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Abstract

Duetotheocean’simportanceinhumanlives,researchershavebeenstudyingthe

oceananddevelopingsystemstoestimateitsstatesincethe19thcentury.Duringthe

lastthreedecades,remotesensingoftheoceansurfaceusingX-bandmarineradars

hasemergedasareliabletooltoestimateoceanwavespectraandseastateparameters

suchasmeanwaveperiodanddirectionandsignificantwaveheight.

Thepurposeofthisthesisistodevelopmethodsthatproduceaccurateandreliable

estimatesofoceanwavespectrausingX-bandmarineradardata.Theapproachtaken

inthisthesisistodeterminethesourcesofoceanwavespectraestimationerrorin

existingmethodsandthentodevelopnewmethodsthatminimizethoseerrors.Inthis

thesis,foursourcesoferrorareaddressed:thedependencyofspectraestimationon

theorientationoftheanalysiswindows;theeffectoftheradarsamplingprocess;the

effectofthescanconversionprocess;andtheaccuracyofsurfacecurrentestimation.

TheazimuthallocationoftheX-bandradardataanalysiswindowaffectstheesti-

mationofoceanwavespectra.Ithasbeenreportedintheliterature,andsupported

byourresults,thatusingtheup-wavedirectionsforanalysiswindowsproduceshigher

signaltonoiseratiosandhencemoreaccurateoceanwavespectraestimates.Inor-

dertominimizeerrorduetodependencyontheorientationoftheanalysiswindows,

anewmethodreferredtoastheAdaptiveRecursivePositioning Method(ARPM)

isproposed. TheARPMisarecursiveapproachthatdynamicallydeterminesthe

optimalnumberofanalysiswindowsandtheircorrespondingorientationtowardthe

up-wavedirections.

Second,inthisthesis,ithasbeendemonstratedthatthesamplingprocessof

theoceansurfacebyX-bandmarineradarduringdatacollectionsignificantlyaffects

theestimationofoceanwavespectrafromX-bandmarineradardata.Therefore,a

methodreferredtoastheInverseSamplingAveragingFilter(ISAF)isproposedto

mitigatetheeffectoftheradarsamplingprocessoftheoceansurfaceontheocean
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wavespectraestimationusingX-bandmarineradars.ISAFwasdesignedbasedona

novelunderstandingoftheradarsamplingprocesstoinvolveanaveragingprocessor

lowpassfilteringoftheoceanwavespectra.

Third,inthisthesis,amethodreferredtoasthePolarFourierTransform(PFT)is

proposedtoeliminatethedistortionpresentedbythescanconversionprocesstothe

estimatedwavespectra.UnliketheexistingmethodswhichusetheCartesianFourier

Transform(CFT)toacquiretheoceanwavespectra,thePFTmethodisdesignedto

applyaFourier-typetransformationontheradardatainitsnativeformat,whichis

sampledinthepolarcoordinates,withouttheneedfortheintermediatestageofscan

conversionusedtomapthedataintoCartesiancoordinates.

Theperformanceoftheproposedmethods,theARPM,ISAFandPFT,areindi-

viduallyvalidatedbycomparingtheiroceanwavespectraestimatestothoseacquired

usingtheexistingmethodswithrespecttogroundtruthwavespectraacquiredusing

awaveriderbuoy.Furthermore,theproposedmethodswerealsocombinedtogether

toseekfurtherenhancement.Thewavespectraestimationresultsfromdifferentcom-

binationsoftheproposedmethodswerevalidatedincomparisontothegroundtruth

data.

Finally,anewmethodtoestimatesurfacecurrentusingX-bandmarineradaris

proposed. ThismethodisreferredtoastheHybridLeastSquares(HLS)method.

TheHLScombinestwoexistingapproaches:theIterativeLeastSquares(ILS)method

andtheNormalizedScalarProduct(NSP).TheHLSisdesignedtoinherittheshort

computationaltimeofILSandthehighreliabilityofNSP.Tovalidateitsaccuracyand

reliability,theproposedHLSmethodwasappliedonanumberofsimulatedX-band

marineradarimagesetsandtheresultswerecomparedtotheestimatesacquired

usingtheILSandtheNSP.
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Chapter1

Introduction

1.1 Theimportanceoftheocean

Aninterconnectedvolumeofsaltwatercoversroughly71%oftheplanetsurfaceand

representsoneofthemostvaluablenaturalresourcesonEarth[2]. Throughout

history,theoceanhasdirectlyorindirectlyinfluencedhumanlivesinmanyways.The

oceanprovidesconvenienttravelandshippingroutes,bywhichmostgoodstraded

betweencountriesarecarried.Theoceanisalsoamajorsourceoffood.Accordingto

theFoodandAgriculturalOrganization(FAO)oftheUnitedNations,16.7%ofthe

totalhumanconsumptionofanimalproteinin2010wascontributedbyseafood[3].In

Canada,whichhasawideaccesstotheAtlanticandPacificOceansaswellasArctic

waterwithextendedcoastlines,fisheriessignificantlycontributetotheeconomyof

thecountry. Fortheyear2015,Canada’sstatisticsshowthatthetotalnumberof

personsemployedinthefisherieswas76044,whilethetotalvaluesofseafoodimports

andexportswere$3438791and$5958905,respectively[4]. Crudeoilandnatural

gas,whichareamongthemostimportantenergysourcesintheworld,maybefound

undertheseabed.InNewfoundlandandLabradoralone,threemajoroffshoreoil

drillingprojectsexist:Hibernia,operatedbyHiberniaManagementandDevelopment
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CompanyLtd,TerraNova,operatedbySuncorEnergy,and WhiteRose,operated

byHuskyEnergy[5]. TheGovernmentofNewfoundlandandLabradorestimates

thepotentialNewfoundlandandLabradoroffshorereserveofcrudeoilandnatural

gastobemorethan6billionbarrelsand60trillioncubicfeet,respectively[5].The

oceanisalsoasignificantsourceofothermineralssuchassalt,copper,nickel,iron

andcobalt.Furthermore,theoceanplaysakeyroleinregulatingtheclimateand

removingcarbondioxidefromtheair.

1.2 Motivation

Theoceanhasbeenstudiedintensivelybyoceanographersandengineersinorderto

betterexploititsresources.Aknowledgeoftheoceansurfacewavesystemisessential

forawiderangeofapplications.Forinstance,incoastalengineering,oceanwavesare

themainforcepressuringbreakwatersandcanseverelydamagethem.Therefore,a

knowledgeoftheoceanwavesystemiscrucialtothedesignofbreakwaters.Similarly,

inoffshoreengineering,oceanwavesgenerateforcesonthepilesonoffshorestructures.

Intheapplicationofshipresponsetowaves,aknowledgeofthewavesystemisused

toprovidemorestabilitytotheshipmotion[6].Representingtheoceanwavesystem

usingadescriptiveanalyticalmodelhasreceivedagreatdealofattentionfromre-

searchersduetothebenefitsinunderstandingtheoceanwavesystemandpredicting

itsbehaviorandcorrelationwithclimateconditions.Thefrequencywavespectrum

andthedirectionalwavespectrumareperhapsthemostcommonmodelsofdescrib-

ingoceansurfacewaves.Infact,theaforementionedapplicationsofbreakwatersand

offshorestructuresandtheresponseofshipsuseparametersthataredirectlycalcu-

latedfromthedirectionalwavespectrum.Theconceptofusingoceanwavespectra

todescribecomplexoceansurfaceelevationstartedabout60yearsago[7,8].Several

oceanwavespectralestimationmethodsworkingondifferentprincipleshavebeen
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developedbasedonthetechnologiesofdirectionalwaveriderbuoys,HighFrequency

(HF)radars,marineradars,andSyntheticApertureRadars(SARs)[9].Becauseof

itsmobility,reliabilityandcostefficiency,theX-bandmarineradar-basedmethodof

wavespectraestimationhasgainedgreatattentionfromoceanographers.Nowadays,

almosteverywatercraftofasignificantsizeisequippedwithX-bandmarineradar

technologywhichwasinitiallyimplementedfortargetdetectionandnavigationpur-

poses. ThepopularityofX-bandmarineradarsmakesthemmoreaccessibletobe

usedforwavespectraestimation.

Inordertobetterunderstandtheoceanandexploititsresources,researchersand

oceanographershavebeencontinuouslyexploringthetechnologyofusingX-band

marineradarinoceanwavespectralestimationmethodbyincreasingitsaccuracy

andreliability.IntheX-bandmarineradar-basedmethod,animagespectrumis

acquiredbyapplyingtheCartesianFourierTransform(CFT)ontheoceansurface

imagesgeneratedbyradars. Subsequently,adirectionaloceanwavespectrumis

estimatedfromtheimagespectrumbyexcludingthenon-wavespectralcomponents

andapplyinga ModulationTransferFunction(MTF)tomitigatetheeffectofthe

radarimagingprocess[10,11].

TheeffectofX-bandmarineradarimagingoftheoceansurfaceontheestimated

oceanwavespectraisoneoftheactiveresearchareasforthetechnology.Thisisdue

tothecomplexityoftheradarimagingprocessinwhichseveralphenomenacontribute

totheradarimagesoftheoceansurface.Thesephenomenaincludeshadowing,tilt

modulation,andthedependencyofreturnedradarscatterontherange,windspeed

andwavepropagationdirection[9].Thenon-linearcontributionofthesephenomena

makestheireffectontheestimatedoceanwavespectraoneoftheill-definedproblems

amongX-bandradar-basedmethodsforoceanwavespectralestimation.Inthisthesis,

severalaspectsoftheX-bandmarineradarimagingprocessandradar-basedspectral
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estimationmethodsarestudiedinordertoimprovetheperformanceoftheCFT

method.

1.3 ProblemDefinition

Thepurposeofthisthesisistodevelopaccurateandreliablewavespectraestimation

methodsusingX-bandmarineradar.Ourapproachistoidentifythesourcesoferror

inthecommonCartesianFourierTransform(CFT)methodanddesignnewmethods

tomitigatethosevarioussourcesoferror.Severalsourcesoferrorthathavebeen

addressedinthisthesisincludethefollowing:

1.Thedependencyontheanalysiswindowsorientation

OneofthesourcesoferrorinestimatingtheoceanwavespectrausingX-band

radardataviatheCFTmethodisthedependencyofthereturnedradarsignal

strengthontheazimuthdirection.Inthepast,thisproblemhasbeenaddressed

byaveragingthewavespectraoverseveralanalysiswindowsthatarespatially

uniformlydistributed.ExceptforonestudybyLundetal.[12],thisproblem

hasnotbeensufficientlydiscussedintheliterature.In[12],theeffectofthe

analysiswindowlocation(rangeandorientation)isstudiedinthecontextof

SignaltoNoiseRatio(SNR).Itisfurtherproposedin[12]tochoosethe

orientationoftheanalysiswindowintheup-wavedirectionformaximumSNR

whichprovides,byextension,betterwavespectrumestimation.

2.Radarsamplingoftheoceansurface

Intheliterature,thegenerationofB-scansamplesbyX-bandmarineradarshas

beenviewedasastandardsamplingoftheoceansurfaceinwhichthereturned

scatterisrecordedatthecentreofasample’spatcharea.Lookingcarefullyat

thesamplingprocess,itcanbeseenthatthisunderstandingoftheoceansurface
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samplingisnotcompletelyaccuratesincethereturnedscatteriscollectedover

theentiresamplearea,asdeterminedbytheradarsettingparametersincluding

pulselengthandbeamwidth,andnotonlythecentreofthearea.Thisproblem

hasnotbeenpreviouslyaddressed.Understandingtheeffectoftheoceansurface

samplingprocessontheestimatedoceanwavespectramighthelpindeveloping

analgorithmtomitigatethateffect.

3.Thescanconversionprocess

PolarcoordinatesarenaturallyimposedontheX-bandmarineradaroutput

dataincorrespondencewiththemannerofsamplecollection.B-scansamples

arearrangedonapolargridwithrangeandazimuthresolutionsthatareset

bytheradarparameters.Inordertoestimateoceanwavespectrausingthe

CFTmethod,thedatamustbere-sampledonaCartesiangrid[13]througha

processthatisreferredtoas‘scanconversion’.Thisprocesscanbevisualizedas

arecoveryoftheoriginalcontinuousimageofoceansurfaceelevationfollowed

byasamplingonanewCartesiangrid.Twodifficultiesareencounteredwith

thisprocess.First,theoriginalsamplingonapolargridisnon-uniforminterms

ofthenumberofsamplesperunitarea.Second,inordertocompletelyrecover

theoriginalcontinuousimagefromtheradarimage,anideallowpassfilteris

required.Sinceideallowpassfilterscanonlyberealizedbyanapproximation,

adistortionintherecoveredoceanwavespectrawillresult[13–15].

4.Accuracyandreliabilityofthesurfacecurrentestimation

Thesurfacecurrentinformationisoneoftheimportantseastateparameters

thatcanbeestimatedusingtheCFTmethod. Variousapplicationsinclud-

ingshipnavigationandoilspillcontrolrequiresurfacecurrentinformation.

Furthermore,theCFTmethoditselfdependsonestimatingthevelocityofen-

counter,whichincludestheoceansurfacecurrentandtheobserver’sveloc-
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ity,inexcludingthenon-wavecomponentsfromtheoceanwavespectra.Two

approachesthataremostcommonlyusedtoestimatesurfacecurrentvectors

presentlyappearintheliterature:theIterativeLeastSquares(ILS)method

andtheNormalizedScalarProduct(NSP)method.Thelatterprovidesaccu-

rateandreliableestimatesatbothlowandhighvaluesofvelocityofencounter.

However,theNSPiscomputationallyexpensivewhichmaylimititsimplemen-

tationforreal-timeanalysis. Ontheotherhand,theILSmethodprovides

accurateandreliableestimatesatlowvaluesofvelocityofencounterbutitbe-

comeslessrobustathighervaluesofvelocityofencounter.Thisisduetothe

highaliasingeffectathighvaluesofvelocityofencounterwhichmakesithard

forthealgorithmtoestimateagoodinitialvaluetostarttherecursiveprocess.

1.4 ApproachtotheSolutionandOutlineofThe-

sis

InChapter2,therelevantbackground,physics,andliteraturearereviewed.Chapter

2presentsanoverviewoftheoceanwavespectraldescriptivemodel,methodsofocean

wavespectralestimation,andareviewoftheCFTmethodofoceanwavespectral

estimationusingX-bandmarineradar. Also,thefielddatausedtovalidatethe

subsequentlyproposedmethodsaredescribedinChapter2.Inordertoachievemore

accurateandreliableestimatesoftheoceanwavespectra,thefollowingestimation

algorithmsareproposedtomitigatethesourcesoferrorintheCFTmethodthatare

addressedinSection1.3:

1.TheAdaptiveRecursivePositioning Method(ARPM)

Sincethesignal-to-noiseratioishighestintheup-wavedirection[12],lesserror

canbeexpectedintheestimationofwavespectrawhentheanalysiswindowis

6



chosenintheup-wavedirection.Twodifficultiesexistwiththisapproach.First,

thewavesystemmaycontainmultiplepeaksfromwindwavesandswell.Second,

thedirectionalwavespectrumisgenerallynotknownapriori.Therefore,the

ARPMisproposedtoselectthenumberanddirectionofanalysiswindows

recursively.

InChapter3,thedependancyofwavespectraestimationinthepresenceof

bothtypesofwavesasmanifestedbywavespectracomponents(windwavesand

swell)isinvistigatedfurther. Also,theARPMandperformanceanalysisare

presented.TheestimatesofoceanwavespectrausingtheARPMwerevalidated

againstthestandardmethodusingradarfielddata. Theresultsfromboth

methodswerevalidatedagainstgroundtruthdataacquiredusingaTRIAXYS

waveriderbuoyareused.Thisworkwasalsopresentedin[16].

2.TheInverseSamplingAveragingFilter(ISAF)

Ananalyticalmodelthatdescribestheoceansurfacesamplingprocessispre-

sentedinChapter4.Furthermore,aModulationTransferFunctionreferredto

astheInverseSamplingAveragingFilter(ISAF)isproposedtomitigatethe

effectsoftheradarsamplingprocessbasedonthepresentedanalyticalmodel.

TheperformanceoftheISAFwasalsovalidatedincomparisonwiththestan-

dardmethodandgroundtruthdataacquiredusingaTRIAXYSwaverider

buoy.

3.ThePolarFourierTransform(PFT)

Inordertoeliminatetheerrorthatresultsfromscanconversion,weproposeto

implementthePolarFourierTransform(PFT)[17]onB-scanimagesdirectly.

Thismakesthescan-conversionprocessunnecessary.InChapter5,afullde-

scriptionofthePFTinthreedimensionsispresented.Theperformanceofthe

PFTwasalsovalidatedincomparisonwiththeCFTmethodandgroundtruth
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dataacquiredusingaTRIAXYSwaveriderbuoy.Introductoryworkonthis

methodwaspresentedin[14,15].

AperformancecomparisonoftheCFT,PFT,ARPM,andISAFmethodsis

presentedinChapter6. Aninvestigationoftheapplicabilityofcombining

thesemethodsandanevaluationoftheresultingenhancement/deteriorationin

theperformanceofestimatingoceanwavespectraandseastateparametersis

alsoundertaken.

4.TheHybridLeastSquares(HLS) method

InChapter7ofthisthesis,areviewtheILSandNSPispresented.Also,aHy-

bridmethodofthetwo,referredtoastheHybridLeastSquares(HLS)method,

isproposedtoestimatesurfacecurrentwithhighaccuracyandreliabilityat

highvaluesofsurfacecurrentspeedandwithalowcomputationalprice.This

workwasalsopresentedin[18].

Chapter8concludesthethesisandsummarizesitsfindings.Suggestionsforfuture

workarealsoprovidedinChapter8.
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Chapter2

Background

2.1 Theoceandescriptivemodelandwavespectra

Inthesimplestdescriptionofoceanwaves,whicharewidelyacceptedtobesinusoidal

[6],waterparticlesmoveinaverticalcircularmotion.Theverticaldisplacementina

waterparticlelocationduetoacertainoceanwave(i)attheoceansurfacefromthe

particle’srestpositionisgivenby

ζi(x,y,t)=Aicos(kxix+kyiy−ωit+ψi) (2.1)

whereAiisthewaveamplitude,kxiandkyiarethewavevectorcomponentsinthex

andydirections,respectively,ωiistheangularfrequencyandψiisarandomphase.

Equation2.1isoneofasetofequationsreferredtoastheAirywaveequations[6],

derivedbySirG.B.Airyin1845.Itiswidelyunderstoodbyoceanographersthatthe

oceancontainsawiderangeofwavesthatdifferinwavelength,henceinperiod,and

direction.Also,theoceanwavesystemisconsideredtobelinearsuchthattheocean

surfaceelevationζduetoalloceanwavesisgivenby

ζ(x,y,t)=
i

ζi(x,y,t)=
i

Aicos(kxix+kyiy−ωit+ψi). (2.2)
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Figure2.1isanillustrationoftheprincipleoflinearsuperpositionofoceanwaves.

Consideringζ0,ζ1...ζ∞ tobestatisticallyindependentrandomvariableswiththe

samedistribution,regardlessofthedistributiontype,thecentrallimittheoremstates

thatζhasaGaussiandistribution[19].Theprobabilitythatarandomwaterparticle

attheoceansurfacehasanelevationofζisgiventhusby

p(ζ)=
1

σn
√
2π
e−ζ

2/2σ2n, (2.3)

whereσnisthestandarddeviationandthemeanisassumedtobe0.Bytakingthe

originx=y=0inEquation2.1,withoutlossofgenerality,theaverageenergyper

unitareaoftheoceansurface,Et,isgivenby

Et=
i

ζ2i=
i

0.5A2i=
i

Ei, (2.4)

whereEiistheenergycontentoftheoceanwave(i).Equation2.4showsthatthe

totalwaveenergyisthelinearsuperpositionoftheenergycontentofindividualwaves.

ThefrequencywavespectrumE(f),wheref=ω/2πistheoceanwavefrequencyin

Hertz(Hz),isausefulrepresentationofthecontributionofindividualoceanwavesto

thetotalwaveenergy.E(f)isalsoreferredtointheliteratureas‘theomnidirectional

spectraldensityfunction’or‘non-directionalwavespectrum’.Itmustbenotedthat

fisacontinuousvariable.Thisfollowssince,inpractice,oceanwavesmightoccur

atanyfrequency.TherelationshipbetweenEtandE(f)isgivenby

Et= E(f)df. (2.5)

Seastateparameters,suchaspeakandmeanwaveperiod,maybeestimatedusing

E(f),whichdescribestheoceansystemenergydistributionintermsofoceanwave

frequency,i.e.waveperiods.
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ThewavespectrumE(f)doesnotincludeanydirectionalinformationaboutthe

oceanwavesalthoughdifferentoceanwaveswiththesamefrequencymighthave

differentdirections.Therefore,oceanwavescannotbedistinguishedusingoceanwave

frequencyalone.Inordertoincludethedirectionalinformationaboutoceanwavesin

theoceanwavesystemrepresentation,amoredetailedwavespectralrepresentation

referredtoasthedirectionalwavespectrumE(f,θ)isused.E(f,θ)describesthe

oceanwavesystemenergyintermsofwavefrequencyaswellasthedirectionθof

oceanwaves.

Figure2.2showsexamplesofbothspectra;E(f)andE(f,θ). Thefrequency

wavespectrumshowninFigure2.2ahasapeakatf=0.085Hz.Thismeansthat

theoceanwaveswithaperiodof1/0.085=11.7shadthebiggestshareofthe

energycontentoftheoceansystematthetimewhenthedatawasrecorded.Thesea

state,whichisanindexmeasureofthecalmness/roughnessoftheoceansystem,is

proportionaltothetotalenergystoredintheoceansystemor,equivalently,thearea

underthefrequencywavespectrumcurve. Againhere,nodirectionalinformation

canberetrievedfromFigure2.2aaboutanyoftheoceanwavesinthesystem.Now,

lookingatthedirectionalwavespectrumshowninFigure2.2b,itcanbeseenthatthe

peakwaveisactuallylocatedatazimuthdirectionof75◦clockwisefromtruenorth.

Generally,theoceanwavesystemisacombinationofdifferenttypesofwaves

includingwindwaves,swell,tidewaves,andpossiblytsunamiwaves. However,the

frequencyanddirectionalwavespectraarebestusedtorepresentwindwavesand

swell[9]. Windwavesandswellofinterestarewithintherangeof50-150metres.

Thewindwavesaregeneratedwhenlocalwindsblowontheoceansurfacefora

sufficientperiodoftime,whileaswellisbasicallywindwavesthatweregenerated

somewhereelseandhavetraveledtotheobservationarea. Themainfactorsthat

proportionallycontributetotheenergystoredinawindwavearethewindspeed,
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thewinddurationandthefetch.Thefetchistheoceansurfaceareabeingaffected

bythewind. Whiletravelingawayfromthefetchareawherethewavesarenolonger

affectedbythewind,swellswithhigherenergy,whicharetypicallylongerwaves,

movefasterandeventuallyovertakethosewithlessenergy. Duetothisfact,swell

peakstendtoappearnarrowerthanwindwavepeaksinwavespectramostofthe

time.Howeverthisisnotalwaystrueanditreallydependsontheoceansystemat

themoment. Therefore,itcanbeachallengetodiscriminatebetweenwindwaves

andswellinwavespectra. Thecommercialsystem WAMOSIIusesanadjustable

variableperiodlimit,withadefaultvalueof9s,todecidewhetherawavesystemis

windseaorswell. Awavesystemwithmeanperiodlargerthanthepre-setperiod

limitvariableisidentifiedasswellsystem.Otherwise,thewavesystemisidentifiedas

windsea.Forexample,thewavesystemthatappearsinthefrequencywavespectrum

showninFigure2.2amayberegardedasswellsincethecalculatedmeanwaveperiod

ofthesystemis10.5s.

2.2 Methodsofoceanwavespectraestimationus-

ingX-band marineradar

Thedirectionalwaveriderbuoymethodisthemostcommonandreliablemethodof

oceanwavespectralestimation[20].Infact,oceanwavespectraestimatesgenerated

usingthewaveriderbuoymethodareoftenusedasgroundtruthtovalidateestimates

thataregeneratedusingothermethods.X-bandmarineradarsmayalsobeusedto

estimateoceanwavespectra.TheX-bandmarineradarmethodmayprovidebetter

mobilityandflexibilityincollectingdatacomparedtowaveriderbuoys. Thisis

mainlybecauseX-bandradarscancollectdatafromawiderangeareaoftheocean

surface,usuallyuptorangeof5km,comparedtoonlyonepointusingwaverider
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Figure2.1:Structureofarandomoceansurface.
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(a)

(b)

Figure2.2: Anexampleofoceanwavespectra(a)Frequencywavespectrum.(b)
Directionalwavespectrum.SpectrawereestimatedusingaTRIAXYSwaverider
buoy.DatawasrecordedbyDefenceResearchandDevelopmentCanada(DRDC)on
Nov27,2008between12:30PMand1:00PMnearHalifax,Canada.
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buoys.Therefore,itisfareasiertochangetheanalysislocationwhenusingX-band

marineradarcomparedtowaveriderbuoys.Abuoyneedstobephysicallyrelocated

inordertochangetheanalysislocation,whileonlychangingtheanalysiswindow

locationwithintheradarrangemaybesufficientinthecaseoftheX-bandmarine

radarmethod.Also,inthecasewheretheX-bandmarineradarneedstoberelocated,

itisofteneasiertomoveX-bandmarineradarsfromonepointtoanothercompared

tobuoys. Moreover,duetothehigherspatialresolutionofX-bandmarineradar

images,spectralestimatesgeneratedusingX-bandmarineradarsareexpectedtobe

lessdependentontheexaminationlocation. However,itshouldbenotedthatthe

methodofoceanwavespectralestimationusingX-bandmarineradarmaynotbeable

tooperateindependentlytoestimatesignificantwaveheights[21,22].Thiscanbe

relatedtothefacttheradarimagesdonotrepresenttheactualoceansurfaceelevation

valuesbutrelativevaluesofitonagrayscale.Subsequently,theestimatesofocean

wavespectrageneratedusingtheX-bandmarineradarrepresentrelative(notactual)

energylevelofoceanwaves. Therefore,oceanwavespectralestimatesareusually

calibratedusingwaveriderbuoydatainordertoproducecorrectsignificantwave

heightestimates.

WhenelectromagneticradiationfromanX-bandmarineradarisincidentonthe

oceansurfacewithangleslessthan70◦,itscattersbackinafashionthatisbest

describedbyBraggscattering[23].Inthistypeofscattering,thereturnedelectro-

magneticpowerisproportionaltotheenergyoftheoceanwavethatsatisfiesthe

Braggcondition[23]

λw=
λe

2cos(φ)
,

whereλwandλearethewavelengthsoftheoceanwaveandelectromagneticradiation,

respectively,andφistheanglebetweentheincidentelectromagneticradiationand

themeanoceansurfaceasshowninFigure2.3.SinceX-bandmarineradarsoperatein
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Figure2.3:AnillustrationofBraggscattering.

thefrequencyrangeof8-12GHz(λe=2.5−3.75cm)[24],theoceanwavesthatsatisfy

theBraggconditionhavewavelengthsofλw=1.25−3cm.Suchcentimetre-scale

oceanwaves/ripplesaremainlygeneratedbythefrictionalforcesbetweentheocean

surfaceandlocalwindswithaminimumspeedof3m/s[25].Figure2.4,whichis

takenfrom[1],showsthedependencyofthenormalizedradarcrosssectionarea,

whichisarepresentationofthereturnedscatterintensity,onthewindspeed.It

shouldbenotedthatthedatausedinFigure2.4wasacquiredusinga15GHzradar.

However,theresultsarestillvalidforX-bandradarssinceBraggscatteringisthe

dominantscatteringinbothcases.Sincetheseripples,whicharethemainreason

forthereturnedscatter,aremodulatedbylongerwavelengthgravityoceanwaves

[23,26],thereturnedscatterfromtheoceansurfaceisindirectlyaffectedbythese

gravityoceanwaves.Thisphenomenoniswhatmakesitpossibletoestimateocean

wavespectrabystudyingthereturnedscatterfromthesurface.

Theintensity(i.e.energycontent)ofoceanwavesisnottheonlyfactorthat

contributestothereturnedscattersignal. Radarimagingmechanisms,including

shadowingandtiltmodulation,alsoinfluencethereturnedscatter[10,12,18,23,27–

29].Geometricandpartialshadowingareexpectedtooccurduringtheradarimaging

process[27]. Geometricshadowingoccurswhenwaveswithhigherheightshidethe
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shorteronesfollowingtheprincipleofgeometricaloptics.Ontheotherhand,partial

shadowingoccurswhenthosehiddenwavesstillproducereturnedscatterwhichis

dependentonfactorssuchasdiffractionandpolarization.InthecaseofX-band

marineradar,partialshadowingeffectisusuallyneglectedduetotheshorterradar

electromagneticwavelength(i.e.fewcentimetres)comparedtothoseofthemeasured

oceanwindwaves(i.e.typicallytensofmetres).However,theshadowingbehaviorin

theimagingprocessisstillnotfullyunderstood.Tiltmodulationcanbealsodescribed

byanalogytogeometricaloptics,wherebyradarsignalswithsmallincidentangleare

expectedtohavestrongerreturns[11].Polarizationalsoinfluencestheintensityofthe

returnedscatterfromtheoceansurface.Itwasreportedin[30]thatthenormalized

radarcross-sectionareais5dBlesswhenusingthehorizontal(HH)polarization

comparedtothevertical(VV)polarizationatagrazingangleof40◦asdepicted

inFigure2.4,whichistakenfrom[11]. Furthermore,itwasdemonstratedinthe

FourFrequencyRadar(4FR)study,whichwasconductedbytheUSNavalResearch

Lab(NRL)[1,31]thattheintensityofthereturnscatteranditsdependenceonthe

polarizationareaffectedbytheincidentangle.Figure2.5,whichistakenfrom[1],

showsthedependencyofthereturnedscatterintensityonpolarizationandgrazing

angle.

Usually,thereturnedscatterisreferredtoasseaclutterandcommonlyconsists

ofalternatingilluminatedandshadowedareaswhichformastrip-likepattern(see

Figure2.6). ThisseacluttercanbeanalyzedusingmethodssuchastheCartesian

FourierTransformation(CFT)toestimateoceanwavespectra. Thismethodwas

firstintroducedbyYoungetal.[10]in1985. CFT-estimatedoceanwavespectra

canbeusedtoestimatevaluableseastateparameterssuchassurfacecurrent,wave

period,directionandsignificantwaveheight.Otherocean-relatedinformationsuchas

windvectors[32–38]andbathymetry[39–41]canalsobederivedfromCFT-estimated
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Figure2.4:Generaltrendinreturnedscatterintensitywithwindspeedforvertical
(VV)andHorizontal(HH)polarization.Plotistakenfrom[1].

oceanwavespectra.

Sinceitsfirstintroduction,theCFTspectralestimationmethodhasbeensig-

nificantlyimprovedandmanystudieshavebeencarriedouttomakethemethod

morerobustandaccurate[11,29,42–44].SurfacecurrentestimationusingtheCFT

methodhasreceivedagooddealofattentionintheliteratureduetoitskeyrole

inexcludingthenon-wavecomponentsfromtheestimatedwavespectra[18,45,46].

Anotherproblemthathasbeenaddressedintheliteratureistheeffectofshadow-

ingandtiltmodulationontheCFT-estimatedwavespectra. Usinga Modulation

TransferFunction(MTF)tocompensatefordistortioninthewavespectradueto

shadowingandtiltmodulationisperhapsthemostpopularapproach[29,44,47,48].

Otherstudieshaveaddressedthedependencyofthereturnedradarsignalstrengthon

therelativeazimuthdirectionbetweenthepeakoceanwavedirectionandtheradar

beamdirection[12,18].
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Figure2.5: Generaltrendinreturnedscatterintensitywiththegrazinganglefor
vertical(VV)andHorizontal(HH)polarizationbasedontheUSNavalResearchLab
(NRL)FourFrequencyRadar(4FR)data.Plotistakenfrom[1].
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Figure2.6:Anexampleofseaclutter.ImagewasgeneratedusinganX-bandradarby
DefenceResearchandDevelopmentCanada(DRDC)[Dec.01,2008,Atlanticocean
nearHalifax].

Inspiteofbeingthemostpopularmethod,itshouldbenotedthattheCFTis

nottheonlymethodofseastateparametersestimationfromX-bandmarineradar.

Wavelettransformsmaybeusedforthatpurpose[49].AnotherrecentstudybyChen

etal.[50]proposedanewalgorithmtoestimateseastateparametersfromX-band

marineradarimagesusingempiricalorthogonalfunctions.

Inthenextsection,adetailedoverviewofoceanwavespectralestimationusing

theCFTmethodispresented.
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2.3 AreviewofwavespectralestimationusingX-

band marineradar

X-bandmarineradarsilluminatetheoceansurfacewithelectromagneticpulsesat

differentdirectionstocoveraspecificazimuthrange.Outputsamplesaregenerated

bycollectingthereturnedscatterduringconsecutivetimeintervals.Asample’srange

(i.e.distancefromtheradar)isdeterminedbytheround-triptraveltimebetween

sendingandreceivingaradarpulse,whiletheazimuthlocationofthesampleis

consideredtobetheantennadirectionatthemomentofpulsetransmission[1,51].

Typically,X-bandmarineradarsmakeafullazimuthalrotationevery1-2swithrange

andazimuthresolutionsof1-10mand∼0.35◦,respectively. Thisconfigurationof

dataoutput,inwhichsamplesarenaturallydigitizedonapolargrid,isreferred

toasB-scanformat.Thefirststepintheprocessofoceanwavespectraestimation

usingX-bandmarineradarandbeforeapplyingtheCartesianFourierTransformation

(CFT)istoconvertconsecutiveradarB-scanimagestoCartesianimagesI(rn)using

aprocessesreferredtoas‘scanconversion’,wherern=(xn,yn,tn)isthediscrete

space-timevector,n=0...N−1,andNisthenumberofelementsinthespace-time

domain.Section2.3.1ofthischapterincludesareviewofthescanconversionprocess

whileareviewoftheCFTmethodisfoundinSection2.3.2.

2.3.1 Scanconversion

ScanconversionisusedtoconvertB-scanimagestoCartesianimagesinordertoapply

theCFT.Theuseofalook-upTable(LUT)isapopularmethodforscanconversion

[52].Intheinitialstageofthemethod,areferencemappingtableiscreatedand

thenusedtoconvertallB-scanimagesthataregeneratedusingthesamesetof

radarparameters. Eachelementofthetablecorrespondstoanindividualsample
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oftheB-scanimageandcanholdindicesofmultipleCartesianimagesamples.In

programming,thisisoftenimplementedusingatableoflinkedlists1.InFigure2.7,

whichillustratesthestructureofaLUT,eachblockbelongstoanindividualB-scan

imagesamplewithindices(ri,ϕi),whereri=0...Ri−1andϕi=0...Φi−1,and

representsalistofitsrelatedCartesianimageindices(xi,yi),wherexi=0...Xi−1

andyi=0...Yi−1.XiandYirepresentpre-specifiednumbersofsamplesinthexand

ydirections,respectively,ofthescan-convertedimages.Forexample,itcanbeseen

inFigure2.8,whichisanottoscaleillustrationofthescanconversionprocess,that

theB-scansample(ri,ϕi)=(128,0)coverstheCartesiansamples(xi,yi)=(256,384),

(257,384),and(258,384).Therefore,theseCartesiansamplesareaddedtothelistof

(ri,ϕi)=(128,0)asshowninFigure2.7.

TheLUTiscreatedusingatwo-stagealgorithminvolvinginverseandforward

mapping. ThealgorithmstartswiththeinversemappinginwhichtheCartesian

imageindices(xi,yi)areassignedtotheB-scanimageindices(ri,ϕi)viatherelation

ri=
((xi−Xi/2)∆x)2+((yi−Yi/2)∆y)2

∆r
+0.5

ϕi=
1

∆ϕ
5π/2−atan2

(yi−Yi/2)∆y
(xi−Xi/2)∆x

−Φin +0.5 modΦi,

where∆x,∆y,∆rand∆ϕarethesamplingresolutionsinthex,y,rangeandazimuth

directions,respectively,andΦinistheinitialB-scanazimuthdirectionclockwise

fromtruenorth.Itshouldbenotedthatthemappingprocesshereisnotnecessarily

one-to-one.Aftertheinversemappingisperformed,someB-scansamplesmighthave

beenleft‘un-hit’(notassignedtoanyCartesiansamples). Therefore,theforward

1Alinkedlistisalinearcollectionofobjectsreferredtoasnodes.Eachnodeconsistsofavariable

toholddata,Cartesianindicesinourcase,andalinktothenextnodeinthelist[53].
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mappingisimplementedsuchthatanun-hitB-scansample(ro,ϕo)isassignedtoa

Cartesiansamplethatisgivenby

xi=
ro∆rcos(π/2−(Φin+ϕo∆ϕ))

∆x
+Xi/2+0.5

yi=
ro∆rsin(π/2−(Φin+ϕo∆ϕ))

∆y
+Yi/2+0.5.

Oncetheforwardmappingiscompleted,thereferencetableisreadytobeusedto

mapB-scansamplestotheircorrespondingCartesiansample(s).Itshouldbenoted

thatitispossibleforaCartesiansampletobeassignedtomultipleB-scansamples.

Forexample,inFigure2.7,theCartesiansample(xi,yi)=(256,257)isassignedto

theB-scansamples(ri,ϕi)=(1,0)and(1,1). Thissituationismorecommonnear

thecentreoftheB-scanimage.Inthiscase,theCartesiansampleisfilledbythe

averageofthecorrespondingB-scansamples.Figure2.9showsasingleB-scanradar

imageandtheCartesianimageafterscanconversion.Itshouldbenotedthatthe

startcollectionrangeofthedatashowninFigure2.9was225m.Thisappearsasa

whitecircleatthecentreofthescan-convertedimageinFigure2.9.

2.3.2 TheCartesianFourierTransform(CFT)analysis

OncetheradarCartesianimagesareproducedusingthescanconversionprocess,an

analysiswindow,f(rn),isselected.Inthisthesis,analysiswindowswiththesizeof

256×128×32samplesareused.Ananalysiswindowwiththissizecovers1920m×960

m×44.8swithasampleresolutionof7.5m×7.5m×1.4s. Traditionally,multiple

analysiswindowsareusedtominimizethedependencyofwavespectraestimation

onanalysiswindoworientation. Thefinalestimatedwavespectraareacquiredby

averagingthewavespectraestimatesfromthoseanalysiswindowswhichareuniformly

[54]oradaptively[16]distributedovertheazimuthdimension. Figure2.10shows
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Figure2.7:DemonstrationofthestructureofaLUT.
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Figure2.8:IllustrationoftheB-scanandCartesiansamplinggridsshowingtheradar
atthecentreandthebeampowerpatternforonepulse.Figuredimensionsarenot
toscale.
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Figure2.9:SingleB-scanradarimage(left).Cartesianimageafterscanconversion
(right).CollectedonDec.01,2008,AtlanticoceannearHalifax.

threeanalysiswindowsofthesizenotedaboveanduniformlydistributedoverthefull

360◦azimuthrange.

Onceananalysiswindowf(rn)isselected,the3DCartesianFourierTransform

(CFT)isappliedonf(rn)toevaluatethe3DimagespectrumF(Ω),whereΩisthe

3Dwavenumber-frequencyvector(kx,ky,ω)withkxandkybeingthespatialwave

vectorcomponentsandω=2πfthewaveangularfrequency.The3Dimagespectrum

F(Ω)iscomputedbythe3-DdiscretetimeFouriertransform(DTFT)givenby

F(Ω)=

N−1

n=0

f(rn)e
(−jΩ·rn),

whereN isthenumberofpointsinthediscretespace-timevectorrn. Thepower

spectrumEisgivenintermsofFas[10]

E(Ω)=
1

N
|F(Ω)|2.

ThepowerspectrumEconsistsofcomponentsEΩ,representingcontentsduetoocean
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Figure2.10:Singlescan-convertedradarimagewith3uniformlydistributedanalysis
windows.Data:Dec.01,2008,AtlanticOceannearHalifax,Canada.

wavesandnon-wavecomponentsν,thataccountfortheinfluenceofnoiseoraliasing

effects[10].Thus,Emaybewrittenas

E(Ω)=EΩ(Ω)+ν(Ω).

InthecaseofwavespectraestimationwhereEΩincludesthecomponentsofinterest,

onewishestoseparateEΩfromν.SinceEΩisgovernedbythedispersionrelationship

whileνisnot,acomponentinEmaybeclassifiedasawaveornon-wavecomponent

basedonwhetheritobeysthedispersionrelationship,givenby[29]

ω(k,U)= gktanh(kd)+k·U, (2.6)

wherek=(kx,ky)isthewavevectorofmagnitudek=2π/λw,λwbeingthewave-

length,inthedirectionofwavepropagationθ=tan−1(ky/kx),dthewaterdepth,g

theaccelerationduetogravity,andUthevelocityofencounterwhichisthesumof

thesurfacecurrentvelocityandtheradarplatformvelocity.Figure2.11plotsEqua-
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tion2.6forfourvaluesofU(0,1∠0m/s,
√
2∠45m/s,and2∠90m/s).Itcanbeseen

fromFigure2.11thatdifferentvaluesofUproducedifferentshapesofthedisper-

sionshell,aroundwhichoceanwavecomponentsareconcentrated.Forexample,an

arbitrarycomponentE(ko,ωo)isclassifiedasawavecomponentthatbelongstoEΩ

ifω(ko,U)∈[ωo−∆ω,ωo+∆ω],where∆ω=2π(TsNt)
−1istheangularfrequency

resolution,Tsistheradarsampling/rotatingtime,andNtistheanalysiswindowsize

inthetimedomain(i.e.thenumberofradarimagesinoneset). Otherwise,itis

classifiedasanon-wavecomponentthatbelongstoν.Thevelocityofencounter(U)

canbeestimatedusingalgorithmsthatimplementtheleastsquaresmethod[10,46],

thenormalizedscalarproducttechnique[45,55,56]orboth[18].

OnceEΩisextractedfromEbyexcludingthenon-wavecomponents(ν),which

areidentifiedbytheaidofEquation2.6,fromE,the2DwavespectrumEk(kx,ky)

maybefoundas

Ek(k)=2
ω>0

EΩ(Ω)dω.

EΩisintegratedoveronlypositiveangularfrequencies(i.e.ω>0)toremovethe

180◦ambiguityinwavedirection,whichresultswhentheentirerangeofangular

frequencies(−∞ <ω <∞)isconsidered.Ekdoesnotreflecttheactualwave

spectrumrepresentedbythegroundtruthspectrumEgtduetochangescausedby

theradarimagingprocess.Figure2.12isanillustrationoftheradarimagingprocess.

Theradarreturn(B-scan),shownintheupperrightcornerofFigure2.12canbeseen

tobeproportionaltotheproductofthesampledoceansurfaceelevation(lowerleftof

Figure2.12)andothermodulationmechanismsthatincludeshadowing(lowermiddle

ofFigure2.12)andtiltmodulation(lowerrightofFigure2.12). Mathematically,the

ModulationTransferFunction(MTF),whichrepresentsthechangeintheoceanwave

spectrumduetotheimagingprocess,canbegivenby
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(a) (b)

(c) (d)

Figure2.11:Dispersionrelationship(a)U=0.(b)U=1∠0m/s.(c)U=
√
2∠45

m/s.(d)U=2∠90m/s.
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M(k)=Ek(k)/Egt(k)

whereEgtisthegroundtruthdirectionalwavespectrum.Itshouldbenotedthatthe

MTFismeanttoimprovetheshapeofwavespectra.However,itdoesnotcalibrate

wavespectratoreflectactualenergyvalues. Unfortunately,itisquitedifficultto

characterizeM(k)duetothenonlinearnatureoftheimagingmechanismsandtheir

dependencyontheoceanstatewhichis,atthisstage,yettobeestimated. Never-

theless,empiricalattemptshavebeenmadetofindamathematicalformofM(k)

[11,48].PerhapstheBorgeetal.model[11]isthemostpopularoneandisgivenby

M(k)=kβ

whereβisaconstantandthathasbeenfoundtobeintherangeof1.2. This

valuewasfoundempiricallyusingfieldandsimulateddata[11]. Thesimulations

implementedbothshadowingandtiltmodulationastheseareconsideredtobethe

maincontributorstotheMTF.ThecorrecteddirectionalwavespectrumEc,which

isabetterestimateofEgt,canthenbegivenby

Ec(k)=k
−βEk(k). (2.7)

Eventhoughusingavalueofβ=1.2producedreasonableresultsformanycases

ofthefielddatausedinthisthesis,inasignificantnumberofcasesitdidnot.For

example,insomecasesβ=0.8workedbest,whileβ=2gavebetterresultsfor

othercasesbycomparisonwiththegroundtruthspectra.Chenetal.[48]havealso

reportedthatβ=1.2mightnotworkbestforcomplexseastatesandproposeda

newMTFfornearshoreapplications.

Subsequently,thedirectionalwavespectrumEc(k),whichispresentedinthe

Cartesiancoordinates,canbeequivalentlyrepresentedinpolarcoordinatesbyE(f,θ)
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Figure2.12:Illustrationoftheradarimagingprocess.Simulationwasusedtogener-

ateB-scan(upperright),oceansurfaceelevation(lowerleft),shadowingsignal(lower

middle),andtiltmodulationsignal(lowerright).
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viathetransformation[10]

E(f,θ)=Ec(k)k
dk

df
,

wheref=ω/2πistheoceanwavefrequencyinHz,andkdk/dfistheJacobianof

thetransformationbetweenthecoordinatesk=(kx,ky)and(f,θ). Thefrequency

spectrumE(f)isgivenby

E(f)=
π

−π

E(f,θ)dθ.

Oncethedirectionalandnon-directionalwavespectraareacquired,seastate

parameters,suchasoceanwaveperiodanddirection,canbeestimatedbymeansof

astochasticapproach[57–59].Thenthspectralmomentmnisdefinedas

mn=
∞

0

fnE(f)df. (2.8)

Thezero-crossingperiodisgivenbyTz=(m0/m2)
1/2,themeanperiodT01=m0/m1,

andthepeakwaveperiodTp=1/fpwherefpisthepeakfrequency[6]. Then
th

directionalmomentsAnandBnaregivenby

An(f)+jBn(f)=
1

π

2π

0

ejnθE(f,θ)dθ,

andthemeandirectionisgivenby

θm=tan
−1B1(f)

A1(f)
.

UsingEquation2.8,thefirstmomentm0isgivenby

m0=
∞

0

E(f)df.

Clearly,m0representsthetotalenergyorvarianceinthewavesystem(seeEquation

2.4)andindicatestheseverityoftheoceanconditions.

32



Inpractice,thesignificantwaveheight,Hs=4.01
√
m0[6,57],iscommonlyused

torepresenttheseverityoftheoceanconditions.Hsisdefinedastheaverageofthe

highestone-thirdestimatedwaveheights[6].SinceB-scanradarimagesdonotreflect

theactualelevationoftheoceansurfacebutratherarelativevalueonthegrayscale,

EΩ,whichiscalculatedfromtheB-scanimages,donotreflecttheactualoceanwave

energybutascaledversionofit.Fortheestimationofmostseastateparameters

suchasoceanwaveperiodanddirection,EΩisadequate.However,forthesignificant

waveheightanalysis,aproperlyscaledwavespectrumthatreflectstheactualocean

waveenergyisneeded.Traditionally,supportivebuoydataisusedtocalibrateEΩ.

Thisisconsideredanapplicationshortcomingofthemarineradar-basedmethods

inwavespectraestimation[21]. ArecentstudybyGangeskar[60]proposedanew

methodthatusesshadowinginradarimagestoestimatethesignificantwaveheight

withouttheneedforcalibration.Subsequently,severalstudiesusedthisapproach

toenhancesignificantwaveestimation[61–64].Significantwaveheightanalysisis

beyondthescopeofthisthesis.Theevaluationoftheproposedmethodsinthisthesis

mainlyinvolvestheanalysisofotherseastateparametersincludingwaveperiodsand

direction.

2.4 DataOverview

ThefielddatausedinthisthesiswerecollectednearHalifax,NovaScotia,onthe

EastCoastofCanadabyDefenceResearchandDevelopmentCanada(DRDC)(see

Figure2.13andTable2.1)byshipborneDeccaandFurunoX-bandnauticalradars

overa10dayperiod(Nov25-Dec4,2008).ATRIAXYSwaveriderbuoy,whichgen-

eratedareadingevery30minutes,wasalsousedtovalidatethemarineradar-derived

resultsfromtheproposedmethodsinthisthesis.Duringtheexperiment,therewas

adriftof41kminthewavebuoylocation.However,theradarswerealwayswithin
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a10kmdistanceofthebuoyduringtheexperiment.Hence,nosignificantstatisti-

caldifferencesareexpectedbetweenmeasurementsatthelocationsofthebuoyand

radarsintheexperiments.

Figure2.14displaysthewindspeedanddirectionduringtheexperiment.It

shouldbenotedfromFigure2.14thatatsomeinstances,thewindspeeddropped

below3m/s.Atsuchlowwindspeed,oceanwavesignaturesinX-bandradarimages

mightnotbesufficienttoproduceoceanwavespectraestimates[54].Furthermore,

highprecipitationwasobservedatsomeotherinstancesduringtheexperimentas

showninFigure2.15. RainmightcontaminateX-bandradarimagesandcorrupt

wavespectraestimatesfromX-bandradardata[54].Inordertoeliminatethepo-

tentialdiscrepanciesduetolowwindspeedorhighprecipitationinouranalysis,the

performancevalidationoftheproposedmethodsinthisthesiswasbasedonlyonthe

wavespectraestimatesthatachieveaminimumagreementof40%withtheground

truth(seeSection3.4.2foragreementcalculation).Figure2.16showsthesignificant

waveheightinformationrecordedbytheTRIAXYSwaveriderbuoyduringtheex-

periment.ExceptforafewhoursonNov28,itcanbeseenfromFigure2.16that

theseastatemostlyvariedbetweenmoderateandrough(1m/s<Hs<5m/s).It

shouldbenotedthatnoX-bandradardatawererecordedduringthosefewhourson

Nov28whenthesignificantwaveheightexceeded7m/s.

Theradars,whichwereconnectedtoa WaveMonitoringSystemII(WaMoSII)

[54],wereoperatingat9.4GHzwithHHpolarizationandatgrazingincidence.The

radarsystemrecordedthereturnedscattersignalonavaluescaleof0to255and

savedthedatasamplesin8-bitunsignedintegersformat.Betweenthetworadars,

sincetheshortestradars’antennarotationaltimewas1.44s(Furuno),thefrequency

spectrumanalysisandcomparisonarelimitedinthisthesistotherangeof0.05to

0.35Hz.Forthechosenanalysiswindowsizeof256×128×32,asingleestimateof
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Figure2.13:LocationsofwavebuoyandradarduringtheexperimentonDec.01,
2008.

oceanwavespectrausingradarmethodsrequires32images,whichneeds80sand

44.8stobegeneratedbyDeccaandFurunoradars,respectively.Thissizeofanalysis

windowwaschosenoverotherpopularsizes,e.g.128×128×32,tocoveralarger

azimuthrangeinordertomitigatethedependencyofwavespectralestimationon

theazimuthaldimension.Itshouldbenotedthatthegenerationrateofoceanwave

spectralestimatesoftheradarmethods(theCFTandtheproposedmethodsinthis

thesis)isdifferentfromthebuoymethod.Thus,forcompatiblecomparisonsbetween

theradarandbuoyestimates,radarestimatesgeneratedduringthe30minutewindow

ofabuoyestimategenerationareaveragedforcomparisonwiththatbuoyestimate.

Thegroundtruthbuoydirectionalwavespectrumhasaresolutionof0.005Hz×3◦

andcoversarangeof0.030to0.465Hzandafullrangeof360◦.Furtherdetailsabout

theexperimentarelistedinTable2.1.
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(a)

(b)

Figure2.14: Windspeed(a)anddirection(b)duringthefieldexperiment.
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Figure2.15:Precipitationrecordedduringthefieldexperiment.

Figure2.16:Significantwaveheightrecordedduringthefieldexperiment.
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Table2.1:Experimentsetup:radarandbuoyparameters.

Experimentlocation 42◦22.4391N61◦55.5654 W

Antennarotationaltime Decca:2.5s,Furuno1.44s

Antennaheight Decca:21.9m,Furuno16.5m

Samplingfrequency 20MHz

Rangeresolution 7.5m

Radarpulselength 50ns

Rangecoverage 240-2160m

Azimuthcoverage 360◦

Pulsespersweep 1000

Waterdepth 200m

Polarization Horizontal

TRIAXYSwaveperiodrange 1.6to33.3s

TRIAXYSwaveperiodaccuracy betterthan1%

TRIAXYSwavedirectionrange 0to360◦

TRIAXYSwavedirectionaccuracy 1◦

TRIAXYSHeaverange ±20m

TRIAXYSHeaveresolution 0.01m

TRIAXYSHeaveaccuracy betterthan2%

TRIAXYSCompassaccuracy ±0.5◦

TRIAXYSGPS 12channel
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Chapter3

AnAdaptive Methodof Wave

SpectraEstimationUsingX-Band

MarineRadar

3.1 Introduction

Thepurposeofthisthesisistodevelopwavespectraestimationmethodsthatprovide

moreaccurateandreliableestimatescomparedtothestandardCFTmethod.Inone

oftheearlystepsoftheCFTmethod,oneormultipleanalysiswindowsofthefull

azimuthrangeofradardataarechosentoperformtheCFTanalysis. Choosinga

differentnumberororientationoftheanalysiswindowsmaychangetheaccuracyof

theestimate.Traditionally,thisproblemhasbeenaddressedbyusingmultiplewin-

dowsthatareuniformlydistributedoverthefullazimuthrange.Thefinaldirectional

wavespectrumiscalculatedbyaveragingthedirectionalwavespectrafromdifferent

analysiswindows.Inthischapter,thedependencyofwavespectraestimationonthe

orientationoftheanalysiswindowsisstudiedwiththeintentionofdevelopingan
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algorithmthatdeterminesthenumberandorientationoftheanalysiswindowssuch

thattheoutputismostaccurateandreliable.

3.2 The WaveSpectrumEstimationDependency

ontheOrientationoftheAnalysis Window

Inwavespectrumestimationusingmarineradarimages,thedependencyontheaz-

imuthdirectionoftheanalysiswindowisnotduetoahydrodynamicalpropertyofthe

oceanwaves.Ratheritisduetotheimagingprocess[16,65].Severalimagingmech-

anismsincludingtheintensityvariationintheup/downwavedirectionduetoBragg

scattering,shadowing,andtiltmodulationcontributetothisdependency.TheBragg

scatteringcontributioncanbeexplainedbytheconcentrationofthecentimetre-scale

roughnessontheup-wavesurfaceofthewindwaves.Sincethisroughnessisrespon-

sibleforBraggscattering,itisexpectedthattherewillbeastrongerreturnedradar

signalfromtheup-wavedirectionthanfromotherdirections. Eventhoughsome

studies[27]presentedanalysisontheshadowingformationinX-bandradarimages,

theshadowingcontributiontotheestimatedwavespectrumusingX-bandradardata

isnotfullyunderstood. However,evidencewaspresentedin[12]thatshadowing

induceshigherharmonicsinradarimagesoftheoceansurface.

Inordertoinvestigatehowshadowingandtiltmodulationcontributetothewave

spectraestimationdependencyontheorientationofanalysiswindows,asimulated

oceansurfaceelevationusingtheparameterslistedinTable3.1andtheinputdi-

rectionalspectrumshowninFigure3.1awereimplemented. Thesimulationwas

generatedusingaPierson-Moskowitz-basedpowerdistributionmodelrecommended

bythe15thInternationalTowingTankConference(ITTC)[66]andasquaredcosine

distribution(accountingforangularspreading)[29],withrandomphasesthatwere
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generatedusingauniformdistribution.Figure3.1bshowsasampleofthesimulated

surfaceelevation.Theshadowingandtiltmodulationmaskswerecalculatedforthe

simulatedimagesetsusingthemodelproposedbyNietoetal.[29].Figures3.1cand

3.1dshowtheshadowingandtiltmasks,respectively. Theshadowingpercentage

iscalculatedatnear,midandfarrangeasafunctionofθ. Atagivenangleθ0,

theshadowingpercentageisquantifiedasthenumberofshadowedsampleswithina

one-dimensionalrectangularwindowappliedintherangedimensiondividedbythe

windowsize.Usingaone-dimensionalwindowsizeof128samplesismoremeaningful

inthiscontextsincethetwo-dimensionalanalysiswindows(128×128or256×128)

havethesamerangesize.Figure3.1eshowstheaveragedshadowingpercentagefor

150simulatedradarimagesets. Clearly,theshadowingincreaseswithrange. This

shouldnotbesurprisingsincetheprobabilitythatasmallerwaveishiddenbya

biggeroneincreasesasthegrazingangledecreases(i.e.increasingrange).Another

interestingobservationisthattheshadowingisminimumatcross-wave(θ=0◦and

180◦),up-wave(θ=90◦)anddown-wave(θ=−90◦)directions.Thereasonbehind

thebehavioroftheshadowingattheup-waveanddown-wavedirectionsisnotclear

tousandwillbeinvestigatedinfuturework.Theminimumshadowingatthecross-

wave(i.e.paralleltothewavefront)directioncanbeexplainedbythefactthat,

atthisangle,radarsignalstravelinparallelwiththeoceanwavefrontratherthan

facingit,givingasmalleropportunityfortheshadowingtooccur.
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Table3.1:Numericaltests:simulationparameters.

Imagesetsize 512×512×32samples

Antennarotationalperiod 1.44s

Antennaheight 10m

Samplingfrequency 20MHz

Waterdepth 200m

Windwavedirection 90◦fromthetruenorth

Surfacecurrent 0.5m/s90◦fromthetruenorth

ThemeanperiodT01 10s

Thesignificantwaveheight 3.5m

Inordertoinvestigatetheeffectoftiltmodulation,itiscalculatedatnear,mid

andfarrangesasafunctionofθinamannersimilartothatfortheshadowingcase.

However,tiltmodulationisquantifiedbyintegratingthetiltmodulationsignalover

therangewithina128sampleone-dimensionalrectangularwindow.Figure3.1fshows

thenormalizedaveragedtiltmodulationforthesimulatedimagesets. Thefigure

showspeaksatup-wave(θ=90◦)anddown-wave(θ=−90◦)directionsandminima

atcross-wave(θ=0◦and180◦)forallranges.Thisanalysisstronglyindicatesthat

theazimuthaldirectionbiasestheradarimagingmechanismsandbyextensionwave

spectralestimation.Also,itcanbeconcludedthatforbestresultsinwavespectrum

estimation,theanalysiswindowshouldbechosenintheup-wavedirectionwherethe

shadowingisminimumsincehighershadowinginduceshigherorderdispersionmodes

[12].Also,theradarreturnisstrongestintheup-wavedirectionduetothehightilt

modulationfactorandBraggscattering.

Toamplifythispoint,herewepresentafielddataexample.Figure3.2showsthe

groundtruthdirectionalwavespectrumforthefielddataexamplegiveninFigure3.3.
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(a) (b)

(c) (d)

(e) (f)

Figure3.1:Simulationanalysisforshadowingandtiltmodulation:(a)Directional
wavespectrumusedtogeneratesimulatedradarimages;(b)Simulatedsurfaceele-
vation;(c)Shadowingmask;(d)Tiltmodulationmask;(e)Shadowingpercentage
dependencyontheazimuthaldirection;(f)Tiltmodulationfactordependencyonthe
azimuthaldirection.
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Figure3.2:DirectionalwavespectrumforexamplegiveninFigure3.3. Directional
wavespectrumisestimatedusingadirectionalTRIAXYSwaveriderbuoy.

Inthisexample,thedirectionalandfrequencywavespectrawereestimatedusingthe

CFTfromananalysiswindowthatwaspositionedfirstintheup-wavedirection(see

Figures3.3aand3.3b)andsecondinthedown-wavedirection(seeFigures3.3cand

3.3d).Itcanbeseen,whencomparedtothegroundtruthfrequencywavespectra

inFigures3.3band3.3d,thattheestimateofthefrequencywavespectrumismore

accuratewhentheanalysiswindowispositionedintheup-wavedirection(Figure

3.3b)comparedtothedown-wavedirection(Figure3.3d).

Wavespectrausuallyhaveoneortwopeaksthatarerelatedtowindwavesor/and

swell. Thedominantwindwaveandswelldonotnecessarilytravelinthesame

direction.Therefore,choosingtheanalysiswindowinthewindwavedirectionmight

occuratthepriceofcompromisingtheswellpeakorviceversa.Traditionally,this

problemisaddressedbyaveragingtheoutputofthreeuniformlydistributedanalysis

windows. Forafielddataexample,Figure3.4showsadirectionalwavespectrum

whichiscalculatedusingwaveriderbuoydataandhastwopeaksatθ=110◦and

185◦.Thedirectionalwavespectrumestimatedusingmarineradardatawiththree

analysiswindows(seeFigure3.5a)ispresentedinFigure3.5b.Thedirectionalwave

spectrumfromeachwindowisacquiredusingtheCFT-basedmethodoutlinedin

Section2.3.2anddetailedin[10,29,47].Intheradardatausedinthisexample,
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(a) (b)

(c) (d)

Figure3.3: Afielddataexampleforwavespectrumestimationdependencyonaz-
imuthdirection.Datawasrecordedon27Nov2008between4:58AMand5:28AM:
(a,c)ThedirectionalwavespectrumestimatedusingtheCFTonananalysiswindow
positionedintheup-waveanddown-wavedirections,respectively;(b,d)Thedirec-
tionalwavespectrumestimatedusingtheCFTonananalysiswindowpositioned
intheup-waveanddown-wavedirections,respectively,overlaidonthegroundtruth
frequencywavespectrum.
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thebuoyislocatedwithintheradarcoverage.Clearly,bothpeaksinthedirectional

wavespectrumofthebuoyaredetectedintheradar’swavespectrum. However,

comparingthenormalizednon-directionalwavespectruminFigure3.5c,whichis

calculatedusingEquation2.3.2anddividedbyitsmaximumvalue,itmaybeseenthat

thesecondpeakisalmostnon-distinguishable. However,whentakingtheanalysis

windoworientationtobeinthefirstpeakdirection,θ=110◦(seeFigure3.5d),

thefirstpeakisevenmorehighlyemphasizedcomparedtothesecondonewhichis

completelynon-distinguishableasshowninFigures3.5eand3.5f. Whentakingthe

analysiswindowinthedirectionofthesecondpeak(θ=185◦),Figures3.5g–3.5i

showmoreweightforthesecondpeakoverthefirstwhichnowhasanenergylevelof

25%comparedto100%ofthefirstpeakforthegroundtruth.Finally,anintuitive

solutionistoaveragetheresultsfromthetwoanalysiswindowswhichareinthe

directionofspectralpeaksatθ=110◦and185◦(seeFigure3.5j).Figures3.5kand

3.5lshowbetteragreementwiththebuoyestimatedspectrum.

However,thisapproachischallengingsincethewavedirectionsarenotknown

beforehand.Inthischapter,anewmethodisproposedthatisreferredtoasthe

AdaptiveRecursivePositioningMethod(ARPM);thismethodestimatesthedirection

oftravelofthewavesandchoosestheanalysiswindowsorientationaccordingly.

3.3 The Adaptive RecursivePositioning Method

(ARPM)

TheARPMdeterminesthenumberandorientationoftheanalysiswindowsaccording

tothenumberandorientationofpeaksinthewavespectrum.Inthecasewherethe

wavespectrumhasonlyonepeak,oneanalysiswindowischoseninthedirection

ofthatpeak.Inthecasewherethewavespectrumconsistsoftwopeaksresulting
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Figure3.4:DirectionalwavespectrumforexamplegiveninFigure3.5. Directional
wavespectrumisestimatedusingadirectionalTRIAXYSwaveriderbuoy.

fromwindwavesandswell,twoanalysiswindowsarechoseninthedirectionsofthese

peaks.Forinstanceswherethewavespectrummayconsistofn>2peaks,n(possibly

overlapped)analysiswindowsareusedandpositionedinthepeakdirections.Since

thewavespectrumisnotknownbeforehand,theARPMdeterminestheanalysis

windowlocationsrecursively. Figure3.6showstheflowchartoftheARPM.The

methodstartsbyestimatingthewavespectrumusingthreeuniformlydistributed

analysiswindowsinamannerthatissimilartothestandardmethodoutlinedin

Section3.2.Theestimateddirectionalwavespectrumisusedasaninitialestimate

todeterminethenumberanddirectionofthepeaks. Subsequently,newanalysis

window(s)arechoseninthedirection(s)ofthepeaks,andanewestimateofthe

wavespectrumisobtained.Thisprocessisrepeateduntilaterminationcriterionis

satisfied.Fortheresultsofthischapter,asimpleterminationcriterionisusedwhich

limitsthenumberofiterationstoamaximumnumber.Basedonthefielddataused,

threeiterationswerefoundtogeneratesatisfactoryresultsafterwhichlittlechangein

thenumberandorientationoftheanalysiswindowswasnoticed. WhileFigure3.7,

whichisacquiredusingthefielddatadescribedinSection2.4,showsacontinuous

decreaseintheaveragechangeintheorientationoftheanalysiswindowstoiteration
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

Figure3.5: Afielddataexampleforwavespectrumestimationdependencyonaz-
imuthdirection.Datawasrecordedon1December2008between4:03PMand4:38
PM:(a,d,g,j)AsingleFurunoradarimageshownwithvariousanalysiswindowori-
entations;(b,e,h,k)ThedirectionalwavespectrumestimatedusingtheCFTonthe
analysiswindowsinFiguresb,e,handk,respectively;(c,f,i,l)Thefrequencywave
spectrumestimatedusingtheCFTontheanalysiswindowsinFiguresa,d,gandj,
respectivelyoverlaidonthegroundtruthfrequencywavespectrum.
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5or6,tradingoffanalysiscostandestimateaccuracy,3iterationswerefoundtobe

sufficient.

Figure3.6:AdaptiveRecursivePositioningMethod(ARPM)flowchart.

Figure3.7:Theaveragechangeintheanalysiswindows’orientationfromoneiteration

tothenextfordifferentnumberofiterationsintheARPM.
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Obviouslythismethodneedsafullfieldofview,orinpractice,closetoit.Thisis

neededtofacilitatethefreedominchoosingtheorientationoftheanalysiswindow(s).

Usually,datafromoffshoreplatformsandshipboardmarineradarsprovidesuchafield

ofview.Ontheotherhand,coastalstationmarineradarsmightnotprovidesucha

wideoceanfieldofview.However,theARPMmethodmaystillbeapplied,although

inamorelimitedandlesseffectivewaysincetheup-wavedirectiondetectedinthe

initialguessofdirectionalwavespectrummaynotbepartofthefieldofview.

3.4 ResultsandAnalysis

3.4.1 FieldDataExamples

InordertodemonstratetheaccuracyoftheARPM,westartbyanexample.Fig-

ure3.8showsagroundtruthwavespectrumwhichisestimatedfromTRIAXYSwave

buoydata.Thespectrumhasamainpeakat0.075Hzand90◦andasecondarypeak

at0.15Hzand150◦. Figure3.9showstheARPMoutputforeachiteration. The

estimateddirectionalandfrequencywavespectruminthefirstiteration(standard

method)isshowninFigures3.9aand3.9b,respectively.Thesecondarypeakisun-

derestimatedwithalowerrelativeenergylevelof25%,relativetothatofthemain

peakofthefirstiteration,comparedto40%forthegroundtruthsecondarypeak.In

theseconditeration,onlytwoanalysiswindowsareused,andtheyarerepositioned

tobeinthepeakdirections.Theestimateddirectionalandfrequencywavespectra

oftheseconditerationareshowninFigures3.9cand3.9d,respectively.Clearly,the

secondarypeakisbetterestimatedinthisiterationwithahigherrelativeenergylevel

of60%,relativetothatofthemainpeakoftheseconditeration,comparedtoits

estimateinthefirstiterationof25%.However,furtherrefinementisneededsinceit

nowhasmorerelativeenergythanthegroundtruthandthuscanbedeemedtobe
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Figure3.8:DirectionalwavespectrumforexamplegiveninFigure3.9. Directional
wavespectrumisestimatedusingadirectionalTRIAXYSwaveriderbuoy.

over-estimated.Finally,thelastiterationproducesasatisfactoryimprovementinthe

estimatedwavespectraasshowninFigures3.9eand3.9f.Thesecondarypeakisnow

almostatthesamerelativeenergylevel(40%)asinthegroundtruthspectrum.

AnotherexampleisshowninFigures3.10and3.11.Figure3.10showsaground

truthwavespectrumwhichisestimatedusingaTRIAXYSwavebuoydata. The

spectrumhastwopeaks,amainpeakat0.09Hzand225◦andasecondarypeak

at0.09Hzand75◦. Obviously,thesepeaksarenotdistinguishedthroughthefre-

quencyspectrumbecausebothpeaksareat0.09Hz.Lookingatthedirectionalwave

spectruminFigure3.11aproducedinthefirstiteration,thesecondarypeakisnot

detected.Comparingthisestimatetothefinalestimateproducedinthefinaliteration

(Figure3.11e),thesecondarypeakisnowvisible.

3.4.2 PerformanceValidation

ThelasttwoexamplesshowthattheARPMsignificantlyimprovesthewavespectrum

estimationoverthestandardmethod.Inordertovalidatetheperformanceofthe

ARPM,theagreementbetweenitsestimatedwavespectrumandthebuoywave
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(a) (b)

(c) (d)

(e) (f)
Figure3.9:AfielddataexampleforwavespectrumestimationusingtheCFTwith
theARPM.Datawasrecordedon1December2008between11:48AMand12:08
PM:(a,c,e)Thedirectionalwavespectrumestimatedinthefirst,secondandthird
iteration,respectively;(b,d,f)Thefrequencywavespectrumestimatedfromtheradar
datainthefirst,secondandthirditerationrespectivelyandoverlaidontheground
truthfrequencywavespectrum.
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Figure3.10:DirectionalwavespectrumforexamplegiveninFigure3.11.Directional
wavespectrumisestimatedusingadirectionalTRIAXYSwaveriderbuoy.

spectrum(thegroundtruth)isquantifiedusingthecorrelationcoefficientbetween

thetwofrequencyspectraonadiscretefrequencygrid.Thevalueofthecorrelation

coefficientrangesfrom0(nosimilarity)to1(identical)andisestimatedby

ρ=
Nf EREB−( ER)( EB)

[Nf E2R−( ER)2][Nf E2B−( EB)2]
, (3.1)

whereERandEBaretheradarandbuoy-estimatednormalizedfrequencyspectrum,

respectively,NfisthenumberoffrequencypointsinER andEB,and isthe

summationoverallfrequencypointsinERandEB.AsdescribedinSection2.4,one

radarset(32images)isusedtocalculateawavespectrumestimate.Furthermore,the

buoyrecordsdatafor30minutesinordertogenerateanestimateofwavespectrum.

Forapropercomparisonwiththewavebuoyoutput,abuoywavespectrumestimate

wascomparedtotheaverageofallradar-basedwavespectralestimatesthatwere

producedwithinthe30-minuteintervalofthatbuoyestimate.Thestandardmethod

andtheARPMareusedtoestimatethewavespectrum.Theestimatedcorrelation

coefficientwiththebuoygroundtruthiscalculatedforeachmethod. Figure3.12
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(a) (b)

(c) (d)

(e) (f)
Figure3.11:AfielddataexampleforwavespectrumestimationusingtheCFTwith
theARPM.Datawasrecordedon3December2008between5:01AMand5:31
AM:(a,c,e)Thedirectionalwavespectrumestimatedinthefirst,secondandthird
iteration,respectively;(b,d,f)Thefrequencywavespectrumestimatedfromtheradar
datainthefirst,secondandthirditerationrespectivelyandoverlaidontheground
truthfrequencywavespectrum.
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(a) (b)

(c) (d)
Figure3.12:AcomparisonbetweentheARPMandthestandardmethodinterms
ofthefrequencywavespectrumsimilaritywithrespecttothebuoygroundtruth
spectra.Eachpointrepresentsthecorrelationcoefficientbetweengroundtruthand
theradar-estimatedfrequencywavespectra.(a)Dec1afternoonandevening,(b)Dec
2afternoonandevening,(c)Dec3afternoonandevening,(d)Dec4morning.

showsthecorrelationcoefficientinpairs:thestandardmethodcoefficientismarked

usingan“o”whiletheARPMismarkedusingan“×”;theresultsareshownforfour

12-hourperiodsduringDec1-Dec4,2008.Toenhancethereadabilityoftheresults,

theARPMoutputisplottedinblue(red)toindicateimprovement(deterioration)

inperformancecomparedtothestandardmethod.Clearly,theARPMoutperforms

thestandardmethodwithhighercorrelationcoefficientsexceptforafewcases.The

averageimprovementisfoundtobe9.8%.

Forfurthervalidation,thepeakwaveperiodTp,meanperiodT01,thezero-crossing
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periodTzandthepeakwavedirectionθpareestimatedforwindwavesandswell

usingthestandardmethodandtheARPM.Figures3.13and3.14showthepeak

waveperiodanddirection,respectively,overtime.Bothfiguresshowanadvantageof

theARPMoverthestandardCFTmethodformostofthetime.Themeanabsolute

error(|εTp|,|εT01|,|εTz|and|εθp|)anderrorstandarddeviation(σεTp,σεT01,σεTz and

σεθp)oftheseestimatesarecalculatedwithrespecttothegroundtruthandlisted

inTable3.2.Figure3.15showsthenormalized(withrespecttotheCFT)average

absoluteerrorinestimatingTp,T01,Tz,andθpusingtheARPM.Themeanabsolute

errorandtheerrorstandarddeviationofTparecalculatedby

|εTp|=
1

Ne

Ne

n=1

|Tpn−TpBuoyn| (3.2)

and

σεTp=
1

Ne

Ne

n=1

Tpn−
1

Ne

Ne

m=1

,Tpm

2

, (3.3)

respectively,whereNeisthetotalnumberofradarestimatesandTpBuoyisthebuoy

groundtruthofTp.TheothermetricsinTable3.2arecalculatedinasimilarmanner.

Finally,itisnotsurprisingthatthisimprovementcomesatthepriceofextracom-

putationaltime.Asanillustration,inouranalysisandimplementation,thestandard

methodneeded2.7stoprocessoneradarset(32radarimages)whiletheARPM

required5s,withbothimplementationsrunningonthesameprocessorandwith

similarsoftwareanddatastructureefficiency.However,thispriceisveryreasonable

sincethetimeneededbytheradartogenerateonedatasetis48s.Therefore,the

ARPMcanbealsousedforreal-timeanalysis.

Inthenextchapter,theeffectoftheoceansurfacesamplingprocessontheesti-

matedoceanwavespectraisinvestigated.Itwillbedemonstratedthattheconven-

tionalassumptionoftheradarsamplingprocessoftheoceansurfacebeingastandard

samplingisnotquiteaccurate.Infact,anaveragingprocessisinvolvedandcanbe
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(a) (b)

(c) (d)

Figure3.13:AcomparisonbetweentheARPMandthestandardmethodinterms
ofthepeakwaveperiod.(a)Dec1afternoonandevening,(b)Dec2afternoonand
evening,(c)Dec3afternoonandevening,(d)Dec4morning.
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(a) (b)

(c) (d)
Figure3.14:AcomparisonbetweentheARPMandthestandardmethodinterms
ofthepeakwavedirection.(a)Dec1afternoonandevening,(b)Dec3morning,(c)
Dec2afternoonandevening,(d)Dec3morning.
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representedbyananalyticalmodel. Understandingthesamplingprocesswillhelp

ustounderstanditseffectonoceanwavespectraestimationand,ultimately,inthe

designofanalgorithmtomitigatethateffect.

Table3.2:ComparisonoftheARPMandthestandardmethodinwaveperiodand

peakdirectionestimation.

|εTp|(s) σεTp (s) |εT01|(s) σεT01 (s) |εTz|(s) σεTz(s) |εθp|(
◦) σεθp(

◦)

CFT 2.5 0.9 2.4 0.8 2.3 0.8 15.1 16.1

ARPM 2 0.9 1.9 1.5 1.9 1.5 11.7 13

Figure3.15:TheaverageabsoluteerroroftheARPMnormalizedwithrespecttothe
CFTmethod.
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3.5 Conclusions

Inthischapter,thedependencyofoceanwavespectraestimationontheorientation

oftheanalysiswindowsisinvestigated.Ourresultsshowthatthebestorientationof

theanalysiswindowisintheup-wavedirectionwheretheeffectsofshadowingand

tiltmodulationareminimumandthereturnedscatterintensityismaximumdueto

strongerBraggscattering. However,inthepresenceofwindwavesandswell,the

situationismorechallengingsincechoosingtheorientationoftheanalysiswindow

inthedirectionofoneofthesetsofwaves(windwavesorswell)isatthepriceof

underestimatingtheotherone.Forthisreason,weproposetousemultipleanalysis

windowsorientedinthedirectionsofwindwavesandswell.Thisapproachpresents

anotherchallengewhichisthatthewindwaveand/ortheswelldirectionsarenot

knownapriori. Therefore,thischapterproposestheAdaptiveRecursivePosition

Method(ARPM)tosolvethisproblembyfindingthenumberandorientationof

analysiswindowsrecursively.TheARPMpresentedsignificantimprovementinwave

spectraestimationthathasbeendemonstratedbyproducingfrequencyspectrathat

betteragreewithgroundtruthdata.IthasalsobeenshownthattheARPMcan

producemoreaccurateandreliablewaveperiodanddirectionestimatescompared

tothestandardmethod.TheARPMsuccessfullyservesthepurposeofreducingthe

estimationerroroftheoceanwavespectrausingtheCFTmethod.Futureworkon

theARPMwillincludepossibleenhancementsoftheiterativeprocessbyseeking

optimalinitialguessesandterminationcriteria.
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Chapter4

Theeffectofradaroceansurface

samplingonwavespectrum

estimationusingX-band marine

radar

4.1 Introduction

Thedependencyofestimatedoceanwavespectraontheazimuthdirectionofanalysis

windowwasthefirstsourceoferrorinwavespectraestimationaddressedinthisthesis.

Thesecondsourceoferrorinoceanwavespectralestimationaddressedinthisthesis

isfromthesamplingprocessoftheoceansurfacebyX-bandmarineradars. This

problemhasnotbeenpreviouslyaddressed. Ourapproachistomodeltheeffectof

theoceansamplingprocessviaaninvertibleanalogfilter.Subsequently,theeffectof

thesamplingprocessmaybemitigatedbyusingtheinverseoftheproposedanalog

filter.
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Figure4.1:Anillustrationofradarradiationpattern.

4.2 TheRadarSamplingProcessandtheInverse

SamplingAveragingFilter(ISAF)

4.2.1 Radarsamplingprocess

Tosampletheoceansurfaceovertherangedimensionatagivendirectionusingan

X-bandmarineradar,theradarsendsitselectromagneticpulsewiththemainbeam

beingpointedinthatdirectionasshowninFigure4.1.Subsequently,theradarstarts

toreceivethereturnedscatter,repeatedly,forshortperiodsoftimeτ=1/fs,where

fsistheradarsamplingfrequency.Theradarrangeresolution∆risdeterminedby

τvia[1,51]

∆r=cτ/2, (4.1)

wherecisthespeedoflight.Theazimuthradarresolutionisgivenby

∆θ=BWr,

whereBWisthehalf-powerbeamwidthandristhedistanceofthesamplefromthe

radar.Thereturnedscatterfromthesampleiscollectedfromtheentireareaofthe
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sample.Thisimpliesthatanaveragingfilterisinvolvedinthesamplingprocess.The

mannerinwhichdifferentlocationsinthesamplepatchcontributetothereturned

signalisdifficulttomodelorestimateduetothefollowingreasons. First,various

locationsinthesamplepatchdependontheoceanstateatthetimeofscatter.Second,

thesignalpoweracrossthesamplepatchvariesduetotheradarbeampattern.

However,tosimplifytheproblemweassumethatdifferentpartsinthesamplearea

contributeequallytothereturnedscatter.

Ourpreliminaryapproachtoinvestigatetheeffectoftheoceansurfacesampling

processontheestimatesoftheoceanwavespectraisasfollows. First,Cartesian

imagesofoceansurfaceelevationaresimulatedonafinegrid.Forbestresults,ahigh

Cartesianspatialresolutionofdx×dy=1×1misused.Next,B-scanimagesare

generatedfromthesimulatedoceansurfaceelevationCartesianimagesusingvalues

of∆randBWthatareusedinanactualX-bandmarineradaraslistedinTable4.1.

AB-scansampleiscalculatedbyaveragingthosehigh-resolutionCartesiansamples

whichfallintheareaofthatB-scansample. Finally,theCFTmethodisusedto

estimatetheoceanwavespectrafromtheB-scanimages.Inordertounderstandthe

behavioroftheoceansurfacesamplingprocess,theCFT-estimatesarecomparedto

thesimulationinputspectra(thespectrausedtogeneratethesimulatedCartesian

imagesofoceansurfaceelevation).Itshouldbenotedherethatneithershadowingnor

tiltmodulationwereimplementedinoursimulationinordertoexaminetheeffect

oftheoceansurfacesamplingalone. AmodifiedPierson-Moskowitz-basedpower

distributionmodelpresentedin[66]wasadoptedtogeneratetheinputnon-directional

wavespectrumofthesimulation.Asquaredcosinedistribution[11]wasusedtoadd

thedirectionalcomponentoftheinputdirectionalwavespectrumforproducingthe

simulatedimages.Furthermore,formorerealisticsimulationoutput,uniformrandom

phaseswereaddedtodifferentwavenumbersoftheinputwavespectrum.
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Figure4.2ashowsanexampleofthegeneratedsimulationinputdirectionalwave

spectrumbasedontheparameterslistedinTable4.1.Figure4.2bdepictsasample

ofthesimulatedhighresolutionoceansurfaceelevationimages.Figure4.2cshows

theB-scanimagegeneratedfromthehighresolutionoceansurfaceimagedisplayed

inFigure4.2b.Figure4.2dshowsananalysiswindowofsize1600×800mgenerated

fromtheB-scanimagedisplayedinFigure4.2cusingthescanconversionprocess

outlinedinSection2.3.1.Figure4.2econtainstheCFT-estimateofthedirectional

wavespectrumfromtheanalysiswindowwithasampleshowninFigure4.2d.Also,

Figure4.2fdisplaysthenormalizedCFT-estimateofthenon-directionalwavespec-

trumcomparedtothesimulatednormalizedinputnon-directionalwavespectrum.

Clearly,thenormalizedCFT-estimateofthenon-directionalwavespectrumdecays

fasterthanthenormalizedinputspectrum.Thissupportsourassumptionthatthe

samplingprocessmaybepresentedbyanaveraging(lowpass)filterthatattenuates

highfrequenciesrelativetolowfrequencies.

Table4.1:Numericaltests:simulationparameters.

Antennarotationalperiod 1.44s

Oceansurfacegridresolution 1×1m

Windwavedirection 90◦fromtruenorth

MeanperiodT01 10s

Significantwaveheight 3.5m

AntennabeamwidthBW 1◦

Pulsesper360◦ 1000

Radarsamplingfrequencyfs 20MHz

Radarrangeresolution∆r 7.5m

64



(a) (b)

(c) (d)

Figure4.2:Asyntheticdataexamplethatillustratestheeffectoftheradarsampling
processoftheoceansurfaceonestimatesofoceanwavespectra.(a)Simulationinput
directionalwavespectrum.(b)AsampleofthesimulatedhighresolutionCartesian
imagesofoceansurfaceelevationusingdx×dy=1×1m.(c)AsampleoftheB-scan
imagesthatareproducedfromthesimulatedhighresolutionimagesusing∆r=7.5
mand∆θ=1

◦.(d)Aselectedrectangularanalysiswindowfromthescanconverted
B-scanimagesofsize1600×800musing∆x×∆y=7.5×7.5m.
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(e) (f)

Figure4.2:(e)ThenormalizedestimateddirectionalwavespectrumusingtheCFT
methodfromB-scansimulatedradarreturnsoftheoceansurfaceelevation.(f)The
normalizedinputandCFT-estimateofthenon-directionalwavespectra.

Inordertounderstandtheeffectofoceansurfacesamplingontheestimated

oceanwavespectrafromthesimulateddata,Figure4.3showsanareaofaB-scan

samplewhichisafunctionoftherangeresolution∆r,thebeamwidthBWandthe

ranger.Thefigurealsoshowstheunderlyinghigh-resolutionCartesiangridforthe

simulatedoceansurfaceelevationwithaspatialresolutionofdx×dy=1×1m.

Clearly,thenumberofhigh-resolutionsamplesthatareaveragedtoformtheB-scan

sampleisnotfixed,butincreaseswithrangerand,byextension,withtheareaofthe

B-scansample.Tosimplifytheproblem,theB-scansampleareaisconsideredtobe

rectangularwiththedimensionsofLx×Ly,whereLx=rBWandLy=∆r,instead

oftheringsector,asshowninFigure4.3.Thisassumptionisvalidforhighrangesr

andlowBeamwidthBWvalues,whichisthecaseinourfielddataexperimentwith

r>240andBW=1◦.Thenumbersofhigh-resolutionsamplesNxandNythatare

averagedtoproduceoneB-scansamplearegivenby

Nx=
Lx
dx

andNy=
Ly
dy
, (4.2)
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respectively,where·istheceilingfunction. Thewavenumberresponseofthis

averagingprocesscanbegivenbythe2-DlowpassfilterH̃k=H̃kxH̃kywhere

H̃kx(̃kx)=
1

Nx

Nx/2−1

nx=−Nx/2

(rze
j̃kx)−nx (4.3)

H̃ky(̃ky)=
1

Ny

Ny/2−1

ny=−Ny/2

(rze
j̃ky)−ny (4.4)

wherek̃x=kxdxand̃ky=kydyarethenormalizedwavenumbervectorcomponents

inthexandydirection,respectively,andrzisthemagnitudeofthefilterzeros.In

ordertoachieveaninvertiblefilter,rzwaschosentobe0.9(seeSection4.2.3foran

explanationofthischoice). UsingtheradarconfigurationsgiveninTable4.1and

Equations4.1and4.2andconsideringr=1000m,NxandNyarefoundtobe18

and8,respectively.Figures4.4aand4.4bshowthezero-polediagramsofH̃kxand

H̃ky,respectively,whileFigure4.5aandFigure4.5bshowsthenormalizeddirectional

magnituderesponseofH̃kinthe(̃kx,̃ky)and(̃k,θ)domain,respectively.Toverify

ourrectangularareaassumption,H̃k(̃kx,̃ky)ismultipliedbytheinputdirectional

wavespectrumshowninFigure4.5toproduceamodifiedinputnon-directionalwave

spectrum. ThismodifiedspectrumiscomparedtotheCFT-estimateofthenon-

directionalwavewavespectrumasshowninFigure4.6. Clearly,introducingH̃k

improvestheagreementbetweenthetwonon-directionalwavespectra.SinceH̃kis

designedtobeinvertible(seeSection4.2.3),theeffectoftheradarsamplingprocess

maybemitigatedbymultiplyingtheCFT-estimateofthedirectionalwavespectrum

byH−1
k̃
.Figure4.7showstheimprovementthatshapingbyH−1

k̃
canbringtothe

CFT-estimateofthenon-directionalwavespectrum. WhenmultipliedbyH−1
k̃
,the

observedincreaseinthenon-directionalwavespectrumshowninFigure4.7forfre-

quencieshigherthan0.25HzisduetothesmallvaluesofH̃kshowninFigure4.5.

Thisbehaviorathigherfrequenciesisnotexpectedtobeexperiencedinourfielddata
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Figure4.3:Anillustrationofthethepolarsamplesarea.

analysisasshownisSection4.2.2.

ThepreviousexampleandthedesignofH̃khavehelpedinunderstandingtheeffect

oftheoceansurfacesamplingprocessontheestimatedoceanwavespectra.H−1
k̃
was

designedtomitigatetheeffectoftheaveragingprocessofthesimulatedoceansurface

elevationwithdx×dy=1montheestimatedoceanwavespectra.Consideringa

higherresolutionofthesimulatedoceansurfaceelevationleadtohighervaluesofNx

andNygiveninEquation4.2and,hence,amoreaccuratedesignofH̃kinmodeling

theeffectofoceansurfacesamplingprocess.Ultimately,themostaccuratedesignof

H̃kisachievedwhendx×dy→0,whichrequiresconsiderationofthefilterdesignin

theanalogdomain.

4.2.2 Theaveragingprocessintheanalogdomain

InordertoextendH−1
k̃
tobeapplicabletoradarfielddata,thefilterdesignhasto

beconsideredintheanalogdomain.Theradaractuallycollectsthereturnedscatter

fromthecontinuousrectangularareaLx×LyshowninFigure4.3. Therefore,the

analogaveragefilterisgivenbyHk=HkxHkywhereHkxandHkyareadaptivemoving

averagefiltersinthexandydirections,respectively,andarecalculatedasfollows.
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(a) (b)

Figure4.4:Zero-polediagramof(a)H̃kxand(b)H̃ky.

(a) (b)

Figure4.5: ThedirectionalwavenumberresponseofH̃kin(a)̃kx,̃kyand(b)k̃,θ
domain.
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Figure4.6:Themodifiedinputnon-directionalwavespectrumoverlaidbytheCFT-
estimateofthenon-directionalwavespectrum.

Figure4.7: AdemonstrationoftheimprovementinCFT-estimateofthenon-
directionaloceanwavespectrumshapedbyH−

k̃
1usingsimulateddata.
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Inthexdirection,themovingaveragefilterinthespatialdomaincanbestipulated

bytherectangularwindow

hx(x)=
1

Lx
u(x+Lx/2)u(−x+Lx/2).

whereu(·)istheunitstepfunction.UsingtheLaplacetransform,

Hkx(kx)=
∞

−∞

hx(x)e
−sxdx=

esxLx/2−e−sxLx/2

sxLx
(4.5)

wheresx=σ+jkx,withσbeingtheattenuationconstant.Similarly,

Hky(ky)=
esyLy/2−e−syLy/2

syLy
(4.6)

wheresy=σ+jky.UsingtheparametersgiveninTable4.1andconsideringσ=−0.1

forainvertibleanalogfilter(seeSection4.2.3),Figure4.8aandFigure4.8bshowthe

directionalwavenumberresponseofHkinthe(kx,ky)and(k,θ)domain,respectively.

SinceHkisinvertible,H
−1
k =1/Hkcanbeusedtomitigatetheeffectoftheradar

samplingprocessonradarfielddata.H−1k isreferredtoastheInverseSampling

AveragingFilter(ISAF).Forradarfielddata,theISAFisusedwiththemodulation

transferfunctionMTF =k−1.2proposedin[11].TheISAFfilterisintegratedinthe

CFTmethodoutlinedinSection2.3.2byupdatingEquation2.7asfollows.

Ec(k)=k
−1.2Ek(k)H

−1
k (k).

4.2.3 Filterinversionandtheattenuationconstantσ

Usingtheattenuationconstantσ=0inEquations4.5and4.6producesanon-

invertiblewavenumberresponseduetothezerosshowninFigures4.9aand4.9b,

respectively,beingontheunitcircleofthez-plane.Thisisthecasebecauseoncethe

radaraveragesthereturnedscatterfromallpositionsinthesamplearea,information
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(a) (b)

Figure4.8: ThedirectionalwavenumberresponseofHkin(a)kx,kyand(b)k,θ
domain.

aboutindividualpositionscannotberetrievedfromtheradaroutput.Still,wecan

useaninterpolationofthefilterbysettingσ=−0.1inEquations4.5and4.6.This

valuewaschosensothattheinterpolationfollowstheenvelopeoftheoriginalfilter

withσ=0asshowninFigures4.9aand4.9b.Choosingalowervalueofσ,suchas

-0.2,mightleadtoanunderestimationofwavespectracomponentsatlowwavenum-

bersduetothehighamplituderesponseof|Hkx|atthosewavenumbersasdepicted

inFigure4.5.Ontheotherhand,usingahighervalueofσsuchas-0.05mightlead

toanunstablebehavioroftheinversefilterduetothesmallvaluesof|Hkx|and|Hky|

attheirzeros.Forthesamereason,r=0.9wasusedinEquations4.3and4.4.This

valuewasfoundusingtheZ-Laplacetransformrelationshiptheory,where[67]

z=rze
j̃kx=esxdx=e(σ+jkx)dx=eσdxejkxdx.

Therefore,rz=e
σdx.Usingσ=−0.1anddx=1masshowninTable4.1leadsto

r=0.9.
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(a) (b)

Figure4.9:(aandb)Themagnitudeofthexandycomponents,respectively,ofthe
analogaveragingfilter(H)forσ=0,-0.05,-0.1and-0.2.

4.3 ResultsandAnalysis

4.3.1 Fielddataexamples

Inthissection,threefielddataexamplesofoceanwavespectralestimationusingthe

CFT-with-ISAFmethodandtheCFT-without-ISAFmethodarepresentedtodemon-

stratetheperformanceoftheISAF.Figure4.10shows:(a)agroundtruthdirectional

wavespectrumestimatedfromTRIAXYS WaveRiderbuoydata,(b)theestimated

directionalwavespectrumusingtheCFT-without-ISAF,(c)theestimateddirectional

wavespectrumusingtheCFT-with-ISAFmethod,and(d)thenon-directionalwave

spectradeducedfromthethreedirectionalwavespectra.Inthecaseofadirectional

wavespectrumwithmultiplepeaks,theterminologyusedinthisdiscussionisthat

thepeakwiththehighestpeakenergyisreferredtoasthemainpeak,whilethe

otherpeaksarereferredtoasthesecondarypeaks.Also,sincewearedealingwith

normalizedwavespectra,theenergylevelofsecondarypeaksismeasuredwithre-

specttotheenergylevelofthemainpeakofthesamespectrum.Figures4.10aand

4.10dshowthatthegroundtruthwavespectrahaveamainpeakat0.135Hzand
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243◦andasecondarypeakat0.08Hzand114◦withrelativeenergylevelof70%.

Lookingattheestimatesofthedirectionalandnon-directionalwavespectrathatare

generatedusingtheCFT-without-ISAFmethodshowninFigures4.10band4.10d,

respectively,bothpeaksweredetected.However,themainpeakwasbarelydetected

andwasdetectedasthesecondarypeakat0.128Hzand245◦witharelativeenergy

levelof43%,whilethesecondarypeakwasdetectedasthemainpeakat0.075Hz

and100◦.Ontheotherhand,whentheISAFwasimplementedintheCFTmethod,

asshowninFigures4.10cand4.10d,bothpeakswereproperlydetected.Themain

peakwasdetectedasthemainpeakat0.134Hzand245◦andthesecondarypeak

wasdetectedasasecondarypeakat0.075Hzand100◦witharelativeenergylevel

of78%.Clearly,theISAFhassignificantlyimprovedthewavespectrumestimation

inthisexample.Figure4.10dalsoshowsbetteragreementbetweenthegroundtruth

non-directionalspectrumandthespectrumobtainedbytheCFT-with-ISAFmethod

comparedtotheCFT-without-ISAF.

ThesameconclusionmaybedrawnfromtheexamplegiveninFigures4.11.The

groundtruthdirectionalwavespectrumshowninFigure4.11acontainsfourpeaks

locatedat0.03Hzand140◦,0.03Hzand290◦,0.14Hzand75◦,and0.16Hzand

250◦.Forconvenience,thesepeaksarereferredtoasP1,P2,P3,andP4.Itcanbe

seenfromFigures4.10band4.10cthatP1andP2werenotdetectedbyCFT-with-

ISAFanddetectedbytheCFT-without-ISAF.However,P3andP4weredetected

moreaccuratelyintermsofpeaklocationandrelativeenergyasshowninFigure

4.11d.SincemostofthespectrumenergyisactuallycontainedinP3andP4,itcan

beconcludedthattheCFT-with-ISAFoutperformstheCFT-withoutISAFinthis

exampletoo.

Finally,Figure4.12showsanotherexampleforcomparisonbetweentheCFT-with-

ISAFandCFT-without-ISAF.Inthisexample,non-directionalwavespectrumesti-
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matesgeneratedusingbothmethodsshowagoodagreementwiththenon-directional

groundtruthwavespectrumasshowninFigure4.12d.However,theCFT-with-ISAF

estimateshowsaslightadvantagefortheCFT-with-ISAFestimateintermsofagree-

mentwiththegroundtruthnon-directionalwavespectrum.

4.3.2 Performancevalidation

InordertovalidatetheperformanceoftheISAF,theCFTwasusedtoestimatethe

wavespectrawithandwithoutimplementingtheISAF.Theresultswerecompared

tothegroundtruthwavespectrathatwereestimatedusingtheTRIAXYSwave

riderbuoy,whichproducesonereadingevery30minutes.Forapropercomparison,

allCFTestimatesfromimagesets(32images)thattheradarproducedwithina

30-minutewindowareaveragedtobecomparedwiththebuoyreadingproducedin

thesamewindow. Thecorrelationcoefficientestimate,givenbyEquation3.1,be-

tweenthegroundtruthandtheCFT-estimatednondimensionalwavespectrumwas

usedasanagreementmeasurebetweenthetwospectra.Thevalueofthecoefficient

rangesfrom0(noagreement)to1(identical). Figure4.13showsthecorrelation

coefficientinpairs:theCFT-without-ISAFcoefficientismarkedusinga“o”while

theCFT-with-ISAFismarkedusinga“×”;theresultsareshownforfour12-hour

periodsduringDec1-Dec4,2008. Toenhancethereadabilityoftheresults,the

CFT-with-ISAFoutputisplottedinblueandredtoindicateimprovementanddete-

riorationinperformance,respectively,comparedtotheCFT-without-ISAFmethod.

Clearly,theperformanceofCFThassignificantlyimprovedwiththeimplementation

oftheISAFwithhighercorrelationcoefficientsexceptforafewcases. Onaverage,

animprovementontheagreementwiththegroundtruthof11%hasbeenachieved.

Ultimately,thisimprovementisexpectedtoreflectpositivelyintheestimationofsea

stateparameters.
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Forfurthervalidation,theCFTwithISAFmethodandthestandardCFTmethod

areusedtoestimatethepeakwaveperiodTp,meanperiodT01,thezero-crossing

periodTzandthepeakwavedirectionθp. Theestimatesarethencomparedwith

thegroundtruthbuoy-estimates.Figures4.14and4.15showthepeakwaveperiod

anddirection,respectively.Themeanabsoluteerrors(|εTp|,|εT01|,|εTz|and|εθp|)and

errorstandarddeviations(σεTp,σεT01,σεTzandσεθp)oftheseestimatesarecalculated

withrespecttothegroundtruthandlistedinTable4.2. Figure4.16showsthe

normalized(withrespecttotheCFT)averageabsoluteerrorinestimatingTp,T01,Tz,

andθpusingtheISAFmethod. Themeanabsoluteerrorandtheerrorstandard

deviationofTparegivenbyEquations3.2and3.3,respectively.Theothermetrics

arecalculatedinasimilarmanner.Improvementsareobservedinestimatingseastate

parameters.For|εTp|,|εT01|,|εTz|,and|εθp|,improvementsof12%,20%,20%,and

33%wereachieved.

Table4.2: ComparisonoftheCFTwithandwithouttheISAFinwaveperiodand

peakdirectionestimation.

|εTp|(s) σεTp (s) |εT01|(s) σεT01 (s) |εTz|(s) σεTz(s) |εθp|(
◦) σεθp(

◦)

CFT-without-ISAF 2.5 0.9 2.4 0.8 2.3 0.8 15.1 16.1

CFT-with-ISAF 2.2 0.5 1.9 0.5 1.9 0.5 9.9 6
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Figure4.16:TheaverageabsoluteerroroftheISAFnormalizedwithrespecttothe
CFTmethod.

4.4 Conclusions

Intheliterature,theprocessofoceansurfacesamplingusingX-bandmarineradar

hasbeenconsideredasastandardsampling. Thus,theinfluenceofoceansurface

samplingontheoceanwavespectraestimationusingtheCFThasnotbeenpreviously

addressed.Inthischapter,theoceanwavesurfacesamplingprocesshasbeenmodelled

andanovelunderstandingofitbeinganaveragingprocesshasbeenpresented. A

2-Dlowpassfiltermodelhasbeenpresentedtodescribetheeffectofthesampling

processontheCFTmethodestimatesoftheoceanwavespectra.Furthermore,afilter

referredtoastheInverseSamplingMovingAverageFilter(ISAF)hasbeenproposed

tomitigatethateffect.TheperformanceoftheISAFwasvalidatedagainstground

truthdatathatwereobtainedfromaTRIAXYSwaveriderbuoy. Resultsshow

thatimplementingtheISAFintheCFTmethodofoceanwavespectralestimation
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significantlyimprovestheaccuracyofthemethod.Theimprovementmeasuresthat

wereconsideredinthispaperincludetheaccuracyofestimatingthenon-directional

wavespectrum,thepeakwaveperiod,themeanwaveperiod,thezero-crossingwave

period,andthepeakwavedirection.FutureworkontheISAFwillincludefurther

validationinvolvingotheroceanstateparameterssuchasthesignificantwaveheight

andsurfacecurrentestimation.
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(a) (b)

(c) (d)

Figure4.10: Afielddataexampletodemonstratetheimprovementintroducedby
theISAFtotheCFT-methodinoceanwavespectralestimation.Datawererecorded
onNov29,2008between8:08PMand8:38PM:(a)Thegroundtruthdirectional
wavespectrumestimatedusingtheTRIAXYSWaveRiderbuoydata.(bandc)The
directionalwavespectrumestimatedusingtheCFT-without-ISAFandtheCFT-with-
ISAFmethod,respectively.(c)Thenon-directionalwavespectraestimatedusingthe
CFT-without-ISAF,theCFT-with-ISAFmethod,andtheTRIAXYS WaveRider
buoydata.

79



(a) (b)

(c) (d)

Figure4.11: Afielddataexampletodemonstratetheimprovementintroducedby
theISAFtotheCFT-methodinoceanwavespectralestimation.Datawererecorded
onDec4,2008between11:26AMand11:56AM:(a)Thegroundtruthdirectional
wavespectrumestimatedusingtheTRIAXYSWaveRiderbuoydata.(bandc)The
directionalwavespectrumestimatedusingtheCFT-without-ISAFandtheCFT-with-
ISAFmethod,respectively.(c)Thenon-directionalwavespectraestimatedusingthe
CFT-without-ISAF,theCFT-with-ISAFmethod,andtheTRIAXYS WaveRider
buoydata.
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(a) (b)

(c) (d)

Figure4.12: Afielddataexampletodemonstratetheimprovementintroducedby
theISAFtotheCFT-methodinoceanwavespectralestimation.Datawererecorded
onDec03,2008between10:29AMand10:59AM:(a)Thegroundtruthdirectional
wavespectrumestimatedusingtheTRIAXYSWaveRiderbuoydata.(bandc)The
directionalwavespectrumestimatedusingtheCFT-without-ISAFandtheCFT-with-
ISAFmethod,respectively.(c)Thenon-directionalwavespectraestimatedusingthe
CFT-without-ISAF,theCFT-with-ISAFmethod,andtheTRIAXYS WaveRider
buoydata.
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(a) (b)

(c) (d)

Figure4.13:AcomparisonoftheCFTwithandwithouttheISAFintermsofthe
wavefrequencyspectrumsimilaritywithrespecttothebuoygroundtruthspectra.
Eachpointrepresentsthecorrelationcoefficientbetweengroundtruthandtheradar
data30minuteaveragedfrequencywavespectra.(a)Dec1afternoonandevening,
(b)Dec2afternoonandevening,(c)Dec3afternoonandevening,(d)Dec4morning.

82



(a) (b)

(c) (d)

Figure4.14:AcomparisonoftheCFTwithandwithouttheISAFintermsofthe
wavepeakperiod.(a)Dec1afternoonandevening,(b)Dec2afternoonandevening,
(c)Dec3afternoonandevening,(d)Dec4morning.
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(a) (b)

(c) (d)

Figure4.15:AcomparisonoftheCFTwithandwithouttheISAFintermsofthe
wavepeakdirection.(a)Dec1afternoonandevening,(b)Dec2afternoonandevening,
(c)Dec3afternoonandevening,(d)Dec4morning.
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Chapter5

UsingthePolarFourierTransform

(PFT)inwavespectraestimation

usingX-band marineradar

5.1 Introduction

Anothersourceoferrorthatisaddressedinthisthesisistheprocessofscancon-

version.Thisprocessisusedtoconvertradarimagesfrompolarcoordinatestothe

CartesiancoordinatesbeforeapplyingtheCFT.Differentreasonscontributedtothe

adoptionofthescanconversionprocessinX-bandradar-basedoceanwavespec-

traestimationmethods. First,conductingtheoceanwavespectralanalysisinthe

Cartesiandomainismainlyinheritedfromthetargetdetectionandnavigationap-

plicationofX-bandmarineradars.Second,thepopularityoftheCartesianFourier

transformationanditscomputationalefficiencyintheFastFourierTransform(FFT)

furthermotivatedusingtheCartesiananalysisinwavespectraestimationusingX-

bandradars.Understandingtheeffectofscanconversiononwavespectraestimation
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canbechallengingduetoitschangingbehaviorwithrange.Inthischapter,anesti-

mationalgorithmisproposedtoeliminatetheerrorintroducedbythescanconversion

processbyadoptingFourieranalysisinpolarcoordinates.Doingsoimpliesdropping

thestepofscanconversion.

5.2 Theeffectofscanconversionontheestimated

wavespectra

Scanconversion,asexplainedinSection2.3.1,isusedtoconvertB-scanimagesto

CartesianimagesinpreparationforapplyingCFT.Tothebestofourknowledge,

theeffectofthescanconversionprocessonthewavespectralestimationusingthe

CFTmethodhasnotbeenaddressedintheliterature. Revisitingtheprocessof

scanconversion,itcanbeobservedthatthemappingalgorithmintheprocessisnot

one-to-one.Infact,itiscommonintheareasthatarefarfromtheimagecentrethat

multipleCartesiansamplesareassignedtoasingleB-scansampleasshowninthe

lowerrightdiagramofFigure5.1. ThisisduetothelargerB-scansamples’areas

comparedtotheCartesiansamples’areaathighranges.Therefore,aB-scansample

cancovermultipleCartesiansamples.Inthiscase,anup-samplingorinterpolation

processtakesplace.Also,itispossibletohaveoneCartesiansamplebeingassigned

tomultipleB-scansamples.Inthiscase,theCartesiansampleisfilledbythevalue

ofoneofthecorrespondingB-scansamplesorbytheaverageofthecorresponding

B-scansamples. ThelatterscenarioiscommonnearthecentrewheretheB-scan

samples’areasareusuallysmallerthantheCartesiansamples’area. Thiscasecan

beseeninthelowerleftdiagramifFigure5.1.

Mathematically,scanconversionisaprocessofre-samplinginwhichtheoriginal

continuoussignal(oceansurfaceimage)isreconstructed.Subsequently,therecon-
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structedcontinuousimageissampledonanewCartesiangrid. Accordingtothe

samplingtheorem,inordertoperfectlyanduniquelyreconstructacontinuoussignal

fromitssampledrepresentation,anideallowpassfilterisneededandtheoriginal

signalisrequiredtobestrictlyband-limited.Theserequirementsarenotapplicable

hereandonlyapproximationsoflowpassfiltersareused.

Practically,severalmethodsofinterpolationand/ordecimationmaybeusedto

performthescanconversionprocess.Theseincluderaytracing,space-variantinterpo-

lation,andspacesemi-invariantinterpolation[13].IntheLUTmethod,forinstance,

thesemethodsareusedtodeterminetheweightofeachcontributingB-scansample

fromtheLUTincalculatingCartesiansamples.Thetrade-offbetweenthesemethods

iscomplexityversustheamountofdistortionaddedtothewavespectrum.

Inthischapter,wetaketheapproachofeliminatingthescanconversionprocess

entirelybyapplyingaformofFouriertransformationontheradaroutputdirectly

initsB-scannativeformat. ThisrequirestheimplementationofaPolarFourier

Transform(PFT)thatsuitsthepolarsamplingnatureofthedigitizedB-scansamples.

ThePolarFourierTransform(PFT)thatisadoptedinthisthesiswasintroducedby

Wang etalin2009[17].

5.3 ThePolarFourierTransform(PFT)

Figure5.2showstheflowchartofthePFTmethodinestimatingthewavespectra

comparedtothetraditionalCFTmethod.Itcanbeseenthatbothmethodsproduce

a3Dimagespectrum.Thesubsequentanalysisforestimatingoceanwavespectraand

seastateparameters,asoutlinedinSection2.3.2,arethesameforbothmethods.It

isimportanttopointoutthattheanalysiswindowsinthePFTtaketheshapeofring

sectorsascomparedtorectangularwindowsfortheCFTmethod(SeeFigure5.3).

AnotheradvantageofthePFTmethodliesinthecompatibilityoftheshapeofthe
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Figure5.1: Anillustrationofthescanconversionprocess:(Upperleft)adiagram
showstheradarsamplingprocessonapolargrid.(Upperright)apolargridover
whichtheoceansurfaceissampledbytheradaroverlaidbytheCartesiangridusedin
scanconversion.(Lowerleft)anenlargementofanearrangesamplingarea.(Lower
right)anenlargementofafarrangesamplingarea. Figuredimensionsarenotto
scale.
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analysiswindowsandthenativelayoutofB-scanimages.Suchcompatibilityallows

theavailabilityofallB-scansamplestobeusedintheanalysis. Usingrectangular

windowsontheotherhand,asintheCFTmethod,limitstheavailabilityofsamples

thatarelocatedatnearorfarranges. Forinstance,theblueringsectoranalysis

windowshowninFigure5.3bincludemoresamplesatthemaximumrangecompared

tothebluerectangularanalysiswindowshowninFigure5.3a,whichcanonlyinclude

themaximumrangesamplesthatarelocatedatthefarcornersofthewindow.Fur-

thermore,sincetheintensityofreturnedscatterandshadowingareaffectedbythe

range,theireffectisexpectedtobemoreuniformwhenusingringsectoranalysis

windowscomparedtorectangularanalysiswindows.Itshouldbenotedthataring

sectoranalysiswindowisacquiredbyapplyingarectangularanalysiswindowonthe

B-scandatadirectlyasdepictedinFigure5.4.

5.3.1 DerivationofthePFT

Sincescanconversiondealswithspatialcoordinatesonlywhereitmapsfromone

setofspatialcoordinates(r,ϕ)toanother(x,y),theproblemistimeindependent

andcanbeaddressedinspatialcoordinatesonly. Thisreducestheproblemto2D

insteadof3D.TheCFTbasisfunctions,ejkxxejkyy,canbefoundbysolvingforthe

eigenfunctionsoftheLaplacian,whichintheCartesiancoordinatestakestheform

∇2=∇2x+∇
2
y=

∂2

∂x2
+
∂2

∂y2
.

Similarly,thebasisfunctionsofapolarFouriertransformcanbefoundbysolvingfor

theeigenfunctionsoftheLaplacianinpolarcoordinates,whichisgivenby

∇2=∇2r+
1

r2
∇ϕ
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Figure5.2:PolarFouriertransformmethod.

(a) (b)

Figure5.3:(a)CFTanalysiswindows.(b)PFTanalysiswindows.
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(a) (b)

Figure5.4:(a)RingsectoranalysiswindowsinB-scandomain.(b)Ringsector
analysiswindowsinCartesiandomain.

where

∇2r=
1

r

∂

∂r
r
∂

∂r

and

∇2ϕ=
∂2

∂ϕ2
.

TheEigenvalueproblemcanbewrittenas

∇2rΨ(r,ϕ)+
1

r2
∇2ϕΨ(r,ϕ)+k

2Ψ(r,ϕ)=0. (5.1)

whichistheHelmholtzequationinpolarcoordinates.Substitutingaseparationof

variables,Ψ(r,ϕ)=R(r)Φ(ϕ),Equation5.1maybewrittenas

∂2

∂ϕ2
Φ+mΦ=0, (5.2)

and

1

r

∂

∂r
r
∂

∂r
R+ k2−

m2

r2
R=0. (5.3)
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ThesolutionofEquation5.2is

Φm(ϕ)=
1
√
2π
e(jmϕ),

wheremisaninteger,andthegeneralnon-singularsolutionofEquation5.3is

Rk,m(r)=
√
kJm(kr), (5.4)

whereJm istheBesselfunctionofthefirstkindoforderm.Thissolutionsatisfies

orthogonalityovertheradialdirectionas

Υ(k)=
∞

0

Jm(k0r)Jm(kr)rdr=
1

k0−k
δ(k0−k), (5.5)

whereδ(.)istheDiracdeltafunction,andk0isanarbitrarywavenumber.Thebasis

functionsofthePFTaregivenin[17]as,

Ψk,m(r,ϕ)=Rk,m(r)Φm(ϕ)=
k

2π
Jm(kr)e

(jmϕ).

andtheforwardPFTisgivenby

P(k,m)=

∞

0

2π

0

f(r,ϕ)Ψ∗k,m(r,ϕ)rdϕdr, (5.6)

where‘*’representscomplexconjugationandP(k,m)isthePFTspectrum. The

inversePFTisgivenby

f(r,ϕ)=

∞

m=−∞

∞

0

P(k,m)Ψk,m(r,ϕ)kdk.

5.3.2 Applicationtoradarimages

Inoceanwavespectralremotesensingapplications,asinotherrealworldapplications,

therangedimensionrislimited.Hence,theorthogonalitydescribedbyEquation5.5
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Figure5.5:Zero-paddinginthePFTanalysiswindow.

Figure5.6:OrthogonalityofBesselfunctionsforinfiniteandfiniterangespresented
inEquation5.7. Thevaluesm =0,k0=.1rad/mareused,withoutlosingthe
generality.
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doesnotstrictlyhold,atleastnotforallvaluesofk.Instead,forlimitedr∈[a,b],

asshowninFigure5.5,

Υ(k)=
b

a

Jm(k0r)Jm(kr)rdr=

b

k20−k
2
[kJm(k0b)Jm(kb)−k0Jm(kb)J(k0b))]

−
a

k20−k
2
[kJm(k0a)Jm(ka)−k0Jm(ka)J(k0a))]

(5.7)

Figure5.6showsthetheorthogonalityfunctionΥforinfiniteranger∈[0,∞]anda

finiteranger∈[a,b],wherethevaluesofaandbthatareusedtogeneratethefigure

are250and1210m,respectively.Thesevaluesareusedtoreflectapracticalscenario

fromradarfielddata.Thefigureshowsthataninfiniterangesatisfiesorthogonality

whileafiniterangedoesnot.Furthermore,thereisnosetofkvaluesforEquation

5.7thatsatisfiestheorthogonality.Inordertosimplifytheproblem,zero-paddingis

usedtoextendtheanalysiswindowrangetober∈[0,b].ThiscanbeseeninFigure

5.5wherethesamplesthatbelongtor∈[0,a]arefilledwithzeros. Theanalysis

windownowtakestheshapeofasectorinsteadofaringsectorasshowninFigure

5.5. Withthezero-padding,Equation5.7reducesto

Υ(k)=
b

0

Jm(k0r)Jm(kr)rdr=
b

k20−k
2
[kJm(k0b)Jm(kb)−k1Jm(kb)J(k0b))] (5.8)

WiththehelpofSturm-Liouville(S-L)theory[17]andimposingthezeroboundary

condition,Jm(kb)=0,theorthogonalityinEquation5.8issatisfiedforacertainset

ofvalues,k=knm,withknmbbeingthesetofzerosofthemthorderBesselfunction

andn=1...Nisaninteger. UsingEquation5.8andk0=0.1rad/m,Figure5.7

showstheorthogonalityforr∈[0,b].Thesidelobesthatappearinthefigurearedue

tozeropadding,whichcanbevisualizedasmultiplyingtheradarimagebyaunit
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Figure5.7:OrthogonalityofBesselfunctionsforinfinitecasepresentedinEquation
5.8.Thevaluesm=0,k0=.1rad/mareused,withoutlossofgenerality.

stepfunctionintherangedimension.R(r),giveninEquation5.4,isupdatedsuch

that

Rnm(r)=
1

N
(m)
n

Jm(knmr),

where

N(m)n =
b2

2
J2m+1(knm).

Hence,thePolarFourierTransformoverafiniteregioncanbegivenas

P(n,m)=

b

0

2π

0

f(r,ϕ)Ψ∗nm(r,ϕ)rdrdϕ,

whereP(n,m)arethePFTcoefficientsoftheB-scanimagef(r,ϕ). TheB-scan

f(r,ϕ)canbereconstructedfromP(n,m)as
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f(r,ϕ)=
N

n=1

Θ/2

m=−Θ/2−1

P(n,m)Ψnm(r,ϕ),

whereΘisthenumberofdirectionssampledinonefullradarsweepand

Ψnm(r,ϕ)=Rnm(r)Φm(ϕ). (5.9)

IntheCFTmethod,asexplainedinChapter2,theFouriertransformationis

appliedinthetimedomainusingtheFFTinordertoremovethe180◦ambiguityin

directionthatresultsfromthe2-DspecialFourieranalysis.Similarly,theFFTcan

beappliedtothe2-DPFToutputinordertoremovedtheambiguityindirection.

Keepinmindthatthescanconversionprocessistimeindependent.

5.3.3 RelationtotheCartesianFouriertransform

The2-DFouriertransforminitsvectorformisgivenby

F(k)=
∞

−∞

f(r)e−jk.rdr,

Inpolarcoordinates,thetransformtakestheform

F(k,θ)=
∞

0

2π

0

f(r,ϕ)e−jkrcos(θ−ϕ)rdrdϕ.

Usingtheidentity

e−jkrcos(θ−ϕ)=
∞

m=−∞

j−mJm(kr)e
jmθe−jmϕ,

F(k,θ)canbewrittenas

F(k,θ)=
∞

0

2π

0

f(r,θ)

∞

m=−∞

j−mJm(kr)e
jmθe−jmϕrdrdϕ. (5.10)

ComparingEquations5.10and

P(k,m)=

∞

0

2π

0

f(r,ϕ)Ψ∗k,m(r,ϕ)rdrdϕ,
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itcanbeseenthat

F(k,θ)=
∞

m=−∞

j−m
1
√
2πk
Pk,me

jmθ.

Conversely,thepolarFouriertransformspectrumisgivenintermsoftheCartesian

Fouriertransformspectrumas

P(k,m)=
jm
√
2πk

2π

0

F(k,θ)e−jmθdθ.

ClearlyP(k,m)aretheFouriercoefficientsoftheCartesianFourierspectrumover

theazimuthdimensionmultipliedbythefactorjm/
√
k.Foralimitedranger∈[0,b],

P(n,m)isgivenin[17]as

P(n,m)=(−1)njm
2
√
π

√
A
knm

k0,θ0

Jm(k0b)

k20−k
2
nm

e−jmθ0F(k0,θ0),

where(k0,θ0)arethepolarwavenumbervectorcomponentsandAisthesmallest

rectangularareathatenclosestheringsectoranalysiswindow.Conversely,

F(k0,θ0)=
2
√
π

√
A n,m

(−1)n(−j)mknm
Jm(k0b)

k20−k
2
nm

ejmθ0P(n,m). (5.11)

Equation5.11presentsaveryimportantlinkbetweenoutputofthePFTandtheCFT.

OncethethePFTimagespectrumisproduced,Equation5.11isusedtoconvertitto

thefamiliarCFTimagespectrum.InFigure5.2,theconversionusingthisequation

ispresentedbythe‘spectralconversiontoCFT’block.

Finally,itshouldbenotedfromourdiscussioninthissectionthatsincethe

PFTisdifferentfromtheCFTintermsofitsbasisfunctions,thewayanimage

isdecomposedisalsodifferent.TheCFTrepresentsanimageintermsofitsbasic

planewavecomponents,whilethePFT,withitsbasisfunctionsgiveninEquation

5.9,representstheimageintermsofcylindricalwaves.
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5.4 ResultsandAnalysis

InourexperimentstovalidatetheperformanceofthePFTcomparedtotheCFT

inwavespectrumestimation,bothtransformswereappliedtofielddatadescribed

inSection2.4.TheCFTmethodusedrectangularanalysiswindowsofsize256×128

samples,whichcoversanareaof1843200m2(1920×960m). Ontheotherhand,

thePFTmethodusedringsectoranalysiswindowsofsize320×128samples,which

coversanareaof1849800m2takingthecentreoftheringsectoranalysiswindowat

r=960mandanazimuthresolutionof0.36◦.Thesizeoftheringsectoranalysis

windowscoversroughlythesameareaastherectangularanalysiswindowsusedin

theCFTmethod.

5.4.1 Fielddataexamples

ExamplesofestimatedwavespectrausingthePFTareshowninFigure5.8. Fig-

ure5.8aillustratesthenormalizeddirectionalgroundtruthwavespectrum,whichis

estimatedfromTRIAXYSwavebuoydata.Thespectrumhasamainpeakat0.07

Hzand110◦andasecondarypeakat0.14Hzand140◦,witha63%relativeenergy

ofthemainpeakenergy. Thenormalizedestimateddirectionalwavespectrausing

theCFTandthePFTareshowninFigures5.8cand5.8d,respectively.Normalized

non-directionalwavespectrausingtheTRIAXYSwavebuoy,theCFTandthePFT

areshowninFigure5.8b.IncomparisonwiththeTRIAXYS-estimatedwavespectra,

thePFTshowsabetterperformanceinwavespectraestimation.ThePFTspectra

showamainpeakat0.07Hzand111◦comparedto0.075Hzand100◦fortheCFT

spectra. Also,thePFTspectrashowasecondarypeakat0.13Hzand155◦,with

35%relativeenergy,comparedto0.12Hzand170◦,with18%relativeenergyforthe

CFTspectra.

AnotherexampleisshowninFigure5.9.Figure5.9ashowsthenormalizedground
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truthwavespectrumwhichisestimatedusingTRIAXYSwavebuoydata.Thespec-

trumhastwopeaks,amainpeakat0.11Hzand190◦andasecondarypeakat0.75

Hzand95◦,witha92%relativeenergylevel.IncomparisonwiththeTRIAXYS-

estimatedwavespectra,againthePFTshowsabetterwavespectralestimationthan

theCFT.AsshowninFigures5.9band5.9d,thePFTdetectsbothpeaks;themain

peakat0.11Hzand180◦andthesecondarypeakat0.08Hzand90◦,with97%

relativeenergylevel.Ontheotherhand,theCFTdetectsonlythesecondarypeak

at0.75Hzand95◦asafalsemainpeak,whilethetruemainpeakisnotdetected

(seeFigures5.9band5.9c).

5.4.2 Performancevalidation

InordertovalidatetheperformanceofthePFTincomparisonwiththeCFT,both

methodsareusedtoestimatewavespectrausingtheX-bandmarineradardata

describedinSection7.3.Furthermore,theoceanwavespectralestimatesfromboth

methodsarecomparedtothegroundtruthestimatesthereweregeneratedusinga

TRIAXYSwaveriderbuoy.Thecorrelationcoefficientρbetweentheradar-estimated

non-directionalwavespectraandthenondirectionalbuoyspectrumwasusedasan

agreementmeasurebetweenthetwospectra.Thevalueofthecorrelationcoefficient

rangesfrom0(nosimilarity)to1(identical)andisgivenbyEquation3.1.ρwas

calculatedfordifferentradarestimatesusingthePFTandCFT.Figure5.10showsthe

correlationcoefficientinpairs:theCFTcoefficientsaremarkedusing“o”whilethe

PFTismarkedusing“×”;theresultsareshownforfour12-hourperiodsduringDec

1-Dec4,2008.Toenhancethereadabilityoftheresults,thePFToutputisplotted

inbluetoindicateimprovementinperformance(andinredtoindicatedeterioration)

comparedtotheCFToutput.TheresultsshowthatthePFToutperformstheCFT

methodwithhighercorrelationcoefficientsforthemajorityoftimesamples. The
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(a) (b)

(c) (d)

Figure5.8:AfielddataexampleforwavespectrumestimationusingthePFT.Data
wererecordedonDec1,2008,between12:08PMand12:38PM:(a)Directionalwave
spectrumestimatedusingadirectionalTRIAXYSwaveriderbuoy.(b)Frequency
wavespectrumestimatedfromtheradardatausingtheCFTandPFToverlaidon
thegroundtruthfrequencywavespectrum.(candd)Thedirectionalwavespectrum
estimatedusingtheCFTandPFT,respectively.
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(a) (b)

(c) (d)

Figure5.9:AfielddataexampleforwavespectrumestimationusingthePFT.Data
wererecordedonDec1,2008,between11:42AMand12:12PM:(a)Directionalwave
spectrumestimatedusingadirectionalTRIAXYSwaveriderbuoy.(b)Frequency
wavespectrumestimatedfromtheradardatausingtheCFTandPFToverlaidon
thegroundtruthfrequencywavespectrum.(candd)Thedirectionalwavespectrum
estimatedusingtheCFTandPFT,respectively.
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averageimprovementisfoundtobe12%.

Forfurthervalidation,thepeakwaveperiodTp,meanperiodT01,thezero-crossing

periodTzandthepeakwavedirectionθparecalculatedfromthePFTandCFT-

estimatedspectra(seeSection2.3.2)forwindwavesandswell. Figures5.11and

5.12showthepeakwaveperiodanddirection,respectively.Themeanabsoluteerror

(|εTp|,|εT01|,|εTz|and|εθp|)anderrorstandarddeviation(σεTp,σεT01,σεTz andσεθp)

oftheseestimatesarecalculatedwithrespecttothegroundtruthandarelisted

inTable5.1.Figure5.13showsthenormalized(withrespecttotheCFT)average

absoluteerrorinestimatingTp,T01,Tz,andθpusingthePFT.Themeanabsoluteerror

andtheerrorstandarddeviationofTparegivenbyEquations3.2and3.3,respectively.

Theothermetricsarecalculatedinasimilarmanner. AsderivedfromTable5.1,

thePFT-waveperiodanddirectionestimatesare54%and49%,respectively,more

accuratethantheCFT-estimates.Thestandarddeviationvaluesarecalculatedand

listedinTable5.1inordertoprovidebetterunderstandingofthedistributionof

estimates.

WhileitappearsthatthePFTmethodmayoffersomeadvantageoverthetradi-

tionalCFTmethod,theCFThastheadvantageofshortercomputationaltimeover

thePFT.ThisisduetotheFastFourierTransformalgorithmwhichisusedtoeval-

uatetheCFT.Asyet,thereisnosuchfastalgorithmforthePFT.Inouranalysis

andimplementation,theCFTneeded2.7stoprocessoneradarset(32radarimages)

whilethePFTrequired4.3mintoprocessthesameset,withbothimplementations

runningonthesameprocessorandwithsimilarsoftwareanddatastructureefficiency.

However,thePFTmethodcomputationaltimemightbeimprovedbyusingafaster

processorandutilizingparallelcomputation.IfthegoalofusingthePFTforreal-

timeanalysisistoberealized,itwillbeimportanttoreducethecomputationaltime

tobelow48s,whichisthetimeneededfortheradarsusedinthisexperimentto
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Table5.1:ComparisonofthePFTandtheCFTinwaveperiodandpeakdirection

estimation.

|εTp|(s) σεTp(s) |εT01|(s) σεT01(s) |εTz|(s) σεTz(s) |εθp|(
◦) σεθp(

◦)

CFT 2.5 0.9 2.4 0.8 2.3 0.8 15.1 16.1

PFT 1.4 0.6 1.1 0.7 1.1 0.7 7.7 6.8

generateoneradarimageset.

Inthenextchapter,furthervalidationanalysisofthePFTperformanceiscon-

ductedincomparisonwiththeARPMandtheISAFmethodsthatareindividually

proposedinChapter3and4,respectively. Alsotheperformanceoftheproposed

methodsisanalyzedwhentheyarecombined.

5.5 Conclusions

Scanconversionisaprocessofnon-uniformre-samplingwhichleadstosomedistortion

inthewavespectraestimatedusingmarineradar.Inthischapter,itisproposedto

eliminatethescanconversionprocessandtoapplyFouriertransformationdirectly

ontheradardataintheirnativepolarB-scanformat.ThePolarFourierTransform

(PFT)thatsatisfiesorthogonalityinthepolarcoordinateswasadoptedinthischapter

andintegratedintoanoverallwavespectralestimationmethod.ThePFTdecomposes

animageintoitsbasiccomponentsofcylindricalwaves,ratherthanplanewavesas

intheCFT.UsingthePFTrequirestheanalysiswindowstohavetheshapeof

ringsectorsinsteadofrectangularwindows.Thereisaninherentadvantagetothis

shapeofwindow,namelythecompatibilitywiththeoriginalB-scanimagelayout.

Thisallowsformoreavailabilityofsamplesforuseintheanalysis. Resultsshow
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thatusingthePFTinsteadoftheCFTimprovestheperformanceoftheradar-based

methodinestimatingtheoceanwavespectra.Thiswasshownbycomparingthewave

spectraestimatesfromCFTandPFTwithgroundtruthspectrathatwereacquired

fromTRIAXYSwavebuoydata.ItalsowasshownthatthePFTproducesmore

accurateestimatesofseastateparameterssuchaswaveperiodanddirection. The

PFTalgorithmsignificantlyservesthepurposeofthisthesisofreducingtheerrorin

wavespectraestimation.
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(a) (b)

(c) (d)

Figure5.10:AcomparisonbetweenthePFTandtheCFTintermsofthefrequency
wavespectrumsimilarity,withrespecttothebuoygroundtruthspectra.Eachpoint
representsthecorrelationcoefficientbetweengroundtruthandtheradardata30
minuteaveragedfrequencywavespectra.(a)Dec1afternoonandevening,(b)Dec
2afternoonandevening,(c)Dec3afternoonandevening,(d)Dec4morning.
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(a) (b)

(c) (d)

Figure5.11:AcomparisonbetweenthePFTandtheCFTintermsofthepeakwave
period.(a)Dec1afternoonandevening,(b)Dec2afternoonandevening,(c)Dec3
afternoonandevening,(d)Dec4morning.
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(a) (b)

(c) (d)

Figure5.12:AcomparisonbetweentheCFTandthePFTintermsofthepeakwave
direction.(a)Dec1afternoonandevening,(b)Dec2afternoonandevening,(c)Dec
3afternoonandevening,(d)Dec4morning.
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Figure5.13:TheaverageabsoluteerrorofthePFTnormalizedwithrespecttothe
CFTmethod.
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Chapter6

Performancecomparisonofthe

ARPM,ISAF,andPFT

6.1 Introduction

InChapters3,4,and5respectively,theARPM,ISAF,andthePFThavebeen

proposedforenhancingoceanwavespectralestimationusingX-bandmarineradar.

Ithasbeenshownthatthemethods,individually,producemoreaccurateestimates

ofoceanwavespectraandofwaveperiodanddirectioncomparedtothestandard

CFTmethod,whichhasbeenreviewedinChapter2. However,theimprovement

levelsvariedamongthemethods.Inthischapter,aperformancecomparisonanal-

ysisofthethreemethodsispresented.Furthermore,thischapteralsoexploresand

validatestheperformanceofthemethodswhenimplementedtogether.Forexample,

theperformanceofthePFTinestimatingtheoceanwavespectraisexploredwhen

implementedwiththeARPMorwiththeISAF.
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6.2 Designofcombined methods

TheCFTorthePFTcanbeimplementedwiththeARPM,ISAF,orboth.Figure

6.1showstheflowchartofthecombiningprocedureoftheCFT,PFT,ARPM,and

theISAF.Eightpossiblecombinationsinclude:

1.TheCFTalone

ThismethodrepresentsthestandardCFTmethodreviewedinChapter2and

highlightedbytheblueboxinFigure6.1.Thescanconversionprocessisused

toconverttheB-scanimagestoproduceCartesianimages.Subsequently,three

uniformlydistributedrectangularanalysiswindowsareselected. TheCFT

methodisappliedontheselectedanalysiswindowstoproducethefinales-

timateofthedirectionalwavespectrum.

2.TheCFTwithARPM

ThiscombinationisproposedinChapter3andhighlightedbytheblueandred

boxesinFigure6.1.Oncethedirectionalwavespectrumisestimatedusingthe

CFTmethod,newrectangularanalysiswindowsarechosen.Thenumberand

directionofthenewanalysiswindowsaredeterminedbasedonthenumberand

directionofthepeaksintheestimateddirectionalwavespectrum.Theanalysis

windowre-selectionprocessisrepeateduntiltheARPMterminationcondition

issatisfied. Withoutlossofgenerality,theterminationconditionusedhereis

toreachamaximumnumberofthreeiterations.

3.TheCFTwithISAF

ThismethodisproposedinChapter4andhighlightedbytheblueandyellow

boxesinFigure6.1.Thefinalestimateofthedirectionalwavespectrumusing

thismethodisgeneratedbyapplyingtheISAFmodulationtransferfunctionto

theCFT-estimateddirectionalwavespectruminordertomitigatetheeffectof
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theoceansurfacesamplingprocess.

4.TheCFTwithARPMandISAF

Theblue,yellowandredboxesinFigure6.1highlightthiscombination,in

whichtheCFT-estimateddirectionalwavespectrumiscorrectedusingtheISAF

modulationtransferfunction.Subsequently,newrectangularanalysiswindows

arere-selectedbytheARPMiterativeprocesstoproducethefinaldirectional

wavespectrumestimate.

5.ThePFTalone

ThismethodisproposedinChapter5andhighlightedbythegreenboxin

Figure6.1.TwomaindifferencesbetweentheCFTandthePFTmethodsare

showninFigure6.1.First,unliketheCFTmethod,thePFTmethoddoesnot

requiretheintermediatestageofscanconversion.Second,thePFTusesring

sectoranalysiswindowscomparedtorectangularwindowsusedbytheCFT

method.ThePFTisappliedonthreeuniformlydistributedringsectoranalysis

windowstoproducethefinalestimateofthedirectionalwavespectrum

6.ThePFTwithARPM

ThegreenandredboxesinFigure6.1highlightthiscombination.Thenumber

anddirectionofpeaksinthePFT-estimateddirectionalwavespectrumareused

todeterminethenumberanddirectionofthenewringsectoranalysiswindows.

ThePFTisusedagaintoestimatethedirectionalwavespectrumfromthenew

analysiswindows. Thisprocessisrepeatedrecursivelyuntilthetermination

conditionofamaximumofthreeiterationsissatisfied.

7.ThePFTwithISAF

AshighlightedbythegreenandyellowboxesinFigure6.1forthiscombina-

tion,thePFT-estimateddirectionalwavespectrumiscorrectedusingtheISAF
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modulationtransferfunctiontoproducethefinaldirectionalwavespectrum.

8.ThePFTwithARPMandISAF

ThiscombinationishighlightedinFigure6.1bythegreen,yellow,andred

boxes.OncethePFT-estimateofthedirectionalwavespectrumisgenerated,it

iscorrectedbytheISAFmodulationtransferfunction.Subsequently,newring

sectoranalysiswindowsarere-selectedusingtheARPMiterativealgorithm.

ThefinalestimateofthedirectionalwavespectrumisproducedoncetheARPM

terminationconditionofamaximumofthreeiterationsissatisfied.

Theperformanceofestimatingtheoceanwavespectraandthewaveperiodand

directionsoftheCFTwiththeARPM,theCFTwiththeISAF,andthePFTalone

werepresentedinChapters3,4,and5,respectively.Theperformanceanalysisofthe

remainingcombinationsoutlinedinSection6.2inestimatingtheoceanwavespectra

andthewaveperiodanddirectionispresentedinSection6.3.Usingaperformance

validationapproachthatissimilartothatusedinthepreviouschapters,estimates

oftheoceanwavespectraandwaveperiodanddirectionproducedbythedifferent

combinationsarecomparedtogroundtruthestimatesgeneratedusingaTRIAXYS

waveriderbuoy(asdiscussedinSection2.4).

6.3 ResultsandAnalysis

ThevariouscombinationsoftheCFT,ARPM,ISAF,andPFTpresentedinSection

6.2areusedtoestimateoceanwavespectrafromthefielddatadescribedinSection

2.4.Subsequently,thepeakwaveperiodTp,meanperiodT01,thezero-crossingperiod

Tzandthepeakwavedirectionθparecalculatedfromtheestimatedwavespectraas

describedinSection2.3.2.Forcomparison,themeanabsoluteerror(|εTp|,|εT01|,|εTz|

and|εθp|)anderrorstandarddeviation(σεTp,σεT01,σεTzandσεθp)oftheseestimates
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Figure6.1:FlowchartofthedirectionalwavespectrumestimationusingthePFT,
ARPMandISAF.Theblue,green,yellow,andredboxeshighlightthestandardCFT,
thePFT,theISAFandtheARPMmethods,respectively.
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arecalculatedwithrespecttothegroundtruth. Experimentalresultsarelisted

inTable6.1. Figure6.2showsthenormalized(withrespecttotheCFT)average

absoluteerrorinestimatingTp,T01,Tz,andθpusingtheproposedmethods. The

meanabsoluteerrorandtheerrorstandarddeviationofTparegivenbyEquations

3.2and3.3,respectively.Theothermetricsarecalculatedinasimilarmanner.Also,

Table6.2liststherelativeimprovementspresentedbytheproposedmethodsandtheir

combinationsincomparisonwiththestandardCFTmethod.Thefollowingremarks

canbenotedfromTables6.1and6.2:

•Alltheproposedmethods(theARPM,ISAF,andPFT)individuallyandtheir

combinationshaveimprovedtheestimationaccuracyofthewaveperiodand

wavedirectioncomparedtothestandardCFTmethod.

•BetweentheAPRMandtheISAFwhenimplementedwiththeCFT,theARPM

showedabetterperformanceinestimatingTpwith20%improvementcompared

to12%usingtheISAF.However,theISAFimprovedthewavedirectionesti-

mationby33%comparedto22%usingtheARPM.IntermsofT01andTz,both

methodsshowedasimilarperformancewithanimprovementof20%.

•WhenimplementingtheCFTwithARPMandISAF,thecombinationoutper-

formstheperformanceoftheCFTwithARPMandtheCFTwithISAFin

termsofwaveperiodestimationwithimprovementsof32%,38%,and38%in

estimatingTp,T01,andTz,respectively. Ontheotherhand,thecombination

outperformstheCFTwithARPMbutnottheCFTwithISAFintermsof

estimatingθpwithanimprovementof23%.

•ThePFToutperformsthestandardCFT,theCFTwithARPM,theCFTwith

ISAF,andtheCFTwithARPMandISAF.ThePFTproduced44%,54%,

52%,and49%improvementintheestimationofTp,T1,Tz,andθp,respectively.
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However,asmentionedinSection5.4.2,thePFTiscomputationallyexpensive

whichmightlimititsimplementationtonon-realtimeapplications.

•UsingthePFTwithARPMproducesimprovementsof60%,46%,46%,and

33%intheestimationofTp,T1,Tz,andθp,respectively.Interestingly,the

PFTmethodproducesmoreaccuratewavedirectionestimatesthanthePFT

whencombinedwiththeARPM.Furtherinvestigationonthereasonbehind

thisbehavioristobeaddressedinfuturework.

•WhenusingthePFTwithISAF,improvementsof52%,66%,66%,and55%

intheestimationofTp,T1,Tz,andθp,respectively,areachieved.Itmustbe

notedthatthiscombinationhasproducedthemostaccurateestimatesofT01,

Tz,andθpamongallthemethodsandtheircombinations.

•WhenimplementingthePFTwithARPMandISAF,theestimationof Tp,T1,

Tz,andθphaveimprovedby72%,63%,63%,and33%,respectively.Also,the

mostaccurateestimatesofTpwereproducedusingthiscombination.

Inordertofurtherdemonstratetheperformanceoftheproposedmethodsand

theircombinations,twofielddataexamplesofoceanwavespectralestimationare

presented.Figure6.3shows(a)aground-truthdirectionalwavespectrumestimated

fromTRIAXYSWaveRiderbuoydata,(b-e)theestimatednon-directionalwavespec-

trumusingtheproposedmethodsandtheircombinations,and(f-m)theestimated

directionalwavespectrumusingtheproposedmethodsandtheircombinations. With

asimilarterminologytothatusedinChapters3,4,and5,thepeakwithhighesten-

ergyisreferredtoasthemainpeak,whiletheotherpeaksarereferredtoasthe

secondarypeaks. Also,sincewearedealingwithnormalizedwavespectra,theen-

ergylevelofthesecondarypeaksismeasuredrelativelywithrespecttotheenergy

levelofthemainpeakinthesamespectrum.
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Figures6.3aand6.3bshowthatthegroundtruthwavespectrahaveamainpeak

at0.115Hzand200◦andasecondarypeakat0.075Hzand95◦witharelativeenergy

levelof73%.Lookingattheestimatesofthenon-directionalanddirectionalwave

spectrumthatweregeneratedusingthestandardCFTmethodshowninFigures6.3b

and6.3f,respectively,thesecondarypeakwasdetectedasamainpeakat0.08Hzand

115◦whilethemainpeakwasnotdetected.UsingtheCFTwithARPM,asdepicted

inFigures6.3cand6.3g,themainpeakisnowmorevisiblebutstilldetectedasa

secondarypeakwitharelativeenergylevelof25%.ItisexpectedthattheCFT

withARPMwouldhaveperformedevenbetterifbothpeaksweredetectedinthe

CFT-estimateddirectionalwavespectrumofFigure6.3fwhichisusedastheinitial

guessfortheARPMrecursivealgorithm.ImplementingtheCFTwithISAFimproves

theestimatesofthenon-directionalanddirectionalwavespectraasdisplayedin

Figures6.3dand6.3h.Themainpeakwasstilldetectedasasecondarypeakwith

arelativeenergyof35%.UsingtheCFTwithARPMandISAFintroducesfurther

enhancementindetectingthemainpeak.However,themainpeakisstilldetectedas

secondaryapeakwitharelativeenergylevelof40%.

Figures6.3band6.3jshowthePFT-estimatesofthenon-directionalanddirec-

tionalwavespectra,respectively.Themainpeakwasdetectedasasecondarypeak

witharelativeenergylevelof65%,thePFToutperformedtheCFT,theCFTwith

ARPM,theCFTwithISAF,andtheCFTwithARPMandISAF.Furthersignificant

enhancementwasobservedwhenthePFTwithARPMwasusedasshowninFigures

6.3cand6.3k.Eventhoughthemainpeakwasstilldetectedasasecondarypeak,

theestimationofitsrelativeenergywassignificantlyimprovedasitwasestimated

tobe95%.ThepeakswerefinallyproperlydetectedinthisexamplewhenthePFT

withISAFwasimplemented. Figures6.3dand6.3lshowthatthemainpeakwas

detectedasamainpeakandthesecondarypeak,whichhasarelativeenergyof73%
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wasdetectedasasecondarypeakwitharelativeenergyof85%.Theestimatesofthe

lastcombinationusedhere,whichisthePFTwithARPMandISAF,arepresented

inFigures6.3eand6.3m.Again,bothpeakswereproperlydetectedandthesecond

peakwasdetectedwitharelativeenergyof65%.

Asaconclusion,thisexampleshowsthatthePFTwithISAFandthePFTwith

ARPMandISAFproducethemostaccurateoceanwavespectralestimation.

InthefieldexampleshowninFigure6.4,thedirectionalgroundtruthspectrum

depictedinFigure6.4acontainsamainpeakat0.12Hzand225◦andasecondary

peakat0.115Hzand100◦.ThroughouttheFigures6.4(b-e)and(f-m),theestimates

ofthenon-directionalanddirectionalwavespectrum,respectively,usingthevarious

proposedmethodsandtheircombinationsaredisplayed.Duetotheclosefrequencies

ofthetwopeaks,thetwopeaksarehardlydistinguishablefromeachotherinthe

non-directionalspectrumshowninFigure6.4b.Therefore,thecomparisonbetween

thespectralestimatesbasedonpeaksenergyisnotpossible. However,itisclear

fromFigures6.4eand6.4mofthenon-directionalanddirectionalwavespectra,re-

spectively,generatedusingthePFTwithARPMandISAFmethodthatamongthe

variousspectrumestimates,theestimatesgeneratedusingthePFTwithARPMand

ISAFmethodagreethemostwiththegroundtruthspectra.

TheARPM,ISAF,andPFTareconcernedwithimprovingseastateparameters

thatarederivedfromoceanwavespectraincludingwaveperiodanddirection.Hence,

theapproachfollowedindesigningthepreviousmethodswastoimproveoceanwave

spectralestimationinordertoproduceaccurateseastateparameters. However,

thenextchapterofthisthesiswhichisconcernedwiththevelocityofencounter

information,hasaslightlydifferentapproach.Thevelocityofencounterinformationis

estimatedfromtheimagespectrumratherthanthedirectionalornon-directionalwave

spectra.Therefore,directionalandnon-directionalwavespectralanalysismaynotbe
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relevantforestimatingthevelocityofencounter. However,itmustberemembered

fromSection2.3.2thatimprovingvelocityofencounterestimationwillindirectly

improvetheestimationofwavespectrasincethevelocityofencounterinformation

playsakeyroleinexcludingthenon-wavecomponentsfromtheimagespectrumin

theCTFmethod.

6.4 Conclusions

FromthepreviousdiscussioninSection6.3weconcludethatcombiningtheproposed

methodscansignificantlyimprovethewaveperiodanddirectionestimation. The

mostaccurateestimatesofTpwereachievedwhenthePFTwithARPMandISAF

methodwasused.However,usingthePFTwithISAFproducedthemostaccurate

estimatesofT1,Tz,andθp.
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Table6.1:ComparisonoftheARPM,ISAF,PFTandtheircombinationsandthe

standardCFTmethodinwaveperiodanddirectionestimation.

|εTp|(s) σεTp (s) |εT01|(s) σεT01 (s) |εTz|(s) σεTz(s) |εθp|(
◦) σεθp(

◦)

CFT

alone
2.5 0.9 2.4 0.8 2.3 0.8 15.1 16.1

CFTwith

ARPM
2 0.9 1.9 1.5 1.9 1.5 11.7 13

CFTwith

ISAF
2.2 0.5 1.9 0.5 1.9 0.5 9.9 6

CFTwith

ARPMandISAF
1.7 1 1.5 1.1 1.4 1 11.6 13

PFT

alone
1.4 0.6 1.1 0.7 1.1 0.7 7.7 6.8

PFTwith

ARPM
1 0.7 1.3 1 1.2 0.9 9.9 12

PFTwith

ISAF
1.2 1.2 0.8 1 0.8 1 6.8 8.1

PFTwith

ARPMandISAF
0.7 1 0.9 1.2 0.9 1.1 10 12.4
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Table6.2:RelativeestimationimprovementsofTp,T01,Tz,andθpusingtheARPM,

ISAF,PFTandtheircombinationscomparedtothestandardCFTmethod.

Tp T01 Tz θp

CFTwithARPM 20% 21% 17% 23%

CFTwithISAF 12% 21% 17% 34%

CFTwithARPMandISAF 32% 38% 39% 23%

PFTalone 44% 54% 52% 49%

PFTwithARPM 60% 46% 48% 34%

PFTwithISAF 52% 67% 65% 56%

PFTwithARPMandISAF 72% 63% 61% 37%

Figure6.2: Theaverageabsoluteerroroftheproposedmethodsnormalizedwith
respecttotheCFTmethod.
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(a)

Figure6.3:AfielddataexampleforwavespectrumestimationusingtheCFT,PFT,
ARPM,andISAF.DatawererecordedonDec1,2008between4:40PMand5:10
PM:(a)DirectionalwavespectrumestimatedusingadirectionalTRIAXYSwave
riderbuoy.Cont.
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(b) (c)

(d) (e)

(f)CFT (g)CFTwithARPM

Figure6.3:(b-e)Frequencywavespectrumestimatedfromtheradardatausing
theCFT,PFT,ARPM,ISAF,andtheircombinationsoverlaidonthegroundtruth
frequencywavespectrum.(fandg)Thedirectionalwavespectrumestimatedusing
theCFTandtheCFTwithARPM,respectively.Cont.
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(h)CFTwithISAF (i)CFTwithARPMandISAF

(j)PFT (k)PFTwithARPM

(l)PFTwithISAF (m)PFTwithARPMandISAF

Figure6.3:(h,i,j,k,l,andm)ThedirectionalwavespectrumestimatedusingtheCFT
withISAF,theCFTwithARPMandISAF,thePFT,thePFTwithARPM,the
PFTwithISAF,andthePFTwithARPMandISAF,respectively.
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(a)

Figure6.4:AfielddataexampleforwavespectrumestimationusingtheCFT,PFT,
ARPM,andISAF.DatawererecordedonDec1,2008between8:40PMand9:10
PM:(a)DirectionalwavespectrumestimatedusingadirectionalTRIAXYSwave
riderbuoy.Cont.
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(b) (c)

(d) (e)

(f)CFT (g)CFTwithARPM

Figure6.4:(b-e)Frequencywavespectrumestimatedfromtheradardatausing
theCFT,PFT,ARPM,ISAF,andtheircombinationsoverlaidonthegroundtruth
frequencywavespectrum.(fandg)Thedirectionalwavespectrumestimatedusing
theCFTandtheCFTwithARPM,respectively.Cont.
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(h)CFTwithISAF (i)CFTwithARPMandISAF

(j)PFT (k)PFTwithARPM

(l)PFTwithISAF (m)CFTwithARPMandISAF

Figure6.4:(h,i,j,k,l,andm)ThedirectionalwavespectrumestimatedusingtheCFT
withISAF,theCFTwithARPMandISAF,thePFT,thePFTwithARPM,the
PFTwithISAF,andthePFTwithARPMandISAF,respectively.
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Chapter7

Ahybrid methodforvelocityof

encounterestimationusingX-band

nauticalradar

7.1 Introduction

ThefinalenhancementonthewavespectraestimationusingX-bandmarineradar

thatisconsideredinthisthesisistodevelopanaccurate(produceslowestimation

error)andreliable(convergestothetruevalue)methodofestimatingthevelocityof

encounter.Thevelocityofencounterisdefinedasthevectorsummationofsurface

currentvelocityandshipvelocity,whicharebothmeasuredwithrespecttothesame

reference.IntheCFTmethodofestimatingoceanwavespectra,asdiscussedin

Section2.3.2,thevelocityofencountervalueisusedtoexcludethenon-wavecompo-

nentsoftheimagespectrumfromcontributingtothewavespectrum.Thisisdoneby

classifyingthe3-Dimagespectrumcomponentstowaveandnon-wavecomponents
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basedontheiragreementwiththedispersionrelationshipgivenby

ω(k,U)= gktanh(kd)+k·U (7.1)

wherekisthewavenumbervector,Uisthevelocityofencounter,dthewaterdepth,

gtheaccelerationduetogravity.Figure7.1showsanexampleofimagespectrum

inthek,ωdomain.Itcanbeseenhowmostofthespectrumenergyisconcentrated

nearthedispersioncurve(thereddottedline). Avelocityofencountervalueof

U=(Ux,Uy)=(0.54,−0.35)m/s,whichisestimatedusingtheHybridLeastsquares

(HLS)methodexplainedlaterinthischapter,isusedheretoplotthedispersion

curve.

Figure7.1:Anexampleoftheimagespectruminthe(k,ω)domain.Thedottedred
linerepresentsthedispersionrelationshipgivenbyEquation7.1.

ItcanbeseenfromEquation7.1thatthevelocityofencounter,whichisnot

knownapriori,isrequiredinordertoexcludethenon-wavecomponentsfromthe
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imagespectrum. Furthermore,ahighvelocityofencountermightsignificantlyin-

creasealiasinginthefrequencydomainwhichresultsfromunder-samplinginthe

timedomain[45]. Thiseffecttakesplaceduetotheincreaseinobservedwavefre-

quencyaccordingtoEquation7.1.Therefore,velocityofencounterinformationmight

alsobeusedtomitigatetheeffectofthealiasingphenomenon[68–70].Severalmeth-

odshavebeenproposedtoestimateU[10,45,46,55,56].Thesefollowoneoftwo

approaches:theLeastSquares(LS)[10]methodandtheNormalizedScalarProduct

(NSP)[45].

7.1.1 TheLeastSquares(LS) method

ThebasicLS[10]estimatestheoptimumUthatminimizestheerrorquantity

Q2=

Nc1

i=1

ωi−ω(ki,U)

σω

2

(7.2)

where(ki,ωi)arethewavenumber-frequencycomponentsoftheithregressionco-

ordinate. Theimagespectrumcomponentsthatarechosentobeincludedinthe

regressionprocessarereferredtoastheregressioncoordinates.Nc1isthenumber

ofregressioncoordinates,whichisthenumberofimagespectrumcomponentsthat

exceedaninitialthresholdvalueofTc1=0.2. Thisisacommonempiricalvalue

thatischosenbasedontheassumptionthatthiswillseparatethefundamentalwave

componentsintheimagespectrumfromhigherharmonicsandnoise[29,44,55,56].

σωistheexpectedstandarddeviationoferrordifferenceofthetheoreticalangular

frequencygivenbyEquation7.1andtheangularfrequencycomponentofregression

coordinatesωi.

StudieshaveshownthattheLSmethodproducesonlyaroughestimateofthe

trueUandseveralenhancementshadbeenmadetoimproveitsaccuracyandre-

liability[46,55,56,71]. Senetetal.[46]proposedseveralenhancementstothis
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method.TheimprovedLSisreferredtoastheIterativeLeastSquares(ILS)method.

TheILSutilizesalargernumberofregressioncoordinatesbyusingalowerthreshold

value.AcommonvalueofthisthresholdisTc2=0.02[46].Itisexpectedwithsuch

alowthresholdvaluethatnotalltheregressioncoordinatesfollowthefundamental

dispersionrelationshipgiveninEquation7.1.Thisisduetoaliasingandthenonlin-

earimagingprocess[29].Instead,theregressionprocessusesthegeneraldispersion

relationshipwithhigherorderharmonics,whichisgivenby

ωp(k,U)=±(p+1)
gktanh(kd)

p+1
+k·U, p=0,1,2,..., (7.3)

wherepistheharmonicorder.Clearly,substitutingp=0inEquation7.3leadsto

thefamiliarfundamentaldispersionrelationshipasinEquation7.1.

Furthermore,theILSestimatesUiterativelystartingfromaninitialguessthat

isestimatedusingthebasicLS.Theprocessinvolvesiterativefrequencymodeclas-

sificationforregressioncoordinatesasfundamentalorfirstharmonicfrequenciesand

solvingforEquation7.2.Huangetal.[56]proposedafurtherimprovementtotheILS

byusinganadaptiveinitialguess.Itwasalsoproposedin[56]tousethefrequency

modeclassificationinformationtoexcludethenon-wavecomponentsfromthewave

spectruminsteadofusingaband-passfilter.Thisimprovestheoverallperformance

oftheCFTmethodintermsofaccuracyandcomputationaltime.

ThePolarCurrentShell(PCS),whichutilizesasinusoidalcurve-fittingalgorithm

inpolarcoordinatesandusesLSfittingintherangeandazimuthdimensionssepa-

rately,isanothermethodthatwasrecentlyproposedforestimatingthevelocityof

encounter[71,72].In[73],acomparisonoftheILS,NSPandPCSwaspresented

usingverticallypolarizedfielddatafromastationaryX-bandmarineradar. The

studyconcludedthatthethreemethodsperformequallyintermsoftheestimation

accuracyofthevelocityofencounter. However,sincetheradarplatformusedin
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thestudywasstationary,onlylowvaluesofthevelocityofencounter(orsimplythe

surfacecurrentvelocity)areincludedinthecomparison.

7.1.2 TheNormalizedScalarProduct(NSP)

TheNSPmethodwasfirstproposedbySerafinoetal.[45].Inthismethod,the

optimumUisestimatedbymaximizingthenormalizedscalarproduct

V(U)=
|FI(k,ω)|,G(k,ω,U)√

PFPG

whereFI(k,ω)istheimagespectrum,PFandPGthepowerofFIandG,respectively,

and·indicatesthescalarproduct.ThecharacteristicfunctionG(·,·)isgivenby

G(k,ω,U)=






1, if|ωi−ω(ki,U)|≤∆ω.

0, otherwise.

where∆ωistheangularfrequencyresolution. ThismethodoutperformstheLS

basedmethodsintermsofaccuracyandreliabilityathigherrangesofU(|U|>8

m/s).However,thismethodiscomputationallyexpensiveandmaythusberestricted

tooff-lineanalysis.

Inthischapter,ahybridmethodisproposedforestimatingthevelocityofen-

counter.ThismethodincludesbothILSandNSP,andisdesignedtosupporthigh

reliabilityandshortcomputationaltime,especiallyathigherrangesof|U|.

7.2 AHybridLeastSquares Method

Despiteitslowreliabilityathigher|U|ascomparedtotheNPS,theILSiscommonly

usedduetoitsshortcomputationaltime.Thismakesitmoresuitableforrealtime

analysisandforstationaryplatformsandslowmovingvessels(suchthat|U|<6
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m/s).However,athigherspeeds,thismethodmaybelessrobustduetothehigher

errorintheinitialguess,whichisestimatedusingtheLSmethod.Inordertoexamine

thedependencyoftheILSmethodreliabilityontheinitialguessestimationerror,

X-bandradarimagesweresimulatedusingdifferentinputvaluesofUasdescribedin

Section7.3.Subsequently,theILSmethodwasusedtoestimateUfromthesimulated

X-bandradarimages.However,theinitialguessvalueoftheILSwasnotestimated

usingtheLSmethod.Instead,itwasprovidedtotheILSmethod.Differentinitial

guessvalueswitharangeofabsoluteerrorbetweentheinitialguessandthetruevalue

of0to5m/swereused. TherobustnessoftheILSmethodwasmeasuredbythe

ILSmethod’sfailureprobability.TheILSmethodisconsideredtofailinestimating

UwhentheiterativeprocessdoesnotconvergetothetruevalueofU.Thefailure

probabilityismeasuredbythepercentageoftimethemethodfailsinestimatingU.

Ourresults,asshowninFigure7.2,indicatethattheinitialguesshastoberoughly

within2m/softhetruevalueinorderfortheILStosuccessfullyestimateU.

InordertoenhancethereliabilityoftheILSmethod,anewtechniquereferred

toastheHybridLeastSquares(HLS)methodisproposed.TheHLScombinesthe

twomethodsinSection7.1. TheinitialguessisestimatedusingtheNSPwitha

resolutionof1m/s.Suchalowresolutionrequiresaveryshortcomputationaltime

(50ms).Atthesametime,itguaranteesaninitialguesswithin1m/sfromthetrue

value.Subsequently,theILSisperformedusingthisinitialguess.Anotheradvantage

ofusingthismethodisthatitretainstheregressioncoordinatemodeclassification

forlaterprocessingassuggestedin[56].

7.3 NumericalTests

InordertoexaminetheperformanceoftheHLScomparedtotheNSPandILS,

thethreemethodsareusedtoestimate|U|fromsetsofsimulatedradarimages.The
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Figure7.2:FailureprobabilityofILSdependencyontheinitialguessvalue.

simulationwasconductedat4differentvaluesofU(2.1,5.5,8.3and11.7m/s)witha

directionof180◦fromthemainwavedirection.ThePierson-Moskowitz-basedpower

distributionmodelpresentedin[66]andasquaredcosinedistribution(accounting

forangularspreading)[11],withrandomphasesthataregeneratedusingauniform

distribution,wereusedtosimulateoceansurfaceelevation. ThevaluesofUwere

chosentocoverlowtohighspeeds,whiletheparticulardirectionwaschosenbecause

wehavenoticedthatthereliabilityoftheILSismostsensitivetothecaseinwhich

thevelocityofencounterdirectionisoppositetothatofthewaves.Foreachofthe

testvaluesof|U|,70setsofradarimagesweresimulatedusingtheparameterslisted

inTable7.1.Afterapplyingthethreemethods(NSP,ILSandHLS)tothesimulated

sets,severalcomparisonmetricswerecalculatedforeachmethodanddataset.These

metricsincludetheaverageabsoluteerror(ε|U|)inthemagnitudeofthevelocityof

encounter(|U|)anditsstandarddeviation(σε|U|),theaverageabsoluteerror(ε|U|)
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Table7.1:Numericaltests:simulationparameters.

Imagesetsize 128×128×32samples

Antennarepetitiontime 1.44s

Antennaheight 10m

Samplingfrequency 20MHz

Patchdistancefromtheantenna 1km

Waterdepth 200m

Mainwavedirection 270◦fromtruenorth

inthedirectionofthevelocityofencounter(∠U)anditsstandarddeviation(σε∠U),

andtheaveragecomputationaltime(τ)anditsstandarddeviation(στ).

7.4 ResultsandAnalysis

Table7.2liststhecomparisonmetricsforthethreemethodswith|U|=2.1m/s.At

thisrelativelylowspeed,theresultsshowthatthethreemethodsproduceaccurate

estimatesforUwithε|U|lessthan7cm/sandhighreliabilitywithσε|U|lessthan

10cm/saswell.Thisindicatesthatmostoftheresultsfromthetestimagesetsare

locatedwithin10cm/softheaverageestimate.ThiscanbealsoseenfromFigure7.3

whichshowstheerrorvector(εU)at|U|=2.1m/s.Table7.2alsoshowsthatthe

NSPrequiresarelativelylargecomputationaltimeτ(s)(71s)comparedtotheother

twomethodswhichrequirelessthan0.5s.Therefore,atsuchlowspeedstheILSand

theHLSarepreferableovertheNPS.

Similarconclusionscanbedrawnfromtheresultsof|U|=5.5m/sasshowninTa-

ble7.3andFigure7.4. Movingtoahigherrange(|U|=8.3m/s),itcanbeseenfrom
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Table7.4thatboththeaccuracyandreliabilityoftheILSarereducedascompared

tothoseoftheothertwomethodswithε|U|=0.21m/sandσε|U|=0.25m/s.Thisis

duetoincorrectresultsforsomeimagesetswhentheiterativemethodstartedwith

poorinitialguesses. TheseincorrectestimatesdonotappearinFigure7.5asthey

arelocatedfurtherthan2m/sfromthetruevalueandaretruncatedfromtheplot

asshown.TheprobabilityoftheILStobreakdowndramaticallyincreasesatspeeds

of8m/sandhigher. Themainreasonforthisfailureisapoorinitialguess. This

shouldnotbesurprisingasforhigherspeedstheregressioncoordinatesareexpected

tobescatteredfarfromthefundamentaldispersionshell. Meanwhile,theHLSis

stillabletomaintainaccurateandreliableestimateswhilemaintainingaveryshort

computationaltime.At|U|=11.7m/s,thehighestspeedconsideredinthispaper,

Table7.2showsthattheILShascompletelyfailedtoestimateUasseenfromthe

factthatε|U|andσε|U|equal4.4and4.7,respectively.Thisshowsthatmoreofthe

ILSestimatesdidnotconvergeacceptablyclosetothetruevalue.Thiscanbeseen

inFigure7.6wherefewervaluesoftheILSareshown.Ontheotherhandtheother

twomethodsmaintainsatisfactoryaccuracyandreliability.

Amongthethree,theHLSshowsveryshortcomputationaltimesandhighaccu-

racyandreliabilityforallvelocitiesofencounterranges.Inourstudy,thisindicates

thattheproposedmethod(HLS)significantlyoutperformsthetwoothermethods

(ILSandNSP).
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Table7.2:Velocityofencountermagnitude|U|=2.1m/s.

ε|U|(m/s) σε|U| ε∠U (
◦) σε∠U τ(s) στ

NSP 0.07 0.09 3.9 4.7 71.7 11.0

ILS 0.07 0.09 3.9 5.0 0.1 0.02

HLS 0.06 0.08 4.1 4.5 0.28 0.05

Table7.3:Velocityofencountermagnitude|U|=5.5m/s.

ε|U|(m/s) σε|U| ε∠U (
◦) σε∠U τ(s) στ

NSP 0.06 0.06 0.5 0.7 127.6 27

ILS 0.08 0.05 0.5 0.6 0.23 0.05

HLS 0.09 0.05 0.5 0.6 0.5 0.1

Table7.4:Velocityofencountermagnitude|U|=8.3m/s.

ε|U|(m/s) σε|U| ε∠U (
◦) σε∠U τ(s) στ

NSP 0.15 0.11 0.4 0.6 122.3 28

ILS 0.21 0.25 0.2 0.3 0.2 0.05

HLS 0.17 0.1 0.2 0.3 0.5 0.1

Table7.5:Velocityofencountermagnitude|U|=11.7m/s.

ε|U|(m/s) σε|U| ε∠U (
◦) σε∠U τ(s) στ

NSP 0.3 0.18 0.3 0.4 124 28

ILS 4.4 4.7 27 58 0.23 0.05

HLS 0.16 0.15 0.2 0.25 0.5 0.11
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Figure7.3:Errorvector(εU)at|U|=2.1m/s.

Figure7.4:Errorvector(εU)at|U|=5.5m/s.
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Figure7.5:Errorvector(εU)at|U|=8.3m/s.

Figure7.6:Errorvector(εU)at|U|=11.7m/s.
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7.5 Conclusions

Thevalueofthevelocityofencounterisimportantinwavespectrumestimation

usingthe3DFouriertransformationonnauticalradarimages.Itisusedtoexclude

non-wavecomponentsfromtheimagespectrumtoproducethewavespectrum.Two

mainapproachesarecurrentlyusedtoestimatevelocityofencounter:theIterative

LeastSquares(ILS)andNormalizedScalarProduct(NSP).TheILSprovidesshort

computationaltimeandgoodaccuracyatlowervaluesofthevelocityofencounter.

However,thereliabilityofthismethoddramaticallydropsatspeedsof8m/sand

higher.Themainreasonforsuchpoorperformanceathighspeedshasbeenidentified

inthischaptertobeduetoapoorinitialguess.Ontheotherhand,theNSPprovides

highreliabilityatallspeedrangesbutatthepriceoflongcomputationaltimes.In

thischapter,anewalgorithmthatcombinestheILSandNSPtosupportshort

computationaltimeandhighreliabilityisproposed. Themethodisreferredtoas

HybridLeastSquares(HLS).Thenewmethodestimatestheinitialguessusingthe

NSPandthenusestheILSmethodtorefinetheestimate.OurresultsshowthatHLS

achievesitspurposebysupportingashortcomputationaltimewhilemaintaininghigh

reliabilityatallspeedranges.
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Chapter8

Summaryandfuturework

8.1 Summaryofthethesis

Theoceanisoneoftheearth’smostimportantnaturalresources.Fisheriesprovide

humanswithoneofthemostnutritiousfoodresources.Theoceanalsoplaysakey

roleintransportationaroundtheglobewithmostgoodsbeingshippedviasearoutes.

Furthermore,theoceanhasasignificantimpactonourclimatewithregulatingthe

amountofCO2intheatmosphere. Also,ahugeamountofcrudeoilandnatural

gashasbeendiscoveredtrappedundertheoceanseabed.Thishasmotivatedgreat

attentionamongdrillingcompaniesandengineerstoexploittheseenergyresources.It

isquiteclearhowimportanttheoceanisinourlives.Thishasmotivatedresearchers

sinceancienttimestostudytheoceaninordertobetteruseitsresources.

Oceanwavespectraarewidelyacceptedasadescriptivemodeloftheoceansys-

tem. Wavespectrarepresenttheoceansurfacesystemintermsoftheenergycon-

tentofcontributingplaneoceanwaves.Severaltechnologieshavebeendeveloped

toestimateoceanwavespectra,suchaswavebuoysandremotesensingusingHF

andX-bandradars. Thepurposeofthisthesisistodevelopaccurateandreliable

methodsforwavespectraandseastateparametersestimationusingX-bandmarine

radar. Threewavespectralestimationalgorithmsinadditiontoasurfacecurrent
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estimationalgorithmhavebeenproposedtoaddressdifferentsourcesoferrorinthe

currentCartesianFourierTransform(CFT)methodofoceanwavespectraandsea

stateparameterestimation.

Thefirstalgorithm,whichwasproposedinChapter3ofthisthesis,addresses

thedependencyoftheX-bandmarineradar-estimatedoceanwavespectraonthe

azimuthlocationoftheanalysiswindow. OneoftheadvantagesofusingX-band

marineradarstoestimateoceanwavespectraisthattheycanprovidefielddatafrom

awidearea,usuallywithinaradiusof5kmandazimuthof360◦whendeployedat

sea.Inpractice,notalltheradarfielddataareanalyzedtoestimatetheoceanwave

spectra. Typically,rectangularanalysiswindowswithasizeof256×128samples

[18,29],coveringanareaof1920×960m2,arechosenfromtheradardatatobeused

foranalysis.Ithasbeenreportedintheliteratureandverifiedinthisthesisthatthe

azimuthlocationoftheanalysiswindowinfluencestheestimatedoceanwavespectra.

Thisisduetotheeffectoftheradarimagingprocessrepresentedbyshadowingand

tiltmodulation.

Traditionally,severalanalysiswindowsthatareuniformlydistributedintheaz-

imuthdirectionhavebeenusedtoeliminatethedependencyoftheestimatedwave

spectraontheazimuthdirection.Inthisthesis,itwasverifiedusingsimulatedX-

bandradardatathattheeffectofshadowingandtiltmodulationisminimumin

theup-waveazimuthdirection.Therefore,betteroceanwaveestimatesareexpected

whenchoosingtheanalysiswindowintheup-wavedirections. However,twochal-

lengesarepresenthere:theup-wavedirectionisnotknownaprioriandtheocean

systemmighthavenotonlywindwavesbutswellaswell,andhencemultipleup-

wavedirections. Therefore,theAdaptiveRecursivePositioning Method(ARPM)

wasproposedtoaddressthisproblem. TheARPMusesthreeanalysiswindowsto

estimateinitialspectra.Theup-wavedirectionandthenumberofanalysiswindows
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aredeterminedfromtheinitialspectra.Subsequently,newwavespectraareacquired

usingnewanalysiswindowsthatarelocatedintheup-wavedirections.Theprocess

isrepeatedrecursivelytoachievemoreaccurateresults.

TheARPMresultsfromfielddatashowedanimprovementof9.8%ontheagree-

mentbetweentheCFT-estimatedandthegroundtruthfrequencywavespectrum.

Also,20%,20%,and22%improvementsinthepeakwaveperiod,meanwaveperiod

andpeakwavedirectionestimates,respectively,wereachievedbyimplementingthe

ARPMmethod. Theseimprovementscomeattheexpenseofextracomputational

time.ImplementingtheARPMrequirescomputationaltimethatisdoubleortriple

thetimeneededbytheconventionalCFTmethod.Fortunately,theARPMcanbe

implementedinnearreal-timebecauseitscomputationaltimestilldoesnotexceed

theradardatageneratingtime.TheARPM’sapplicabilityislimitedtocaseswhere

theradardataisavailableforafull360◦azimuthrange.Apossibleenhancementon

themethodistoexpanditsapplicabilitytothecaseswherethefieldofviewispar-

tiallyblocked.Thiscanbeaddressedbyusingtheavailablefieldofviewtodetermine

aninitialestimate.Iftheup-wavedirectionliesintheavailablepartofthefieldof

view,theARPMcanproceednormally. Otherwise,thealgorithmwouldterminate

andtheinitialestimatewouldbeused.

InChapter4thesamplingprocessoftheoceansurfacebyX-bandradarandits

effectontheoceanwavespectraestimationwererevisited.Traditionally,theradar

samplingprocessisconsideredtobeastandardsampling,inwhichtheoceansurface

elevationissampledatthecentreofthepolarsampleareas.Itwasdemonstrated

inChapter4thatthisassumptionisnotaccurate.AB-scansampleisgeneratedby

accumulatingthereturnedscatterfromthewholesamplearea,whichisdeterminedby

theradarbeamwidthandrangeresolution.Thismotivatestheassumptionthatthe

radarsamplingoftheoceansurfaceinvolvesanaveragingprocess,whichisequivalent
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tousingalow-passfilterinthefrequencydomain.Theradarsamplingprocesswas

simulatedinordertounderstanditseffectontheestimatedoceanwavespectra.The

resultssupporttheassumptionofusinganaveragingfilterinthesamplingprocess.An

analyticalmodelwaspresentedtodescribethefrequencyresponseofthesamplinglow

passfilter.Furthermore,anapproximationoftheinverselowpassfilterispresented,

whichisreferredtoastheInverseSamplingAveragingFilter(ISAF).Itwasalso

proposedtoimplementtheISAFintheCFTmethodinordertomitigatetheeffect

oftheradarsamplingprocess.Forvalidation,theCFTmethodwithandwithoutthe

ISAFwereusedtoestimateoceanwavespectraandwaveperiodanddirection.The

estimatesfromthestandardCFTmethodandtheCFTwithISAFarecompared

togroundtruthestimates,whichareacquiredusingaTRIAXYSwaveriderbuoy

data. TheresultsshowthatusingtheISAFprovidesanimprovementof11%in

theagreementbetweentheCFT-estimatedandthegroundtruthfrequencywave

spectrum.Furthermore,theISAFimprovestheestimatesofpeakwaveperiod,mean

waveperiod,andpeakwavedirectionby12%,20%,and26%,respectively.

AnothersourceoferrorinwavespectraestimationwiththeCFTthatwasad-

dressedinthisthesisistheeffectofthescanconversionprocess.Thescanconversion

processisusedtoconverttheradaroutputsamples,whicharedigitizedonapolar

gridandreferredtoasB-scanimages,toCartesianimages. Thisstepisnecessary

toallowtheapplicationoftheCFTontheCartesianimages.Thisscanconversion

processaddssomedistortiontotheestimatedwavespectra.Fromasignalprocessing

pointofview,scanconversionisaprocessofre-samplinginwhichtheoriginalcon-

tinuousimageoftheoceansurfaceisretrievedandsubsequentlysampledonanew

Cartesiangrid.Inthewavenumberfrequencydomain,retrievingtheoriginalcon-

tinuousimageisequivalenttoapplyingalow-passfilter.Toachieveadistortionless

retrieval,anideallowpassfilterisrequired. Ofcourse,anideallow-passfiltercan
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notbeachievedinpracticeandapproximationsnecessarilyintroducedistortionto

theestimatedwavespectra.

InChapter5ofthisthesis,discardingthescan-conversionprocessisproposed.In

ordertodoso,amethodofapplyingthe3DFouriertransformationinpolarcoordi-

natesinsteadofCartesiancoordinatesisrequired.Atransformthatisreferredtoas

thePolarFourierTransformation(PFT)[17]isadoptedforthatpurpose.ThePFT

ismodifiedtoallowitsapplicabilityonradardata. Forperformancevalidationof

thePFTcomparedtotheCFT,bothtransformsareappliedonfielddatadescribed

inSection2.4. Theoceanwavespectraestimatesfrombothtransformswerecom-

paredtogroundtruthestimatesthatwereacquiredusingTRIAXYSwaveriderbuoy

data.Inthecomparisonanalysis,theagreementbetweentheradar-estimatedocean

frequencywavespectrum(usingeithertheCFTorthePFT)andthegroundtruth

spectrumisrepresentedusingthecorrelationcoefficientbetweenthetwospectra.

Othercomparisonmetricsthatareusedincludethemeanabsoluteerroranderror

standarddeviationintheestimationofthewaveperiodanddirection. Theresults

showedthattheestimatesofthefrequencywavespectrumthatwereacquiredusing

thePFTrepresenta12%improvementintheagreementwiththegroundtruthfre-

quencywavespectrumcomparedtotheCFT-estimates.Theresultspresentedinthis

thesisalsoshowedthatusingthePFTproduces44%,54%and49%improvementsin

thepeakwaveperiod,meanwaveperiod,andpeakwavedirectionestimates,respec-

tively.ThemaindrawbackofthePFTmethodistherelativelylongcomputational

time.Inouranalysis,inwhichtheimplementationsofthePFTandtheCFTrun

onthesameprocessorandwithsimilardatastructureefficiency,theCFTrequired

only20%ofthetimeneededbythePFTtoanalyzethesamedata.Thetimethat

thePFTneededtoanalyzea32radarimagesetwas4.3mincomparedto2.7sus-

ingthestandardCFTmethod.TheCFTfastdataanalysiscapabilityisduetothe
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FastFourierTransform(FFT)algorithm.Ontheotherhand,thereexistsnosimilar

fastalgorithmtoperformthePFT.AnenhancementonthePFTmethodthatcould

greatlyincreaseitsapplicability,whichcanbeaddressedinthefuture,wouldbeto

developafastalgorithmtocomputethetransformation.

TheperformanceofimplementingtheCFT,PFT,ARPM,PFT,andtheircom-

binationsinestimatingoceanwavespectraandoceanwaveperiodanddirectionis

validatedinChapter6.Itwasfoundthatthemostaccurateestimatesofthepeak

wavedirectionwereachievedwhenthePFTwasimplementedwiththeARPMand

theISAFwithanimprovementof72%whencomparedtotheCFTmethod.Onthe

otherhand,themostaccurateestimatesofthemeanwaveperiodandpeakwave

directionwithimprovementsof65%and55%,respectively,overtheCFTmethod

wereachievedusingtheARPMwithISAFmethod.

Finally,theproblemofestimatingthevelocityofencounterUwasaddressedin

Chapter7.Thevelocityofencounterrepresentsthevectorsummationoftheocean

surfacecurrentvelocityandtheshipvelocity.Thevelocityofencounterinformation

hasakeyroleinreducingthenoiseandremovingthenon-wavecomponentsfromthe

3Dimagespectruminordertoproducethe3Doceanwavespectrum.Highermag-

nitudesofUincreasesthepossibilityofaliasingintheimagespectrum.Estimating

UiscrucialfortheCFTmethodofwavespectraestimation. Twomainmethods

arecurrentlyusedtoestimateU:theIterativeLeastSquares(ILS)methodandthe

NormalizedScalarProduct(NSP).Bothmethodsprovideaccurateestimatesatlow

speedsofU. TheILSmethodprovideslowercomputationaltimecomparedtothe

NSP.However,theaccuracyandreliabilityoftheILSdropdramaticallyathigherval-

uesofUwhiletheNSPmaintainsperformanceathighervaluesofU.Inthisthesis,

itwasfoundthatmainreasonthattheILSdropsperformanceathighervaluesofUis

thepoorinitialguessoftherecursiveprocess.Thus,ahybridmethodforestimating
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Uwasproposed. ThismethodisreferredtoastheHybriditerativeLeastSquares

(HLS)TheinitialguessisestimatedusingtheNSPwithwideintervals.Thisallowsa

goodroughinitialestimateofUwithashortcomputationaltime.Subsequently,the

initialguessisprovidedtotheILStostarttherecursiveprocess.SimulatedX-band

radarimageswereusedtovalidatetheperformanceoftheproposedmethod. The

resultsshowthattheHLSmaintainsitsaccuracyandreliabilityathighervaluesof

Uandhaslowcomputationaltime.

8.2 Futurework

Whilethethesispresentedasignificantimprovementontheestimationofoceanwave

spectraandseastateparameters,extensionopportunitiesonthepresentedalgorithms

remain.

InChapter3,theshadowingeffectwasfoundtobeminimumintheup-waveand

down-wavedirections.Thesebehaviorsarenotclearandneedfurtherinvestigation.

AnotherinterestingconclusioncanbefoundinChapter6whereimplementingthe

ARPMprovidedaslightdeteriorationintheperformanceofthePFTwithISAFin

estimatingT01,Tz,andθp.Furtherinvestigationisrequiredinordertoexplainthis

behavior.

DespitetheimprovementintroducedbythePFTmethod,proposedinChapter5

inestimatingtheoceanwavespectraandseastateparameters,themethodmaystill

notbeappliedforreal-timeapplicationsusingthecurrentformofthePFTdueto

itslongcomputationaltime.Inouranalysis,oneringsectoranalysiswindowwitha

sizeof320×128×32required4.3minutestobeanalyzedusingthePFTmethod.In

orderforthePFTtobeimplementedinrealtimeapplications,theprocessingtime

shouldbebroughtdowntolessthan44.3s,whichisthetimerequiredtogeneratea

32-imageradarset.Thisconditionisconsideredundertheassumptionthatonlyone
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analysiswindowisusedtoestimatewavespectraandseastateparameters.Since,in

practice,multipleanalysiswindowsareused,theprocessingtimeshouldnotexceed

44.3/ns,wherenisthenumberofanalysiswindows.Afutureenhancementonthe

currentPFTmethodistodesignamoreefficientPFTsuchthatthemethodcanbe

implementedinrealtimeapplications.

Anotherfutureworkdirectionofthisthesisconcernstheapplicabilityexpansion

oftheproposedmethodstootherseastateparameters.Eventhoughtheperformance

enhancementusingtheproposedmethodsofARPM,ISAFandPFTwasvalidatedfor

estimatingoceanwavespectraandwaveperiodanddirection,theapplicabilityofthe

proposedmethodsisnotlimitedtothoseparameters.Afterapropervalidation,the

proposedmethodsmayalsobeappliedtoestimateotherseastateparameters,such

assignificantwaveheights,orrelatedinformation,suchaswindspeedanddirection.
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