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Azimuth Variationin Microwave Scatterometeand
RadiometeDataOver Antarctica

David G. Long, Senior Member IEEE Mark DrinkwaterMember |EEE

Abstract— While designedfor oceanobsewation, scatteometer and ra-
diometer data have proven very useful in a variety of cryosphele studies.
Over large regionsof Antarctica, ice sheetand bedrock topography and
the snow deposition, drift, and erosional environment combineto produce
roughnesson various scales. Roughnessranges from broad, basin scale
ice-sheettopography at ~100 km wavelengths,to large spatially coher
ent dune fields at ~10 km wavelengths,to erosional featureson the meter
scaleknown as sastrugi. Theseroughnessscalesinfluence the microwave
backscatteringand emissionproperties of the surface,combining to intr o-
duce azimuth-angle dependenciesn the satellite obsewation data. In this
paper we explore the useof NSCAT data, ERS AMI scatteometer mode
data, and SSM/I data to study surfaceroughnesseffectsin Antarctica. All
threesensorsprovide strong evidenceof azimuth modulation which is cor-
related with the surface slope environment and resulting katabatic wind
flow regime.Dueto its broad azimuth coverage,NSCAT data appearsto be
the bestsuited for azimuth-angle obsewations. A simple empirical model
for the azimuth variation in the radar backscatteris developedand an al-
gorithm for computing the parameters of the model from NSCAT data at
a fine scaleis presented.Resultsindicate relationshipsexit betweenthe az-
imuthal variation of the data and the orientation of the surface slopeand
small-scaleroughnesg elative to the sensorlook dir ection.

Keywords— radar, radiometer, scattetometer ice sheet, azimuthal
anisotropy, surfaceroughnesssastrugi, backscattering,emissitvity.

|. INTRODUCTION

IND scatterometeraredesignedo measurehe normal-

izedradarcrosssection(c®) of theoceans surfacefrom
which the nearsurfacewind over the oceanis inferredwith the
aid of a geophysicamodelfunction [25]. Scatterometedata
are also being exploited in studiesof polarice (e.g. [6], [7],
[15], [23], [31], [41], [42]). Microwave radiometerssuchas
the SpecialSensoMicrowave/Imager(SSM/1) [13] have broad
applicationin atmosphericdemotesensingover the oceanand
provide essentiainputsto numericalweatherpredictionmod-
els. SSM/l datahasalsobeenusedfor mappingpolarice (e.g.,
[38], [43], [44]). Both scatterometerandradiometergprovide
frequentglobalcoverage.

Overtheoceantheazimuthvariationsin g° in thescatterom-

etermeasuremengreusedto infer thenearsurfacevectorwind
(see[25]) which generateshe surface waves causingthe az-
imuth modulation.Over the Antarcticice sheetwind-generated
roughnessand snavlaying combineto producean anisotropic
response.Radiative cooling of surfaceair massesver thein-
terior ice sheetcausesnegative buoyang/ and the air to sink
downslope. The shapeof the Antarctic ice sheetimposesa
strongtopographicontrolonthedrainageof theseairmassesas
they flow outward towardsthe coastalmaigins. Nearthe coast
winds arefunneledby the local terraininto confluencezones,
wherethe strongestwind speedsand persistenceare recorded
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[27]. Antarcticice sheetsurfacewinds can maintainapproxi-
matelythe samespeedanddirectionfor weeksat a time, mak-
ing themthe mostpersistenwinds on Earth[26]. Thuswind-
inducedroughnesgxhibits considerablyesstemporalvariabil-
ity in directionthan oceanwinds on timescalesof days[26],
[27]. As aresult,sastrugiandsnaw drifts form alignedwith the
wind direction. Their roughnesss regionally dependentipon
boththe shapeof theice sheetirectingthe flow andvariability
in the magnitudeof the wind vector Sucherosionalanddepo-
sitional featuresare believed to be the dominantsourceof the
previously obsened azimuthvariationin ¢° [31]. Becauseof
thispersistencen thesewindswe assumehattheazimuthmod-
ulationis stableover a severaldayperiod,therebypermittingus
to combinemultiple passen this analysis.

In this paperwe considerdatafrom the NASA scatterome-
ter (NSCAT) [25], flown on the Japanesé&dvancedEarthOb-
senation Satellite (ADEOS-1), the Wind Scatterometemode
(hereafteEscat)of the AdvancedVicrowave Instrumeni{AMI)
flown onthe EuropearRemoteSensing ERS)satellited1], and
SSM/I datato studythe microwave responseover Antarctica.
We examinemeasurementsf ° andTy, with respecto the‘rel-
ative azimuthangle, (i.e. the pointingangleof theantennael-
ative to north — seeFigs. 1 and2) reportedby the sensorfor
eachmeasuremeniVe studytheimpactwhichtheamplitudeof
themodulationhasuponotherapplicationsf this datato global
changestudies,and usethe directionaldependencén the re-
gionalmodulationandattempto mapthedistributionof aligned
surfaceroughnesgeatures.The goal of the presentpaperis to
extendthe semi-empiricabnalysisof [31] to the entire Antarc-
tic ice sheet. We exploit the broad spatial coverageavailable
with NSCAT, incorporatingadditionalinformationfrom Escat,
andalsoevaluatethecorrespondingzimuthvariationsin SSM/I
brightnessemperatures.Coupling obsenationsfrom eachof
thesesensorganshedlight on the scattering/emissiomecha-
nismsof thefirn andpermitextractionof key surfaceandsubsur
facepropertieswith the aid of inversemodeling. Further since
scatterometeandradiometedatarepresenthelongesttempo-
ral, globalmicrowave datasetsthey areincreasinglybeingused
asabaselinan globalchangestudies An understandingf their
regional azimuthaltendenciess importantsincesamplingand
analysigproceduresnayotherwiseconfuseazimuthmodulation
with geophysicathangesakingplaceattheice sheetsurface.

After consideringelevantbackgroundn Section?, the study
methodologyis describedn Section3. Section4 presentkey
resultsanda summarydiscussionis providedin Section5. Fi-
nally, conclusionsarepresentedh Section6.
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Fig. 1. lllustrationof theazimuthmeasuremergeometryfor SSM/I, NSCAT, andEscat.
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Fig. 2. Figureillustrating the relationshipbetweenthe azimuthviewing ge-
ometry thelocal slope,andthe incidenceanglefor a small surfacepatch.
Symbols: 6; is the incidenceanglefor a flat surface, 65 is the local slope,
Be = 6; — 65 is theeffective incidenceangle,@ is theazimuthlook direction,

@ is thelocal slopedirection,andgy is the angleof theazimuthroughness,

all relative to north.

Il. BACKGROUND

Before describingour researchmethodology we provide a
brief backgroundjncluding an overview of previouswork and
a discussiorof the imageresolutionenhancemennethodem-
ployed. Theimpactof theazimuthmeasuremergeometrywith
respecto theice sheets alsoreviewed.

A. Previous Studies

A previous study [31] with SeasatScatteromete(SASS)
datahasdemonstratedlearazimuthdependencim Ku-banda®
over selectedareaf easterrAntarctica,attributedprimarily to
wind-inducedsnow drifts, or sastrugi. This samestudy exam-
ined ScanningMultichannelMicrowave Radiometedatafrom
Nimbus-7to studysurfaceversusvolumescattering.However,
azimuthvariationsin the backscattewerenot consideredPre-
viousstudieshaveidentified[32], examined16], [14], andchar
acterized 28] azimuthvariationsin Antarcticfirn usingSASS,
andEscatdata. Otherinvestigatorg34], [32] alsousedpassie
microwave radiometedatain studiesof theincidence-angléee-
pendentmicrowave responseln particular Rackextendedthe
analysiof scatterometeazimuthaimodulationdy employing a

simpleempiricalmodelof the azimuthalvariability [28]. More
recently Hyland and Young[14] exploited the sameapproach,
with the inclusionof an error term accountingfor ambiguities
presentin fitting to relatively poorly characterizedazimuthal
variability in Escatdata. However, neitherstudy attemptsto
draw the distinction betweenlocal slope-inducednodulations
in backscatterdirectionally orientedroughnessffects, or the
combinationof the two. This studyextendsthis work andpro-
vides additional characterizatiorof the local incidence-angle
influenceuponthe magnitudeof the azimuthmodulations to-
getherwith a more comprehensie model which accountsfor
necessaryirst and secondorderterms,dueto local slopeand
azimutheffectsrespectrely.

B. Resolution Enhancement

The low spatialresolution(25-50km) of scatterometerand
radiometerss suitablefor studyinglarge-scaleoceanphenom-
ena. However, for someland andice studies,the low intrinsic
resolutioncanlimit theutility of thedata.To amelioratehislim-
itation resolutionenhancemerdlgorithmscanbe applied. The
ScatterometelmageReconstructiofSIR) algorithmwas orig-
inally developedfor SASSdata[24] andhasbeensuccessfully
appliedto NSCAT data[20], [30] and Escatdata[7], [18]. It
hasalso beenadaptedior SSM/I data[19]. Using SIR, mul-
tiple passexanbe combinedto producedenhancedesolution
imagesof the radarbackscattepropertiesand brightnessem-
peratures.

Becausescatterometermake measurementsver a rangeof
incidenceanglestheincidenceangledependencef 6® mustbe
accountedor. Over a limited incidenceanglerangeof [20°,
55°], a® (in dB) is approximatelyalinearfunctionof 6,

0°(0) = A+ B(6—40) Q)
where4 andB arefunctionsof surfacecharacteristicsgzimuth
angle,andpolarization.4 isthea® valueat4® (mid swath)in-
cidenceangleandB describeshedependencef ¢° on 6. For
scatterometedatathe SIR algorithmproduces2 andB im-
agesfrom multiple passe®f a° measurementsThe 4 and B
dataprovide globalimagesof the meanradarbackscatteprop-
ertiesof thesurfaceovertheimagingperiod. Thescatterometer
derived backscattepropertiescan then be relatedto ice and
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Fig. 3. SSM/I-,NSCAT-, andEscat-dexiedimagesof Antarcticaproducedwith theaid of the SIR algorithmfrom six daysof data(JD 277-282).(a) T, at 19 GHz
V pol. (b) T, at19 GHz H pol. (c) T, at37 GHz V pol. (d) Ty at37 GHz H pol. (e) 4 at 14 GHz V pol (f) B at14GHzV pol. (g) 4 at5.3GHz V pol (g) B at
5.3GHzV pol. NSCAT 14 GHz H pol 4 andB imagesarenotshavn. The NSCAT 4.45km pixel resolutionhasbeenaverageddown to 8.9 km resolutionto

matchthe SSM/landEscatimagepixel resolution.

snav characteristic$o studythe seasonatvolution of polarice
regions.

Usingthe SIRF (SIR with filtering) algorithm,dual polariza-
tion 4 and‘B imageswith an effective resolutionof 8-10km
in the polarregionscanbe generatedvith six daysof NSCAT
data. NSCAT V pol imagescan be producedwith only three
daysof dataor lesssincetherearemoreV pol antennébeams
thanH pol beams.However, for moststudiessix daysareused
to ensurehattheH pol dataprovidesenoughcoverageo create
reconstructeémages.SincetheV pol imagesarereconstructed
with more measurementshe qualitiesof theV pol 4 andB
imagesaresuperiorto thecorrespondindd polimages.Applied
to six daysof Escatdatain the polarregions,the SIR algorithm
produce<C-band4 and3B imageswith aneffective resolution
of 25-30km from thenominally50km resolutiormeasurements
[18]. The resolutionimprovementfor Escatis limited by the
spatialresamplindilter appliedto the Escatdata.

Applied to radiometerdata, SIR provides enhancedesolu-
tion imagesof brightnessemperaturébasedon surfaceemis-
sion, modified by the interveningatmosphere.The frequeng
andpolarizationdependenemissioncanbe relatedto the geo-
physicalcharacteristic®f the firn andice characteristicgsee,
for example,[38]). Thevaryingresolutionof the SSM/I chan-
nels, coupledwith their low resolution,canbe a limiting fac-
tor in the applicationof the datato snav andice studiesand
hasleadto interestn SSM/I resolutionenhancemerglgorithms
[10], [19], [33], [35], [37]- The SSM/I versionof the SIR algo-
rithm providessimilarenhancememerformancéo the Backus-
Gilbertalgorithmwith reduceccomputatiorj19]. Furtherit can
be usedin combiningmultiple passesWhile SIR canbe used
with a singlepassonradiometedata,to be compatiblewith the
scatterometedata, a six day time periodis usedto createthe
imagegpresentedbelon. Eachchannels consideredeparately
Theresultingimagesrepresenthe averagebrightnesdempera-
ture over the imaging period. While seven channelsof SSM/I

arecollectedatvaryingfrequeng andpolarizationspnly the 19
and 37 GHz channelsare usedin this study SSM/I measure-
mentsaremadeat a nominalincidenceangleof 51°.

By applyingtheresolutionenhancemeralgorithmto thedata
from eachsensorimagesof compatibleresolutionare created
on anidenticalgrid. This simplifiescomparisorbetweensen-
sors. Imagesampledor eachimagetype from eachsensorare
shavnin Fig. 3.

C. Azimuth Observation Geometry

The characteristic®f eachof sensormrovide uniqueoppor
tunitiesandchallengeso anazimuth-anglestudyof Antarctica.
For example,the Escatorbit, optimizedfor oceanobsenation,
and its right-looking, single-sidedswath limits the southern-
mostextentof Escatdatato 79.5° S.NSCAT data,with its dual-
sidedswath, coversAntarcticato within 1.2° of the pole,while
the SSM/I swath dataprovidescomparablecoverageto within
2° of the pole. In Fig. 2 we definethe “azimuth angle” asthe
anglemeasurecdlockwisefrom the meridian passingthrough
the surfaceobsenation to a horizontally-projectedine dravn
alongtheboresighbf theinstantaneouseld of view duringcell
measurementThis definition appliesequallyto the scatterom-
eteror radiometembsenations. Figure 2 alsodefinesazimuth
angleswhich indicatethe orientationof the local slopenormal
andthe azimuthalorientationof sastrugi.For later discussion,
theazimuthdirection(theazimuthangleof the projectionof the
surfacenormalonto a planelocally tangentto the geoid)is de-
notedgs. Theazimuthorientationof surfacecorrugationsuch
assastrugis denotedy.

Figure 1 illustratesthe relatve azimuthgeometriesof each
of the sensorausedin this study NSCAT and Escatuseboth
forward- and aft-looking antennato make obsenationsof the
samepoint within the measuremergwath at multiple azimuth
angles.However, sincethe SSM/lis aforward-lookingonly in-
strument;t is capableof only a limited rangeof azimuthangle
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obsenationsof a given point on the earth. For all the sensors,
over a multiple-dayperiod, dependingon the locationand de-
tails of theorbit geometryagivenareais obsenedsereraltimes
atdifferentgeometrieslueto theshift in the groundtrackof the
orbit with time. While SSM/I measuremen@remadeatonly a
singleincidenceangle the scatterometenheasurementgpana
rangeof incidenceangles;henceasnotedpreviously, the vari-
ationin thebackscattewith incidenceanglemustbeaccounted
for.

For a given point of the earths surface,the antennaazimuth
geometrief NSCAT and Escatgenerallyresultin a discrete
set of azimuthangle obsenations. This is becausemultiple
antennast variousazimuthanglesare usedto make the mea-
surementsEachdiscreteazimuthsamplingis thusthe resultof
measurementom a distinct beamon a specificreferenceor-
bit. Typically, eachbeamobsenesthe study areaonceon an
ascendingnorth-bound)orbit passandagainon a descending
(south-boundbprbit passoverthearearesultingin two different
relative azimuthanglesdueto the angleof the orbit passwith
respecto the ground. For NSCAT, therearesix V pol antenna
azimuthangles(threeon eachside),resultingin 12 differentV
pol azimuthobsenations but only asingleH pol beamperside,
resultingin 4 differentH pol azimuthobsenations. Escathas
only threebeamson a single side of the spacecrafandthusa
maximumof 6 discreteazimuthanglesmeasuredn both as-
cendinganddescendingpasseslin practice the symmetricge-
ometry of the Escatantennasgoupledwith the orbit geometry
with respecto the Antarcticice sheet,reduceghe numberof
unigueazimuthangleobsenationsto somevhatlessthanthis.
For all sensorsherangeof azimuthanglesvarieswith Antarctic
locationdueto the combinatiorof orbit andswathgeometries.

I1l. ANALYSIS METHODOLOGY

The goal of this paperis to examine the azimuth depen-
denceof the microwave signatureof Antarcticausingdatafrom
NSCAT, Escat,and SSM/I. Couplingall of theseobsenations
canshedlight onthe scattering/emissiomechanismsf thefirn
and permit extractionof key surfaceand subsuréceproperties
with theaid of inversemodeling.

The generalapproachemployed in this studyis to generate
imagesof scatterometes andB andradiometerT, and,with
the aid of theseimagesfirst to selecta limited setof studyre-
gionsto evaluatethe azimuthmodulationof the measurega-
rameters.We thendevelop an empiricalmodelfor the azimuth
modulationanda methodto estimateparameter®f the model
from NSCAT dataat enhancedesolution. Resultingfitted pa-
rametersareevaluatedwith relationshipto thelocal topography
andknown katabatiovind flow patterns.

A. Sensor Images

To provideaninitial Antarctic-wideview of eachsensors ob-
senations,the appropriateversionof the SIR algorithmis ap-
pliedto datacollectedby eachsensoioverthe six day studype-
riod to generatémageson the sameprojectionandat the same
pixel spacing.Theeffectiveresolutionf theimagesvary, how-
ever, betweersensorsTheimagingperiodwasselectediuring
the 1996 Australwinter (JD 277-282)to minimize seasonaand
diurnal impactof air-temperaturdorced variationsin the mi-
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crowave signaturesTheresultingcomparisorimagesareshavn
in Fig. 3.

Uponexaminingtheseimagesa numberof obsenationscan
be made. For example,we notethe significantdifferencese-
tweenthebrightnessemperatureesponseatV andH pol, with
V-pol temperaturesonsistentlyhigherby around40-50K at 19
GHz, and25-30K at 37 GHz. Anotherstriking featureof the
imagesds thedistinctive inverserelationshipbetweerthe T, and
A values:the Ty imageshave their lowestbrightnesgempera
turevalueswvherethe 4 imagehasthelargestbackscattevalues.
Thisinversecorrelationin themearnbrightnessemperatureand
frequeng-dependehbackscattecoeficient is treatedin more
detailin [3], andis notconsideredurtherhere.

Fig. 4. Map of thelocationsof key studyareas.

B. Sudy Regions

Basedon subjectve examinationof theimagesn Fig. 3, ato-
tal of 11 studyregionsoverAntarcticawereselectedseerig. 4)
to spana variety of surfacecharacteristicsThe studyareasare
listedin Tablel togethemith their extentin longitudeandlati-
tude. Thelocationsandextentsof the variousstudyareaswere
choseno spanmavarietyof surfaceconditionswhile still exhibit-
ing a generallyspatiallyhomogeneousesponsasobsenedin
theimagesn Fig. 3. For corveniencethe examplestudyareas
are selectedprimarily within EastAntarctica (the lower right
guadranbf theimages).

Study areasl, 7, and 10, which are locatedon the Ross
and Amery ice shelf regions (seeFig. 4), exhibit high mean
backscattervalues but also the least azimuthal anisotrop.
Thoughthis in itself is a significantfinding, thesesamplesare
not consideredary further in this paper For illustration pur-
posesonly the following subsampleof study areasshovn in
Fig. 4 areselectedor presentationStudyarea? is closeto the
SouthPole (at mean3106 m elevation - seeTablel), andarea
5 (73.45S100E)is in QueenMary Land at a meanelevation of
3509m (nearthe old Komsomolskayd&ussiarstation). Study
area8 (70.55S90E) lies furtherdownslopeat 2661 m (nearthe
old PionerskayaRussianstation), while areas9 (71.55S90E)
and 11 (70.25S123E) lie to the westand eastin Wilhelm I
Land (at 2826 m) and Wilkes Land (at 2451 m), respectiely.
Area 9 waschosenin particularto facilitate a comparisorbe-
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TABLE |
STUDY AREAS (DEFINED BY A RECTANGULAR AREA IN LONGITUDE AND LATITUDE) AND CORRESPONDING MEAN SURFACE ALTITUDE (IN M), SLOPE (IN
M/KM) AND DIRECTION @ (IN DEG RELATIVE TO NORTH) DERIVED FROM THE DIGITAL ELEVATION MAP (DEM) DESCRIBED IN THE TEXT.

Area | Lower-Left Corner UpperRightCorner MeanDEM
Number| lon lat | lon lat Altitude Slope Direction
1 -166 -78.5 -176 -79.6 54 0.14 192
2 118 -86.5 75 -88 3106 1.50 179
3 131 -75.5 123 -73.5 3186 0.95 219
4 124 -75.5 117 -74.5 3210 0.73 189
5 100 -73.4 93 -74.5 3509 1.34 233
6 58 -80.5 50 -79.5 3697 1.22 119
7 73.25 -69 70 -70 52 0.65 179
8 97 -70.5 99.5 -70 2661  3.16 218
9 90 -71.5 87 -70.5 2826  3.00 158
10 -164 -81.5 -178 -80 51 0.45 181
11 123 -70.25 120 -70 2451  3.45 225
tweenthe resultsof this studyandthoseof [28], while areall NE HE
hasthe largestmeanslopeof all samplesat ~0.2 degrees(3.45 ™ ™
m/km). fix £
5 g
IV. RESULTS @85 @w

Beginning with a simpleexaminationof the variationsin g®
and Ty with relative azimuthanglefor eachstudyarea,we de-
velopasimpleempiricalmodelto describehevariationof these
parametersvith relative azimuthand, in the caseof the scat-
terometedata,incidenceangle.A methodfor extractingthepa-
rameterf themodelfrom the measurementst the (enhanced)
resolutionof the imagesis then presentedand the resultsdis-
cussed.

A. AZimuth Angle Modulation

As aninitial evaluationof thevariationin a® andT, with az-
imuth angle, SSM/I, NSCAT, and Escatdataover the sixteen
day periodbetween]D 268 and 283, 1996, were accumulated
for eachof the studyareas. Of the eleven study areas five of
them(areas2, 5, 8, 9, and11) exhibit significantazimuthmod-
ulationin the SSM/I data. The analysis,therefore focuseson
theseareas. Scatterplots of T, versegthe relative azimuthan-
gle (SSM/I) anda® versusrelative azimuthangle(NSCAT and
Escat)areshowvn belov. Sincea?® is a strongfunction of inci-
denceangle[seeEq. (1)], the scatterometedatais dividedinto
incidenceanglebins, with separatelots generatedor eachin-
cidencebin. Bins arecenteredat 20°, 30°, 40° and50°. Only
scatterometemeasurementwith incidenceangleswithin +3°
of the bin centerare usedin a given bin, thus minimizing the
incidenceanglevariationof thedata.

Scattemplotsof T, anda® versusazimuthangleareshovn in
Figs.5 through6. In theseplots,measuredaluesareshovn as
grey points. Theseandividualmeasurementsebinnedinto +3°
azimuthangle bins with the meanand the standarddeviation
indicatedwith adarkpointwith 1 sigmaerrorbars.

Studyarea2 (Fig. 5) exhibits the mostnoticeableSSM/I az-
imuth modulationof all the studyregions,aswell asthewidest
rangeof measuremenazimuthanglesin the SSM/I datadue
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Fig. 5. Scatterplots of Tg and o° versusazimuthanglefor study area2 -
a) SSM/I 19y, d) SSM/I 19h, b) SSM/I 37y, €) SSM/I 37h, and NSCAT
c) V pol, andf) H pol at 50° incidenceangle. In this and later figures,
valuesareshawvn asgraydots,themeanof +3 deggreewide binsareshavn
asasterisks.The solid vertical lines indicateplus and minus one standard
deviation aboutthe mean.Scatterometestatisticsarecomputedn dB. The
solid linesrepresenthe secondrderazimuthfit (seetext).

to its proximity to the pole. Although the NSCAT measure-
mentsspana wider azimuthanglerangethanthe SSM/I mea-
surementsazimuthamodulationsareobsenedin bothdatasets.
An NSCAT incidenceangleof 5¢° waschoserto mostclosely
matchthe SSM/I data. Clear azimuthalvariationis apparentn

the meanbrightnesgemperaturesf all channelswith a peak
at 220 andtroughsat 135 and315°. Both the meanT, and

the modulationdepth (peak-to-troughdifference)of Ty, versus
azimuthanglevary betweerchannels. The comparatie scatter
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linesrepresenthe secondrderazimuthfit (seetext).

plot of the incidenceangleNSCAT data(Escatcoveragedoes
not extendover studyarea2 so no measurementareavailable
from this sensor)yshawvs a weakvariationof o® versusazimuth
angle,with themeana® higherfor V polthanfor H polby ~1.5
dB.

We notethatthe vertical spreadn the dataat a particularaz-
imuth anglein Fig. 5 is primarily dueto noise,with a contriku-
tion dueto spatialinhomogeneitypverthestudyregion. Careful
examinationof datarevealsthatthereis little apparentorrela-
tion betweerlocationandparameteraluewithin a givenstudy
region. In bothNSCAT andSSM/Itheverticalspreadn thedata
is significantcomparedao the variationsin the meanparame-
tervalueversusazimuthangle.Peak-to-trouglamplitudevaria-
tion in thebinnedmeands approximatelyb K and0.8dB while
the standardieviationsareapproximately3-4 K and0.5 dB for
SSM/1andNSCAT datarespectiely. We notethatfor therange
of azimuthangleavailable, T, datapeaksatapproximateh\22®
while a® peaksatapproximately160°. As previouslynoted this
type of anticorrelatiorof active andpassve signaturetiasbeen
previously obsenedandis explainedin moredetailin [3].

A similarplot for studyareab is shavnin Fig. 7. We notethat
the SSM/I dataexhibits a smallerazimuthanglerangethanfor
studyarea2. NSCAT dataexhibits measurementat a number
of essentiallydiscreteazimuthangles spreacbver thefull 360°
range.Both of thesebehaiors aretypical of all thestudyareas,
region 2 beingan exception. SSM/I datasuggest variationin
Tp with azimuthangle but thelimited azimuthanglerangeof the
measurementsake conclusionsboutthe azimuthbehaior of

T, speculatte. On the otherhand,the NSCAT measurements

spanthefull 36(° rangeandclearlyshov modulation(2 — 3 dB,
dependingon the polarization- seeFigs. 7c¢,f) in the obsered
Ku-bando® asafunctionof theazimuthangle. Themorelimited
azimuthangleobsenationsof the Escatdata(Fig. 76) suggest
a greatermodulationat C-band. Only from the NSCAT V pol
datacana peakin theazimuthmodulation(atapproximatelys®)
bedeterminedvith confidence.

Comparingthe generalbehaior of o° versusazimuthangle
and Ty, versusazimuthanglein Figs. 5 and7, we notea differ-
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encein themodulationphasd.e.,adecreas@ T, with azimuth
angleis accompaniedby anincreasen a°. At presenthe pre-
cisescatteringnechanismemainsunvalidated put onthe basis
of the obsenred anticorrelationbetweena® and Ty, [3] the re-
gional surfaceconditionsresponsibldor anisotropicbackscat-
tering also appearto resultin modulationsin the emissvity,
andthereforetheeffective brightnessemperaturef thesurface.
Thoughthe modulationdepthsandlocationsof the modulation
minima vary with study area,examinationof the resultsfrom
all thestudyareasyieldssimilar conclusions As will be shavn
later, thelocationsof the maximaandminimaarehighly corre-
latedwith thedirectionof the katabationind.

B. Incidence Angle Dependence

Noting the dependencef a® on incidenceangle,we inves-
tigatethe dependencef the azimuthmodulationon incidence
anglein NSCAT and Escatdata. Thoughnot without limita-
tions,the NSCAT datais best-suitedor this investigatiorsince
it spansa wide rangeof incidenceandazimuthangles:SSM/I
obsenationsarelimited to a singleincidenceangleand Escat
haslimited azimuthsampling.

Figure8 shavs scattemplotsof NSCAT a° versusazimuthan-
glesfor bothV andH pol obsenationsat incidenceanglesof
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20° to 50° for studyregion 5. Figure 6 providesa similar plot
for Escatdata. Theseplots aretypical of all the studyregions
whererelatively strongazimuthmodulationis obsened. In ad-
dition to theclearvariationin themeana® with incidenceangle,
examinationof theseplots suggestghat the modulationdepth
variesinverselywith incidenceangle,at leastfor V pol. For
example,the modulationdepthfor NSCAT V pol variesfrom 5
dB at 2(° incidencedown to 2 dB at50° incidence.Also, there
appeargo bengjligible variationin thelocationsof theminima
and maximaof the modulationas a function of incidencean-
gle. Thereducedspreadn the azimuthobsenationsfor H pol
NSCAT makesinterpretatiorof the datamoredifficult, but it is
assumedhatthegeneraH pol azimuthmodulationcharacteris-
ticsaresimilarto V pol. A similar azimuthsamplinglimitation
occursfor Escatdata,makingit impossibleto characterizehe
modulationin the 8C° to 280° azimuthrange.Furthermorethe
verticalspreadn the Escatdataat a givenazimuthangleis sig-
nificant comparedo the modulationdepth, which masksary
variationwith incidenceangle.Theincreasegenetratiorof the
C-banddatamay accountfor the greatervariancein the data,
andthelack of a clearrelationshipwith incidenceangle.

A second-ordefN = 2) Fourier series(in azimuthangle,@)
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of theform,

¢°(dB) = lg+ %[Iicosk(n + Qi sinka] (2)
K=1

is individually fit (in the least-squaresense}o eachof the g°
versusazimuthanglescatterplots in thesefiguresand plotted
asasolid curve. Theresultingcoeficientsfor NSCAT dataare
takulatedin Tablell for the studyregion 5 datashowvn in Fig. 8.
The obvious asymmetricnatureof the ° modulationwith az-
imuth anglesuggestshatboththe first andsecondorderterms
in Eq. (2) arerequiredto fit the data. We notethatdueto the
reducechumberof azimuthobsenations the coeficientsof the
second-ordetermsin Eq. (2) are significantly reducedfor H
pol versusV pol atlow incidenceangleswith areversalat high
incidenceangles. As before,thereare fewer azimuthobsera-
tionsfor Escatthanfor NSCAT V pol, althoughthe Escatdata
in Fig. 6 clearlyindicateasymmetryin themodulation.

Simulationssuggesthattheaccurag of the Fourierseriesco-
efficientsis affectedby theazimuthsamplingwith largererrors
whenthe obsenationsdo not spanthe full 360° range.In par
ticular, inadequatesamplingaffectsthe locationof the azimuth
modulationminimum,denotediy Yo. Simulationssuggesthat
the azimuth samplingof both NSCAT H pol and Escatmea-
surementss inadequatdor accuratelyestimatingboth azimuth
modulationtermssimultaneouslyver all areas As aresult,the
primary analysisin the remainderof the paperis doneusing
NSCAT V pol obsenations,with limited comparisongo Escat
data. Theazimuthsamplingdeficieny of Escatdatais seenas
a key limitation in previous studies[14], [28] of the azimuth
modulation. Both previous studiesassumead simple periodic
functioncharacterizethy asingletermcos(2@ — constany, and
this preventscharacterizatiomf the asymmetryof the modula-
tion pattern.

C. AzZimuth Modulation Modeling

It is clearfrom the analysispresentedn the previoussection
that both first and secondharmonictermsare requiredto de-
scribetheazimuthdependencef ¢° atagivenincidenceangle.
To accounfor thevariationin bothincidenceangleandazimuth
angle,a simpleempiricalmodelis developed.Borrowing from
oceanscatteringheory a simplesecondorderharmonicmodel
is assumedor thevariationin a® (in dB) with azimuthandin-
cidenceanglesij.e.,

0°(6,@) = 4+ B(6—40°) +M1cog@ +@1) + M2cog2@¢ + @)

®3)
where4 andB aredefinedasbefore;M; andM, arethemag-
nitudesof the first-orderand second-ordeazimuthangle har
monicterms,respectiely; ¢; andq, arethe phaseanglesof the
first-orderandsecond-ordeazimuthangleharmonicterms,re-
spectvely; and @ is the obsenation azimuthanglerelative to
north(seeFig. 2).

As suggestethy theplotsin Fig. 8 andin similar plotsfor the
otherstudyareasM1 andM; varywith incidenceangle.Noting
thatthe dependencef the azimuthmodulationdepthin dB is
oftennearlylinearwith incidenceangle,avery simplemodelis
adoptedfor the dependencef M1 and My on incidenceangle
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TABLE Il
FOURIER SERIES FIT COEFFICIENTS FOR NSCAT DATA AT VARIOUS INCIDENCE ANGLES FOR STUDY AREA 5. IN THISTABLE, Mj = 1/12 + QZ,
@ =tan1Q;/li. ANGLES ARE IN DEG.
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V Pol
Incidence Coeficient
Angle o | I Q1 My o | Iz Q2 M2 @ | Wo
20° -6.6 | 0.605 -0.734 0.951 -50.6|1.375 1.006 1.704 36.2| 111
30 -8.3 | 0.617 -0.841 1.043 -53.7| 0.997 0.795 1.275 38.5| 112
4 -10.3| 0.720 -0.624 0.953 -40.9 | 0.738 0.407 0.843 28.9] 112
50° -11.9| 0.068 -0.351 0.358 -79.1| 0.686 0.263 0.734 21.1| 100
H Pol
20° -7.2 | 1.449 -0.634 1581 -23.6| 0.504 -0.294 0.584 30.3| 112
3 -9.0 | 0.548 -0.786 0.958 -55.1| 0.599 0.636 0.873 46.7| 116
4 -10.8| 0.281 -0.679 0.735 -67.5|0.804 0.099 0.810 7.0 | 97
50° -12.4| -0.755 -0.591 0.959 141.9| 1.545 0.571 1.647 20.0| 93
ie., the ‘F model’. The coeficientsof the variousmodelformula-
tionsarecomparedn Tah 1ll. We notethatwhile the F model
Mi = c1+0di(8—40) 4) s suboptimatomparedo thel modelformulation,asdiscussed
Mz = Co+0dx(0—40). (5) belowit is usefulin evaluatingkey characteristicsf theazimuth

modulation.

Normalizingtheincidenceangleto 40° in Egs. (3)-(5) is done
primarily for corvenience.

TABLE 1lI
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COEFFICIENTS OF THE AZIMUTH MODULATION MODELS FOR V POL
NSCAT DATA IN STUDY AREA 5.
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Coeficient | | Model F Model
a -10.3 -10.1
B -0.198 -0.212
c1 0.713 0.702
di -0.014 —
(0 -46.6 -49.0
C 1.018 0.950
do 0.045 —
@ 35.1 31.3
Wo 107 112

The simple model for 6°(6,@) describedby Egs. (3)-(5)
will betermed’l| model hereafter Least-squaresstimationis
usedto simultaneouslyestimatethe | model parametergrom
the NSCAT V-pol measurementsThe valuesof the | model
parameterg4, B, c1, di, @1, Cz, d2, and @) for studyareab
aretatulatedin Tah Ill. The azimuthanglecorrespondindo
the minimumazimuthmodulationis denotedoy Yo andis also
listedin thistable.

Unfortunately aspreviously notedthe azimuth/incidencan-
gle samplingvaries with location. This can lead to an ill-
conditionedeast-squaresstimatiorproblemin somelocations.
Under suchcircumstancesteasonablestimatesof the model
parametersan often be obtainedby separatelyestimating.4
and B, ignoring the azimuthangledependenceThen, the ¢°
measurementare ‘corrected’ by the estimated4 and3 val-
ues.lgnoring B, theremainingmodelparameterareestimated
by ignoringtheincidenceanglevariationin M; andM; (i.e.,set-
ting d; andd, to zero). This modelformulationwill betermed

v

100 250 30 0 50 300

Azimuth Angle (deg)

100 200

Azimuth Angle (deg)

250 350

Fig.9. Contourplotsof 0°(8, ) computedrom theazimuthmodulatiormodel
parametersstimatedrom V pol NSCAT datafor studyareas)5,b) 9, c) 8,
andd) 11. For thesearead)y is justto theright of the 100° azimuthangle.

To visualizethebehavior of 6°(6, @) atKu-bandV pol, aplot
of the | modelpredictedo®(6,@) is shavn in Fig. 9 for study
areasb, 8, 9, and11. We notea generallysimilar behaior in
all of thestudyregionswith ridge peaksandtroughs.At agiven
incidenceangle,a® exhibits a peakat 5° to 25> anda minimum
(o) at100 to 120°, dependingnthearea.Area5 exhibitsthe
smallestincidenceangledependence.

Overtheoceanaplot of a°(8,@ ) whereq is thedirectionof
theradarillumination exhibits the samegenerabehaior asthe
plotsin Fig. 9. For oceanwind applicationss®(6,®) is wind
speeddependenandis known asthe ‘geophysicaimodelfunc-
tion’ (see,for example,[25]). A similar behaior is obsened
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in radiometedata[40]. Over the oceanthe highestridge peak
in 6°(6, @) correspondso theup-winddirection,theotherpeak
correspondso the down-wind direction,andthe troughscorre-
spondto the cross-winddirection. Sinceon the ice sheetshe
sastrugiarealignedapproximatelyin the wind direction(rather
thanorthogonalik e oceanwaves),troughsin thesurfacerough-
nessare alignedin the up- and down-wind directionsandthe
peaksto the cross-winddirection. For ice, the minimumof the
backscatterversusazimuthdirection generallycorrespondgo
the wind direction,i.e. Yo and@ generallycorrespondwith
somemodificationdueto incidenceangleeffects. Sincethe lo-
cal topographicslopeandkm-scalesnav dunesmodify the lo-
cal incidenceangle,the asymmetnyin the modulatechackscat-
terresultsfrom looking in the upslopeanddownslopedirection.
Thus, it is possibleto unambiguouslynfer the wind direction
from the c® measurements.

We note that over the oceana®(6, @) is independentf lo-
cationif @ is replacedby the relatve azimuthanglebetween
theradarillumination angleandthe wind direction. Giventwo
or more azimuthobsenationsof ¢°, it is then possibleto re-
trieve the nearsurfacewind vector(e.g.,[25]). Unfortunately
theAntarcticsurfacehasvariablecompositionwith spatialvari-
ationsin firn density layering,andothereffects. Thus,c°(6, @)
can be expectedto be differentat differentlocations,making
an ocean-lile wind vector (both speedand direction) retrieval
schemdlifficult. Neverthelessit is possibleto infer the aver
agewind directionatagivenpointonthesurfaceif theazimuth
samplings adequatenoughto correctlyidentify thelocationof
themaximumor minimumvaluein the a® versusazimuthangle
cune.

A careful examinationof the obsered variationin ¢° at a
given incidenceanglefor all the study regions shavs that the
peaksin the azimuth modulationtend to be somevhat more
pealedthanpredictedby the second-ordeFourier series.This
phenomenaasbeenobsened in oceanscatteringwhere the
peaksn themodulationaresomeavhatnarraverthanthetroughs
[17]. While theinclusionof additionaltermsin the Fourier se-
ries canreducetheresidualfit error, they offer only limited in-
sightinto thewind directionestimationproblem.They arealso
lesstenabledueto thelimited azimuthsampling.

D. Azimuth Modulation Observation

In orderto evaluatethe dependencef a® on thewind direc-
tion, a detailedknowledgeof the incidenceanglevariation of
M1 andMz is not required. Instead for wind directionestima-
tion the primary interestis in the location of the up-wind, up-
slopepeakin the azimuthmodulation;knowledgeof the depth
of the modulationis not required. This enablesuse of the F
modelratherthanthefull | model. Giventhe parametersf ei-
thermodel,the angleyg correspondingo the azimuthangleof
theminimumvalueof a° canbecomputedrom M; andM,. We
notethatthe value of Yy estimatedrom the F modelis within
approximatelys degreesof thatcomputedrom thefull | model
(seeTah l1I), andthuswe infer anapproximatedirectionalpre-
cisionof +5 deg in retrieveddirectionof the maximumazimuth
modulationfor NSCAT V pol.

UsingNSCAT data,theazimuthmodulationcanbeevaluated
overvirtually theentireAntarcticcontinent.To aid in this evalu-
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ation,thefollowing algorithmfor evaluatingazimuthvariations
(or, modulation)at eachpixel in the SIR imageryis used. To
computethe modelparameterghe SIRFalgorithmis first used
to compute4 and3 imagesfrom the c® measurement4],
[30]. A polarstereographiprojectionis used(seeFig. 3) with
a nominal pixel resolutionof 4.45km. The effective resolu-
tion is approximately8-10km. Then,for eacha® measurement,
the forward projection[24] is computedrom theimages.The
projectionerroris thedifferencebetweertheforwardprojection
andthemeasurementdeally, theprojectionerroris zerobut az-
imuth modulationandnoiseresultin non-zergprojectionerrors.
Any temporalvariationof the surfacebackscatteresponsever
the datacollectioninterval also contritutesto a non-zerofor-
wardprojection.TheF modelparameterss, ¢y, ¢1, andg; (and
aresiduakonstantermaddedo 4) areestimatedor eachpixel
in theenhancedesolutionmagefrom the projectionerrors.For
eachpixel, theprojectionerrorsof eachof the c® measurements
which coverthe pixel areaccumulatedndusedto estimatethe
modelparameterwia least-squaresTo reducethe noiselevel
in the NSCAT estimatesa 3 x 3 edge-preservingnedianfilter
is appliedto the sineandcosinecomponentmagesprior to es-
timation of the magnitudeand phaseimages. From the values
of ¢1, €2, @1, andqy, Yo is computed. It shouldbe notedthat
NSCAT measuremento notcovertheareadirectly aroundthe
southpoleandhave reducedaccurag in estimatingB nearthe
southernmostoveragdimits. A similar algorithmis appliedto
EscatdatausingSIR-producedmagesthoughthemediarfilter-
ing stepis not applied. However, the limited azimuthsampling
of Escatresultsin lessaccuratanodelparameteestimates.

A metric for evaluationof the accurag of the modelis the
variancg(or, equivalently, the standardleviation) of theresidual
projectionerrorwhenthe azimuthmodulationis disregardedor
alternatvely takeninto account.An NSCAT imageof the stan-
darddeviationof theprojectionerrorfor eachpixel whentheaz-
imuth modulationis nottakeninto accounis shavn in Fig. 10a.
This error resultsfrom usingonly the 2 and B coeficients
andhasa standardieviation which variesfrom 0 to 2.5dB. The
largestvaluestendto occurin EastAntarcticawherestrongaz-
imuthal modulationsoccurasa resultof directionalanisotrogy
in thebackscatterError standardieviationsexceeding? dB are
notedin GeogeV Land, over large partsof WilkesLand, and
in PrincessElizabethLand and Wilhelm 1l Land. The resid-
ual error after taking azimuthmodulationinto accountis the
differencebetweerthe obsenationsandthe forward projection
plus the predictedazimuthmodulation. Figure 10b shows the
standarddeviation of this residualerror, which is significantly
reducedcomparedo the projectionerror. Visible in both the
projectionandresidualstandarddeviation imagesare regional
featuresassociateavith theazimuthmodulation(anddiscussed
below), suggestinghatthe estimatednodelparametersio not
completelyexplaintheazimuthmodulationof thedata.At least
part of the explanationis due to the fact that, as previously
noted,the a° versusazimuthanglemodulationexhibits some-
whatsharpepeaksthanthe simplesecond-ordeFourier series
modelis capableof representing An additionalexplanationis
dueto the non-optimalF modelwhich doesnot includethein-
cidenceangledependencef theazimuthmodulation.However
aspreviously noted,samplinglimitations prohibit computation
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10. NSCAT imagesfrom six days(JD 277-282,1996NSCAT V pol a°

measurementsa) projectionerror standarddeviation image prior to az-

imuth modulationremoval, b) projectionstandardieviationimageafteraz-

imuthmodulationestimationc) magnitudgM;) of theestimatedirst-order
azimuth modulationharmonicterm, d) magnitude(M;) of the estimated
second-ordeazimuthmodulationharmonicterm, e) phaseangle (¢;) of

theestimatedirst-orderazimuthmodulationharmonicterm,f) phaseangle
(¢2) of theestimatedsecond-ordeazimuthmodulationharmonicterm. To

producethisfigure,the4.45km pixel resolutionhasbeenaveragedionvn to

8.9km resolutionto reducetheimagesizeandmatchthe Escatimagepixel

resolution.

Fig.

of thel modelparameterst all locations. We must,therefore,
settlefor anapproximateesult.
Ratherthanusingenhancedesolutionimages,griddeddata
canbesimilarly usedto computethe parametersf thel model
at lower resolutionby accumulatingall the measurementsver
eachgrid elementindusingleastsquareso estimatehel model
parameter$or the grid element.While not shavn here,the di-
rectionresultsareconsistentvith the higherresolutionF model
imagespresentedbelon. Unfortunately the accurag andqual-
ity of theestimated modelparameteralsosuffer from thelim-
ited azimuthandincidenceanglespreadf thec® measurements
in somegrid elementsTheresultingestimatesrrorcanbelarge
dueto thissamplingimitation. Griddedresultsthusexhibit con-
siderablymorenoise,andasaresulthave lower subjectve qual-
ity thanresultspresentedelon. The following resultsinclude
noisefiltering in the SIRF algorithmandreducedsensitvity to
incidenceanglesamplingvia useof theserial,non-optimumes-
timation procedureusedfor the F model. Noting the general
consisteng of thel andF modeldirectionswe usethe F model
approachasatool to evaluatethe azimuthvariationsin the sur
faceresponseAlthoughnon-optimalthisapproacttanbeused
for monitoringseasonaVariationsin theazimuthresponse.
Figure 10 presentdNSCAT-derived F modelimagesof My,
Mz, @1, andg,. Thoughhaving significantlylower effective res-
olution, more limited spatialcoverage,and reducedaccuray,
Escat-denied F modelimagesare presentedn Fig. 11. Fig-
ures10and11, togetherwith the 42 and8B imagesshowvn in
Fig. 3, revealsignificantvariationsin the backscatteassociated
with snav accumulatiorratesand local variationsin topogra-
phy. Examiningthe NSCAT imageswe notethatthe regionsof
smallersurfaceslopesin centralAntarcticaexhibit a very high
valueof 4 but thattoward the coaststhe valuefalls off fairly
rapidly. The higherB valuesin central Antarcticaalsoindi-
cateaflattera® versusncidenceangleresponsesuggestinghat
the scatterings dominatedby subsurécevolumescattering.In

Fig. 11. Escatimagesfrom six days(JD 277-282,1996df c° measurementsi)
projectionstandarddeviation imageprior to azimuthmodulationremoval,
b) projectionstandarddeviation image after azimuthmodulationestima-
tion, ¢) magnitude(M;) of the estimatedfirst-orderazimuthmodulation
harmonicterm, d) magnitude(M;) of the estimatedsecond-ordeazimuth
modulationharmonicterm, e) phaseangle(¢;) of the estimatedirst-order
azimuthmodulationharmonicterm, f) phaseangle(q;) of the estimated
second-ordeazimuthmodulationharmonicterm. The pixel resolutionis
8.9km.

regions dominatedby strongkatabaticwind flow the azimuth
modulationimagesgenerallyexhibit large magnitudesgoupled
with low B values.This indicatesbackscatterings dominated
by surfaceroughnesén theseregions.

TheazimuthangleharmonicmagnitudémagesFig. 10cand
Fig. 10d),shawv significantcoherenspatialvariationsin the az-
imuth modulationof a®. Interestinglyin the NSCAT images,
the crestsof the ice divides, separatingthe major wind and
ice sheetdrainagebasins,display the smalleststandarddevia-
tions both beforeandafter azimuthmodulationremoval. This,
coupledwith the extremelylow magnitudevaluesof the first-
and second-ordeharmonicterms,is evidencefor virtually no
azimuthdependence Similarly, thesecorrespondwith inflec-
tion linesin the 42 and B images,implying dividesin the
accumulatiorpatternsand snav layeringas a consequencef
thetopographically-influencedind regime. Thesecoupledob-
senationsimply lighter winds andlack of directionalityin the
wind direction(in thesdocations)with muchsmootheice sheet
surfaceswith negligible alignedroughnessand moreisotropic
backscatter Suchlocations,for instance,demonstratexcel-
lentcalibrationtargetattributes(providedthey exhibit negligible
seasonabariability).

We note that the secondorder harmonicterm (Fig. 10d)
is generally larger than the first harmonicterm (Fig. 10c),
particularly in the coastalregions of Wilkes Land (90-130E),
PrincessElizabethLand (70-90E), and Terre Adelie (135E).
Thesecoastategionshaverelatively steepslopesandareknown
to have strongeffocusedkatabatiovinds (funneledasthey flow
outward from the interior regions of Antarctica)coupledwith
significantmicrorelief [12], [31]. Theseregions, not surpris-
ingly, shawv thelargestmagnitudemodulationgn bothfirst and
second-ordeterms.We alsonoteregionsof significantsecond-
orderazimuthmodulationin smallareasalongthe Transantarc-
tic mountainsand in westernAntarctica as well asin other
coastakegions.

Theazimuthmodulatiorphasgdirection)imageqFigs.10e,f)
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aremostrevealing. Theinflectionlinespreviously notedin other
imagesareseerto delineatdargespatiallycoherentegionswith
similar azimuthmodulationangle phaseterms. This effect is
moststronglynotedin the secondorderphaseterm, thoughin-
terestingfeaturesappearin the first order phaseterm aswell.
Thesephasdermsappeato correlatewell with thedirectionof
thekatabatiovind flow modeledn previousstudieq26], [27].

E. Comparison with Topographic Sope

Downslopeice-sheesurfacewinds are strongly directedby
the large scaletopography In this sectionwe comparethe
NSCAT-derived scatteringnodelparametersvith Antarcticto-
pography The comparisortopographymapis derivedfrom an
Antarctic digital elevation map (DEM) generatedrom ERS-1
altimeterdataby Bamber[2]. SinceERS-1altimetercoverage
is limited to latitudesnorthof —80°, the TOPO5databasés used
tofill in themissinginformation,with anaccompaying lossof
accurag andresolutionwhereused.

»
@ 360 ~

Fig. 12. a)Magnitudeof local slopederived from the topographymap. The
circle surroundinghe pole and cross-hatchingreartifactsresultingfrom
the topographymap. c) Direction of the local slope(¢s) derived from the
topographymap.b) Escat-dexied mapof i, thedirectionrelatve to north
of the peakazimuthmodulation(F model), from the imagesin Fig. 11,
d) NSCAT-derived map of Yo, the directionrelatve to north of the peak
azimuthmodulation(F model),from theimagesn Fig. 11.

The magnitudeanddirectionof thelocal slopederivedfrom
the DEM is shown in the upperpanelsof Fig. 12. Fromtheto-
pographichigh in east-centraAntarctica,the slopefalls awvay
to the seain a numberof large, well-defineddrainagebasins.
Both large- and medium-scaleoughneswvariationsare appar
entin thelocal slopemagnitudeanddirection.Meanlarge-scale
slopeddentify flatinterior regionsof theice sheesuchasDome
Argus(81S80E)andDomeC (74.5S123E),andthe steeppe-
ripherieswhich endin flat fringesrepresentinghe floating ice
shelhes. Medium-scaldgexturein the slopemaphighlightssur
faceundulationgesultingfrom bedrockiopographybeneattihe
ice sheet.

The minimum azimuthmodulationdirection (Y)p) is derived
from the estimatedr model parametergin Figs. 10 and11)
for eachpixel andis shavn for NSCAT and Escatimagesin
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180°

Fig. 13. Streamlinesof the direction (o) of the peakazimuthmodulation
derivedfrom NSCAT data.
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Fig. 14. Streamlinesof the direction (W) of the peakazimuthmodulation
derivedfrom Escatdata.

Fig. 12. A grayscalewaschoserto emphasizéhe directional-
ity in Yo. Large areasof spatialconsisteng in the peakdirec-
tion areobsenedwith correlationto featuref thetopography
It shouldbe notedthat occasionallythe derived peakmodula-
tion directionis reverseddueto noise,the magnitudeof the up-

wind/dovn-wind ratio, and/orthe limited azimuthsof the mea-
surements. Thus, occasionalpixels with directionalreversals
relative to nearbypixels are obsered. Furthermorewherethe
slopemagnitudas smallor theslopedirectionis highly variable
the surfacewind flow is not well definedanda lack of persis-
tenceis obsenedin thewind directionin suchregions[26]. This

factor presumablypreventsformationof coherentstructuresn

the small-scalesurfaceroughnessand thus permit larger peak
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azimuthmodulationdifferences.

Streamlineplots of the model-estimated)y for NSCAT data
is shawvn in Fig. 13 and, for comparison,for Escatdatain
Fig. 14. Theseplots exhibit a generalconsisteng with the di-
rectionof the surfacewind flow in previous studies.e.g. [27].
For example, in south QueenMaud Land (0-45E 75S) and
TerreAdelie (135E70S),thestreamlinesloselyfollow thepre-
dicted katabaticwind directions. Further previous measure-
mentsmadealongtwo Ellsworth Land (90W 75S)traversesby
[36], suggessastrugalignmentssimilarto thedirectionsshavn
in Fig. 13.

A notabledifferencds obsernedbetweertheNSCAT andEs-
catstreamline®ntheHollick-K enyon Plateauin WestAntarc-
tica90W80S)wheretheNSCAT streamlinesurnclockwiseand
the Escatstreamlinegontinuenorth. In thisregion, the NSCAT
datashavsreducedaizimuthmodulation primarily atlowerinci-
denceanglesandthe minimumis notaswell definedasin other
areas. However, the NSCAT dataappearto resolhe directions
whichfollow theperimeteiof theplateauto turndownwardonto
theRossice shelf. TheEscatdatasuggestsismallsecond-order
modulation;however, the azimuthsamplingis limited andthe
resultingF modelfit poorly locatesthe minimum, causingthe
flowlinesto follow the downslopedirection,ratherthanturning
to theleft of thefall line.

V. DISCUSSION

Antarctic anisotropicreturnssuggestat leasttwo possible
mechanismdor azimuth modulation. The first is dueto the
changen local incidenceangleat differentazimuthanglesbe-
causeof the slopeof large dunesor undulationscoupledwith
large-scalesurfacetopographyThisis postulatedo causeafirst
ordermodulation. It is possible however, that the microrelief
suchassastrugion the surfaceof the larger dunes(but aligned
in thewind directionratherthanorthogonato thewind) account
for second-ordeharmonicsIf thisis the casetheresultingre-
turnedsignalwould be a combinationof first andsecondorder
harmonicscausediy the sastrugibeingseenat differentlocal
incidenceanglesonthesurfaceof thelocaltopographyandkm-
scalesnaov dunes.We conjecturehatthe magnitudeof the first
harmonicmodulationshouldbe greatestn regionswherethe
km-scaleandlarge-scalg¢opographycoupleto causehelargest
effect on thelocal incidenceangle. This appeargo bethe case
in Fig. 10ein regionsof relatively constantp;.

While snaov andfirn scatteringnodelsarewell-advancedthe
presencef sastrughasnot beenmodeled.Furthermoregmis-
sionmodelsincorporatingsastrugsurfaceroughnessreneeded
to accounffor the significantmodulationgo brightnesgemper
aturesobsenredin thecoastaregionsof EastAntarctica.lt may
bepossibleo adaptdeasfrom thetwo-scalemodelingof ocean
waves. Scatteringnodelsarewell-known for oceanwavesand
recentlyYueh[42] hasdevelopeda two-scaleemissionmodel.
It may be possibleto modelsastrugiin a similar way. Using
suchmodels,microwave datacanbe usedto infer geophysical
parametersf thesurface(se€23]). Furthertheaccuray of the
wind directionestimategouldbeimproved.

While it is possibleto drav a numberof importantconclu-
sions,therearea numberof limitations of this study The pri-
mary limitation, one alreadynoted,is the limited rangeof az-
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imuth angleobsenationsfrom the sensors.This is a particular
problemfor passie SSM/I data. As noted,the discretenature
of theazimuthsamplingfor bothNSCAT andEscatarisesfrom
the fact that the multiple antennasat variousazimuthangles,
areusedto make measurementgrrorsin the calibrationof the
individual antennagould introduceand/ormodify an apparent
azimuthmodulationof a®. Although somepotentialproblems
with attitudecontrolhave beennoted,NSCAT calibrationis re-
portedto be within a few tenthsof a dB, including interbeam
variationg39]. Escatcalibrationis similarly accuratg22].

We notethatthe scatterometeis not regardedby the authors
asareplacementio anemometersnice sheetsPreviousauthors
[31], [32] reportqualitatve relationshipbetweertheamplitude
of the azimuthmodulationandthe reportedstrengthof the sur
facewinds,althoughthe precisephysicalreasoninds uncertain.
Similar qualitative relationshipamight be inferred betweenthe
fitted valueof M, andthewind speedn Fig. 10d. Meansurface
wind speedsareknown to rangefrom ~ 2 m/sto over 20 m/s
dependingpn terrainslope,with the latter upperlimit common
in locationssuchas CapeDenison(67S 143E),andthe Terra
Nova Bay (75S 164E) area,where corverging alignmentsare
indicatedakinto the convergentmodeledkatabatidlow stream-
linesin theseregions. Although surfaceanisotroly connected
with the surfacewind directionis obsened, it is presentlydif-
ficult to do morethanqualitatvely sensehe magnitudeof the
wind velocity.

VI. CONCLUSION

For sometime, usersof radarandradiometeidatahave made
assumptionsegardingthetransparengor relatively hightrans-
missiity of dry snav surfacesat microwave frequenciesCon-
sequentlyair-snav interfaceroughnessiasbeenconsideredo
impart only a limited regional impacton the obsered signa-
tures. Many electromagnetienodelsindicatesnav roughness
asplayingonly a minor role in driving variability in the signa-
tures,andsomeneglectinterfaceroughnes$y assuminglanar
layerswithout arny beddingstructure. In this paper we have
revealedin greaterdetail the impact which anisotropicscat-
tering and aligned roughnesslementsmay have on satellite
microwave obsenations. TheseAntarctic obsenationsclearly
demonstratéhat modelsof azimuthalvariationsin microwvave
datashould accountfor first- and second-ordeeffects mani-
festedasazimuthaldependenciem SSM/I, Escat,SASS,and
NSCAT data.Furtherstudiesarerequiredto addresshe precise
mechanismsvhich drive the obsened signatures.While it is
clearthatthewind causesoughnes thebeddingstructureand
annuallayeringof accumulate@ndwind-redistritutedsnaw, it
is not clear why alignmentsoughtto be coherentwith depth,
though coherentinternal reflectionsmay play a role. Instru-
mentsrecordingmicrowave backscatteat differentfrequencies
shouldbeexploited, thereforeto discriminatebetweerphysical
propertiesof the snav andfirn at varyingdepthsandto address
openquestiongegardingthe links betweerthe firn layer char
acteristicswind-inducedbeddingstructuresandthe thermody-
namic processedinking thesephysicalattributesto the atmo-
sphericconditionson theice sheet.

Problemsaxist in fitting simple,single-termmodelsto obser
vationsmadeby eachof theinstrumentglueto thelimited num-
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berof measurementsiadeat discreteazimuthanglesn agiven
region of interest. The outcomeis that the slope-dependerc
of azimuthalmodulationds not clearly expressedn ary of the

previous resultsdocumentingefforts to fit simplesecond-order 2]

modelsto the obsenations[28], [14]. Our resultsindicate,in
particular thatthelocal-incidenceinglehasa clearimpactupon
themagnitudeof the azimuthalmodulation.Regionswith large
slopesand strong expressionof meterscaleroughnesgener
atethelargestazimuthalmodulationin the data. Theimportant
additionaleffect, however, is the lack of symmetryin the az-
imuthal modulations which indicatesa further effect in areas
wherekm-scaleundulationdilt the surfaceaway from themean
slopedirectionindicatedby currentdigital terrainmodels.This
study effectively demonstratethatbothof thesemportantfirst-
andsecond-ordeazimuthaltermsmustbe correctlytaken into
accountif theresultsareto characteriz¢heinterdependencbe-
tweenslopeandsmall-scaleoughnessliriving the obsenedaz-
imuth modulations Futureintercomparisonsith RADARSAT
SAR data(acquiredduringthe AntarcticMappingMission)will
helpin understandinthemorphologicstructuresnfluencingthe
scatterometedata.

NSCAT has proved its unique capability for extractingin-
formationon polarice characteristicandit is clearthat scat-
terometryhasan extremelyimportantrole to play in the study
of the cryospherd20]. In particular the combinationof scat-
terometrywith SSM/I providesa complementarylatasetwith
comparablaesolutionand contrastingimagecontent. The re-
centlaunchof SeaWihds on QuikScat(in May 1999) andthe
plannedaunchof SeaWhdson ADEOS-II (in 2000)will extend
the existing Ku-banddataset obtainedby SASSand NSCAT
and strengthenour capabilitiesfor characterizingoolar snov
andice-sheetsurfacecharacteristics.With the launchof Sea-
Winds, Ku-bandscatterometetlataof unprecedentedoverage
and quality is being madeavailable. Unlike NSCAT and Es-
cat, SeaWhds is a conically-scanningencil beamscatterom-
eter which makes measurementat two incidenceangles(42°
and54°) over a 1600km-wide swath, andwith a muchhigher
spatialmeasuremerndensitythanNSCAT. As aresult,it will be
possibleto produceimagesof even higherresolution,with im-
provedazimuthaldiversityresultingfrom theconicalscan.Sea-
Winds measurementsherefore hold the promiseof long-term
obsenationsof the azimuthmodulationof Ku-bandbackscatter
to supportstudiesof the long-termvariability in surfacewind
patternsn responséo globalchange.
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