

Conclusionsand Outlook

8.1 Conclusions

A new weathercorrectingseaice concentratioralgorithm, calledSEA LION al-
gorithm, hasbeendeveleoped. This algorithmallows to derive the total seaice
concentratiorfrom 85GHz SSM/I datatakingfull adwvantageof the betterspatial
resolutionassociatedvith thesechannels.The SSM/I datausedhave beencor-
rectedfor the weatherinfluenceusinga radiatve transfermodelandatmospheric
parametersakenfrom modelsand/orderivedfrom dataof the otherSSM/I chan-
nels. In orderto considerthe annualcycle of seaice andsnav propertieswhich
may changealsofrom yearto year a setof monthly seaice tie pointshasbeen
derivedandis appliedwithin the SEALION algorithm. This algorithmis usedto
calculatea time-serief the daily total seaice concentratiorof the Antarcticfor
theyears1992-1999 Main findingsfrom a comparisorof this seaice concentra-
tion time-serievith thoseobtainedwith known seaice concentratioralgorithms
(NASA TeamandBootstrap)andindependentlatasetsareoutlinedbelow.

* The SEALION algorithmallows to calculateseaice concentrationsibore
90 % with anaccurag of about5 %, whichis similarto thealgorithmsmen-
tionedabove. However, particularlyfor seaice concentrationdelov 50 %
the averageerror increasego about12 %. The error dependsstronglyon
the accurag of the atmospheridatarequiredfor the weathercorrection
andwould improve drasticallyif moreaccurateatmosphericatacould be
used.

» TheSEALION algorithmprovides,on average seaice concentrationghat
arelarger (by 5 %) thanthe NASA Teamseaice concentratiorandthatare
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smaller(by 3 %) thanthe Bootstrapseaice concentrations.

Polyryasin the packice aswell asalongthe coastcan be identified ac-
curatelywith the SEA LION algorithmasis shovn by comparisorwith
spaceborneisible/infraredimagery Despitenumerouscasesof aninsuf-
ficient weathercorrectionof the SSM/I datausedwithin one month, per
sistentpolynyas remainvisible in mapsof the monthly averagedseaice
concentratiorvery clearly

« A comparisonwith SAR datashaws the capability of the SEA LION al-

gorithmto mapthe seaice edgeundera divergentaswell asa corvergent
seaice motion. The seaice concentratiorgradientsacrosshe mamginalice
zone(MIZ) arefound to be much steepelin seaice concentratiomrmaps
obtainedwith the SEA LION algorithm comparedo the NASA Teamal-

gorithm. While thetransitionbetwenthe MIZ andthe packice evidentin a
SAR sceneagreeswith the50 % to 60 % isoline of the NASA Teamseaice
concentrationthe SEALION algorithmtakesvaluesbetweer80and90 %.

» A comparisorof Antarctic seaice areasandextentsderivedwith thethree

algorithmsmentioneddemonstratethat, on average the NASA Teamal-
gorithm yields too low seaice concentrationgluring Austral winter. The
SEA LION and Bootstrapseaice areasagreequite well and are at least
1 x 10 km? largerthanthe NASA Teamseaice area. Moreover, the SEA
LION algorithmallows an earlierdetectionof the seaice retreatat the be-
ginning of melt-onsesincethe SEA LION seaice extentstartsto decrease
earliercomparedo the otheralgorithms.
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8.2 Outlook

ThecomingAdvancedVlicrowaveScanningRadiomete(AMSR) operatest fre-
guenciesloseto thoseof the SSM/I andis additionallyequippedwith channels
at 6GHz. Its datawill allow animprovementof known seaice concentration
productsmainly dueto the smallereffective field-of-view (FOV) of 25 x 25 km?
at 18.7GHz (SSM/I: 69 x 43 km? at 19.4GHz) andof 15 x 15km? at 36.5GHz
(SSM/I: 37 x 29km? at 37GHz). Furthermorethe correspondingnen seaice
concentratioralgorithmwill run moreeconomicallysincea simpleweathercor-
rection schemewill be sufficient becauseof the frequenciesused. In addition,
the AMSR will provide 89GHz datawith a smallerFOV (5 x 5km?) thanthe
otherAMSR channels.Thesedatacanbe usedto determinehigherresohedand
thusmorerealisticseaice concentrationsat leastunderclearsky conditions.In
this context, the methodproposedn this thesiswill bevery usefulsincesurface
propertiescanbeassumedo be quite similar at85and89GHz.

Many improvementsare neccessaryo obtain more preciseresultswith the
SEA LION algorithm. Concerningthe tie points someideashave alreadybeen
statedin Section7.1. A sufiicient weathercorrection,however, turnsout to be
the main difficulty. Modeledvaluesof the cloud liquid watercontentZ cannot
be expectedo becomeconsiderablynorereliablein polarregionssinceonly few
obsenationsareavailablefor validation. Dataderivedfrom microwave radiances
seemto be more promising. The R-factor methodof Miao et al. [2000] (see
Section3.2.4) hasalreadybeenusedto calculateL but, sofar, this is validated
over openwateronly. It is plannedto improve the performanceof the R-factor
methodover seaice andto extend this methodto the AMSR datasetas well.
Moreover, the SEALION algorithmmaybeimprovedusingmapsof themodeled
surfacewind speedcovering both openwaterandseaice, particularlyin the MIZ
andareascoveredby large polynyas.Here,the openwaterfractionmightbelarge
enoughto causea significantchangeof SSM/I brightnesstemperaturesiue to
scatteringat the wind-roughendvatersurface.

Sofarit isimpossibleto usethe SEA LION algorithmin anoperationamode
becausehetie pointsarecalculatedor eachmonthin advanceandthe R-factor
methodusedto generatea cloud maskrequiresalso one month of data. How-
ever, onceL dataderivedfrom microwave radiancesnd/ortakenfrom Numerical
WeatherPredictionmodelshave improvedin quality, particularyoverice-covered
regions, a modificationtowardsan operationallyrunning SEA LION algorithm
mightbefeasible.In this casepnewould beableto correctthe SSM/I (or AMSR)
datamoreefficiently for theinfluenceof L, andthe usageof the data-consuming
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cloud maskcould be avoided. It would be possibleto calculateseaice tie points
onadaily or evenonanorbital basisusingthe weathefrcorrectedSSM/I (AMSR)
data. This would allow a further improvementof the seaice concentratiorob-
tained, particularysince it might be possibleto estimateindividual seaice tie
pointsfor differentregions. This could be a greatadwvantagedealingwith Arc-
tic summerconditionswhenareascoveredby melt-pondsandby dry snov may
appeamwithin one swath. Whetherbecomingoperationalor not — seaice con-
centrationsnferred from 85GHz SSM/I data(or 89 GHz AMSR data)with an
enhance®&EA LION algorithmwould be very helpful to validateseaice extents
derived from active microwave radiometersuchas SAR or QuickSCA, andto
monitor polynyasregularly.



Appendix

Lookup-table for €,(V)

This sectionprovidesthe lookup-tableof seasurfaceemissvities (e, ande;, for
verticalandhorizontalpolarization)asa functionof the surfacewind speedv for
0ms~! <V < 30ms~! computedvith MWMOD atafrequeng of 85GHz for
aSSTof 272K anda surfacesalinity of 34 %e.

Table8.1: Seasurfaceemissivitiedor typical surfacewind speedsTheemissivi-
tiesare roundedo the neaest0.5 %.

Vims!]| e €& | VIMmS?| e €

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 ATp,

This sectionprovidesthe lookup-tableof the contribution of the oxygenabsorp-
tion to the brightnessemperature\T,, thatwould be measuredby the SSM/I at
85GHzunderdry, clearsky conditionsindependentf thepolarizationp. Theval-
ueslisted arecomputedwith MWMOD (Section2.5.1)at afrequeny of 85GHz
for emissvities betweer0.5and0.95for atypical polaratmospher@andasurface
temperaturef 0° C. Valuesof ATy, decreasavith adecreasingurfacetempera-
ture,however, thechangen thevaluedistedis below 2 % for surfacetemperatures
down to —30° C.

Table8.2: Contribution of the oxygenabsorptionto the brightnessempeature at
85GHz.

€p ATO2 [K] €p ATO2 [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 C

This sectiondescribesn moredetailhow to derive Equation5.4. Onestartswith
Equation5.3

T, = (1 - C)ev,wTS,w + Cev,iT'i-

Th = (1 — C)eh,wTs,w + CGh,iﬂ. (81)
andEquatiord.2
T, — Th
= 8.2

Here, P is thenormalizedbrightnesgsemperaturgolarizationdifferenceNBTPD
at 85GHz, T,, andT}, arethe brightnessemperaturest 85GHz for vertical (v)
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andhorizontal(k) polarization,C is the total seaice concentrationg,, ,,, € ,, and
€v,is €n,i arethe emissvities of openwaterandthe radiatingseaice and/orsnow
layerat polarizationv or k, respectiely, andT; ,, andT; arethe physicaltemper
aturesof the seasurfaceandtheradiatingseaice and/orsnawv layer. Onegetsthe
openwaterandseaice tie pointsby writing

Tow = €pwlsw and T,; = e T;. (8.3)
We definefurther

STy = Tow+ Thos
ATy = Tyw—Thuw,

T, = Ty, +Th; and

ATy = Ty; — Thy. (8.4)

By substitutingEquation8.1 into Equation8.2 andusing Equations8.3 and 8.4
oneobtains
(1-C)AT, + CAT;

pP= . .
(1— C)=T, + CST; (8:5)

Introductionof
AT, AT;
P, = v P=="1 )
w = ST and P ST, (8.6)
leadsto
1-C)P,+CPIL
p_! ) o (8.7)

1-C+Cgpt
Equation8.7 canbe easilysolvedfor C:
B P-P,
 P-P,+ (P - P)
andre-arrangedo obtainEquation5.4

(8.8)

Toi+ Thi Pi— P)l

c=|(1
( +Tv,w+Th,wP_P'w
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