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ABSTRACT

Sothatmoreprecisecorrelationsbetweenfullscaleobservations
andanalyticalandmodelresultscouldbecarriedout,oneoftheobjec-
tivesoftheinstrumentationprogramforthe5L-7classcontainerships
wastheprovisionof instrumentalmeasuresofthewaveenvironment.
Tothisend,twowavemetersystemswereinstalledontheS.S.SEA-LAND
McLEAN.Rawdatawascollectedfrombothsystemsduringthesecond
(1973-1974)andthird(1974-1975)winterdatacollectingseasons.

Itwasthepurposeofthepresentworktoreducethisrawdata,
todevelopandimplementsuchcorrections’aswerefoundnecessaryand
feasible,andtocorrelateandevaluatethefinalresultsfromthetwo
wavemeters.Incarryingoutthisworkitwasnecessarytoatleast
partlyreduceseveralotherchannelsofrecordeddata,sothat,asa
by-product,reducedresultswerealsoobtainedformidshipbending.,
stresses,
bridge.

As
mentation
technical

;o1l,pitch,andtwocomponentsofacceleration”onthe;hip’s

theworkprogresseditbecameevidentthatthevolumeofdocu-
requiredwouldgrowbeyondtheusualdimensionsofa single
report.Forthisreasontheanalyses,themethods,the

detailedresults,discussions,andconclusionsarecontained”ina series
oftenrelatedreports.

Thisreport,containsthelastphasesofthework,specifically,
thediscussionofresults,thecorrelationandevaluationsoffinal
resultsfrombothwavemeters,theconclusions,andtherecommendations.
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INTRODUCTION

Intheanalysisofthewave-inducedshiphullstraindataobtained
bySSCinthe19601Sitwasnecessarytoinferthewaveenvironmentfrom
estimatedBeaufortwindspeeds.Anextraordinaryamounto+workwas
requiredtodeveloptheinferentialtechniques.Thesetechniquesappear
tosufficeforvalidpredictionof-long-termtrendsbecausea greatdeal
ofaveragingiscarriedout. Unfortunatelywhenverificationofshort-
termstatisticalpredictionsisdesired,theuseofwindasa wave
environmentindexappearstobelessthansatisfactory.

Asa consequenceitwasoneoftheobjectivesoftheSL-7full-
scaleinstrumentationprogramtoprovidea directinstrumentalmeasure
ofthewaveenvironmentsothatmoreprecisecorrelationscouldbemade
betweenfull.scaleobservations,andanalyticalandmodelresults.

Tothisendtheshipwasfittedwitha micro-waveradarrelative
wavemeterandvariousmotionsensingdevices.A ‘lTuckerMeter”pressure
actuatedwaveheightsensingsystemwasalsoinstalled.

Thepurposeofthepresentprojectistoreduceandanalyzethe
resultingwavemeterdataobtainedontheSEA-LANDMcLEANinthesecond
(1973-1974)andthird(1974-1975)winterrecordingseasons.

Thepurposeofthepresentreportistodocumentthelastphaseof-
theprogram;thatis,topresentdiscussion,summarymaterial,andthe
conclusionsfromthework.Thusthisreportinvolvesmaterialwhichwould
ordinarilybeexpectedtocanprisethelasttwoorthreesectionsofa
singlephysicalreportontheproject.Thatthisisnotthecaseisdue
tothelargevolumeofresultsinvolved.Functionally:References1
through9 maybeconsideredtobetheintroduction,analysis,andresult
sectionsleadinguptothepresentmaterial.

BACKGROUND

Itwastheobjectiveofthepresentprojecttoanalyzeandreduce
dataobtainedbyothers,andforpracticalreasonsithasbeennecessary
toassumeonthepartofthereadera generalfamiliaritywiththeShip
StructureCommittee’sSL-7measurementprogram.Theprimarybackground
referencesforthepresentprojectareReferences10through13. Refer-
ence10isthebasicdocumentationofthefull-scaleinstrumentation
system.References11and12contain,forbothrecordingseasonsin
question,a quitefullaccountof instrumentation,basicrecording,and
thenominalcircumstancessurroundingthepresentdata.Thesereferences
alsocontainresultsofanalysesoflongitudinalverticalmidshipbending
stresswhichwerecarriedoutaccordingtothemethodsofReference13.



OrIlythedescriptionoftheOWHSradarsystemislackingfrcm
References11and12. ThesourceforthisinformationisReference14,
whichcontainsinadditionresultsofa specialcorrelationstudy
betweenshipborneradarwavemeasuranentsandthoseobtainedfromair-
borneinstruments.AsnotedinReference7,itwasnotpossibleto
correlateresultsofthepresentstudywith-thoseof

Broadly,theworkaccomplishedinthe.present
sideredinfourphases,thelastoneofwhichisthe
presentreport:

1. InitializationandDataAcquisition

Reference14.

projectmaybecon-
subjectofthe

2. AnalysisandDevelopmentofDataReductionProcedures
3. ProductionofResults
4. ComparisonofResults,CritiqueandConclusions

Phase1 involvedfindingtherequireddata,workingoutwaysof
reducingittodigitalform,calibratingeachchannel,collatingthe
digitizeddatawithlogbookandotherdatafromReferences11and12,
andselectinga finaldatasetforfurtheranalysis.Thedocumentation
forthisphaseiscontainedinReferences1 and7.

Phase2 involvedbasicanalysesandthedevelopmentofdatareduc-
tionprocedures.Allbuta minoramountofthedocumentationofthisphase
iscontainedinReference2. (Considerationofsomecorrectionstothe
Tuckermeterresultswasdeferredtothepresentreport.)

\
ThedocumentationofPhase3,theproductionofresultsiscon-

tainedinReferences3 through6,8,and9. Thesereferencescontainthe
resultsfromthebasicdatareductionproceduresdescribedin’Reference2.

DISCUSSION
BASICDATA

QualitativeObservations

OFRESULTSOFTHE
REDUCTIONPROCESS

References3
f,roma totalof271
73fromthethird).
600pagesoftables
canbemadewithout

through6,8 and9 togethercontainreducedresults
recordingintervals(198fromthesecondseasontand
Onthebasisofa visualinspectionofthenearly
andchartsthereareveryfewgeneralizationswhich
atleastsometrepidation.Itisobviousfrcmthe

resultsthata largenumberofparame~ersof importancehaveinfluenced
theresults,andthatthevariousestimatesofencounteredwaveheight
(visual,radar,Tuckerandmeandynamichead)disagreesignificantly.
Themagnitudeandreasonsfordisagreementarequestionswhichwillbe
takenuplater.

Beyondtheabove,there
bytheinvestigatorinviewing
follows:

were.a numberofgeneralimpressionsformed
theresultsandthesemaybelistedas

2



1.

2*

3.

4.

Therearea significantnumberof intervalsforwhichtheresults
fromtheradarand/orthederivedmeandynamicheadcannotbe
believedatall,andanevengreaternumberwherethedoubleinte-
grationofaccelerationsissuspect.Reasonsvary,andthesubject
willbetakenup indetailinsucceedingsections.

Onthewhole,EasternandWesternlegsofeachvoyagearesignifi-
cantlydifferent.Mostofthevisualestimatesofwavedirection
involvefollowingorquarteringseasintheEasternvoyagelegs,
andheadorbowseasintheWesternlegs.Thedispositionof
spectraldensityinthestressandwavespectraisusuallyinrough
accordancewiththevisualwavedirectionestimate.Whenitisnot,
thewaveheightandstressestendtobesmall.

Sinceatleasthalfofthedatasetinvolvesfollowingorquartering
seas,thereisa ratherhighincidenceofverylongencounterperiods
(upto3 minutesinatleastonecase),andmanycasesinwhichboth
themidshiplongitudinalbendingstressandtheradarwavecontain
a verybroadrangeofcomponentfrequencies.Asa consequence,
therearemanycasesinwhichthestandardrelationshipsbetween
processrmsandstatisticalaveragesofpeak-troughexcursions
cannotbeexpectedtohold.

Itwouldbeexpectedthatspectraofwaveswouldmoreorless
resemblethestressspectrum,perhapsbeinga bitbroaderbanded.
Similarly,timehistoriesofthevariouswaveestimatesandthose
ofthecorrespondingstressesshouldlookalike.Theseexpectations
normallyappeartobequitewellsatisfiedbytheradarwaveesti-
mates,lesswellbytheTuckermeterestimates,andleastwellby
themeandynamicheadestimates.Thehighfrequencycontentofthe
lattertwotendstobelessthanmightbeexpectedonthebasisof
thestressrecords.TheTuckeranddynanicheadspectraarevery
oftennarrowerbandthanthestressspectrum--a resultwhichmight
beexpectedsincenocorrectionsforwavepressureattenuationor
ship-waveinterferencehavebeenapplied.

RadarMalfunctions/Reliability

Returningtothefirstoftheimpressionsjustlisted,thefirst
ofa numberofclassesofpotentialerrorsinvolvesthebehaviorofthe
slantrangesignalfromtheradar.AsnotedinReferences1and7,it
appearsthatthe signalfromtheradarunitisnottherangeinthe
ordinarysenseofthemeaningofradarrange.Itisthedifferencein
rangefromsomenominalinitialrangecondition.Theunithasautomatic
featureswhichinsureinitialsignalacquisition--andre-acquisition
incaseoftemporaryreturnsignalloss.Theeffectisthat~ signal
losswhilebothradarandwavesurfaceareinmotionisapttochange
thereferencetosomeextent.

AsnotedinReferences1and7,grosschangesinreferencelevel
werenoticadonmanyofthecompressedtimescalerecords.Inthe
initialselectionoftheintervalsunderdiscussionanattmptwasmade

3



toeliminateintervalswithobviousproblemsofthistype.Therewasof
coursenoguaranteethattheprocedureremovedallproblemintervals,and
accordingly,oneofthefirstobjectivesofan inspectionofresultsin
References3 through6,8 and9 wastoexaminetheradarwavetimehis-
toriesforevidenceofradarmalfunction.Thetimehistoriesshownin
thereferencesdonotcontaintheentireinterval,buttheportionof
intervalwassoselectedthatthemaximumpeaktotroughradarwaveheight
wasincluded.Itwasconsideredhighlyprobablethatradarmalfunction
wouldproducethelargestapparentpeak-troughexcursions,andthusthat
theworstofanypotentialproblemswouldbevisible.Theradarwave
elevationtimehistorydoesnotconsistsolelyoftheslantrange>Refer-
ence2,butalltheothercontributionsaresmoothsothatsuddenchanges
orabnormallyhighratesofchangearehighlylikelytobeduetothe
behavioroftheslantrangeitself.

Inthetivent,a totalof24 in~ervalsoutofthesetof271were
observedtoexhibitgrossmalfunction,orwereconsideredhighlysys.pect.
TheparticularintervalsareidentifiedinTable1. Therewerethree
typesofmalfunctionsobserved.ThesewerelabeledA throughC,andthe
problemapplicabletoeachintervalisidentifiedbyoneortwoofthese
lettersinthecolumnofTableIheaded“Comments”.

ProblemsoftypeA“ “ involvedsuddenshiftsinthemeanlevelof
radarwaveelevationwhichwerenotreflectedinanywaybythestress
orrolltimehistories.Thistypeofproblemispreciselythesameas
thatinitiallyobserved,Reference1.

Problasoftype“B”involvedsudden,large,typicallyflattopped
excursionswhichwerenotsymmetrical(crestbutnotroughorviceversa)
andnotreflectedinunusualbehaviorofstressorrolltimehistory.

Problansoftype“C”wereconfinedtoVoyage60West,andwere
usuallycombinedwitha type“A”problem.Thetype“C”probleninvolved
relativelylargesymmetric”excursionsinterspersedina ~enerallymuch
lowerleveloscillatorysignal,a behaviornotobviousinthestress
record.Uponcloseexaminationthisbehaviorwasvisibleinthecan-
pressedtimescalerecordsandinvolvednearlyallintervalsinVoyage
thoughitdidnotseemtobepresentineitherVoyages60Eor61E.

60W,

Thereappearedtobelittlepointinincludingtheintervalsshown
inTableI inanysubsequentcomparisons.

Inthesecondseasondatatapestheincidenceofanobviouslymal-
functioningradarunittendedtobeconcentratedinintervalsinvolving
relativelyseverewaves.Upto60%ofthedataona tapecoveringa
severeweatherperiodwasfoundtobeunusable.inthethirdseasondata
tapestheincidenceofmalfunctionseanedappreciablyhigherthanthatin
thesecondseason--despitethefactthatalmostallwave.conditionsin
thethirdseasonweremilderthanthoseofthesecondseason.Withthe
inclusionofthethirdseasonintervalsnotedinTable1,theincidence
ofunusableintervalswasmuchhigher(approaching85%)duringperiodsof
timeinvolvingwavesofmediumseveritybysecondseasonstandards.

4



TABLEI

INTERVALSINWHICHGROSS
RADARMALFUNCTIONSWEREOBSERVED

Report/Ref.Page

3
3
3
3
3
3
4
k
4
4
6
8
8
8
8
8
8
8
8
8
8
8
8
8

62
82
88
90
92
94
60
74
80
82
74
48
50
52
54
56
60
62
64
66
74
76
78
80

Voyage

32W
32W
32W
32W
32W
32W
33W
33W
33W
33W
35W
60W
60W
60W
60W
60W
60W
60W
60W
60W
60W
60W
60W
60W

ORARESUSPECTED

Run

313
413
429
437
441
450
815
841
853
861
17’10
2329
2333
2337
2341
2348
2401
2409
2413
2420
2433
2437
2442
2448

Tape

143
145
145
145
145
145
153
153
153
153
171
217
217
217
217
217
219
219
219
219
219
219
219
219

Index

4
20
24
26
27
29
4
11
14
16
17
8
9
10
11
12
16
18
19
20
24
25
26
27

Interval

13
13
29
37
41
50
15
41
53
61
10
29
33
37
41
48
1
9
13
20
33
37
42
48

Comment

A
A
B
A
B
A,B
B
B
B
B
B
A
A,C
c
A,C
c
A,c
c
A,C
A
A,C
A,c
A
A,C
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Itappearsthattheradarunitwaslessreliableduringthethird
seasonthanthesecond.Theapparentreliabilityoftheunitduringthe
secondseasonwasnotnearlyasgoodasmightbedesired,andinfact
wasnowherenearthereliabilityofthevarioustransducers,orforthat
matteroftheTuckerwavemetersystem.

DoubleIntegrationProblems

IthasbeennotedthatinthereviewoftheresultsinReferences3
through6,8 and9,therewerea numberof intervalswherethedouble
integrationcouldnotbebelievedatall,anda largenumberwherethe
integrationmaybeconsideredsuspect.Thedifferencebetweenthetwo
casesisoneofdegree.Incasesthatthedoubleintegrationcouldnot
bebelievedtheresultsinvolvedextraordinarylargelowfrequencycompo-
nentsinthemeandynamicheadandtheradarwaveoutput,andmuchifnot
allofthespectraldensitybelowthelowfrequencycutoffdescribedin
Reference2. Inthecaseswheretheintegrationismerelysuspect,sub-
stantialspectraldensityisbelowthecutoffbuttheresultsotherwise
appearreasonableinrelationtothenominalconditionsnotedinthelog
bookandinrelationtotheshapeofthestressspectrum.

TableIIidentifiesthe21particularintervalswhichwerecon-
sideredcompletelyinvalidbecauseofdoubleintegrationrelatedproblms.
Therewerethreetypesofproblemswhichwereobvious.Thesearelabeled
A,B andC,andthetypeofproblaapplicabletoeachintervalisnoted
inthecolumnheaded“comment”.

ItwasnotedinReference2 thattherewerepotentialproblems
associatedwithdoubleintegrationofthepresentaccelerationdata.
Allinvolvedthetreatmentof lowfrequencycomponentsbecauseofthe
discontinuousnatureofthedata.Essentially,whenthereareonlya
fewperiodsofa componentintheentiresample,thedoubleintegration
ofevenideallyresolveddatacannotbeveryaccurate.Totrytoavoid
thesituationwhereultralowfrequencynoisecouldbeblownupbydouble
integration,thedoubleintegrationfilterwasadaptedtoeachsampleby
establishinga cutofffrequencyabovewhichthedoubleintegrationis
proper,andbelowwhichtheverylowfrequenciesarede-emphasized.
ThepositionofthecutoffwasdeterminedbythefrequencyatwhichZ%
ofverticalaccelerationvarianceisattributabletolowerfrequencies.
ItwasfoundinReference2 thatthemethodusedtendedtofalldown
badlyforverylongperiodcomponents,sayover 150see, andthatthe
overallaccuracyofthemethodwasrelatedtotheresolutionoftheaccel-
erationsignal.Thermsdisplacementerrorinpercentwasfoundtobe
approximatelyequaltotheaccelerationresolutioninpercentofrms
acceleration.

Inthecaseofthetype“A”problemnotedfortwointervalsin
TableIItherewasevidentlysomeverylowfrequencynoiseburiedinvery
lowlevelacceleration.Inbothcasesthermsaccelerationwasofthe
orderof0.02or0.03g. Theaccelerationresolutioninthesecaseswas
0.01g sothateveniflowfrequencynoisehadnotbeenpresenttherms
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Report/Ref.Page

5 92
6 48
8 8
8 20
8 72
9 8
9 10
9 12
9 14
9 16
9 18
9 20
9 22
9 24
9 26
9 28
9 30
9 50
9 52
9 58
9 86

TABLEII

INTERVALSINWHICHVERYLARGE
DOUBLEINTEGRATIONERRORSAPPEAR

Voyage

34W
35E
60E
60E
60W
61E
61E
61E
61E
61E
61E
61E
61E
61E
61E
61E
61E
61w
61w
61W
61w

RurI

1345
1545
2126
2213
2430
2518
2524
2528
2530
2536
2539
2541
2547
2551
2553
2557
2601
2713
2725
2761
2925

Tape

163
167
211
213
219
223
223
223
223
223
223
223
223
223
223
223
225
229
229
229
233

1rlclex

24
25
7
19
23
5
6
7
8
9
10
11
12
13
14
15
16
4
7
16
37

Interval

45
45
26
13
30
18
24
28
30
36
39
41
47
51
53
57
1
13
25
61
25

Comment

A
A
B
B
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
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displacementerrorwouldhavebeen30to50%.Thesearetheonlyinter-
valsinthe198reducedfromthesecondseasoninwhichthiseffectwas
obvious.

Thetype“B”problemnotedfortwointervalsinTableIIisnotso
mucha caseofthedoubleintegrationmethodfailingas itisofthe
underlyingdatabeingbad. Itappearsthatinbothcasessomesortof
electricaltransient(powersurge?)ranallchannelsintosemi-saturation.
TIIeeffectwastoputanapparentisolated1.7g pulseintoanotherwise
lowlevelacceleration,thusproducinglargespectralcomponentsnearzero
frequency,andfromthisa ridiculousresult.

Thelasttypeofproblem(C)notedinTableIIispeculiartothird
seasondata.Theincidenceofthistypeofgrosserrorisratherhigh
(170utof73intervals)andisattributedtothelesswellresolved
accelerationdata.Inthesecondseasontheaccelerationresolutionwas
0.03g (Ref.7]ratherthan0.01g (Refil).Itthusmustbeexpectedthat
thedoubleintegrationsofthirdseasonaccelerationswillcontainat
l~stthreetimesthermserrorofthoseofthesecondseasonsincetotal
rmsaccelerationlevelsarenotdifferentforthesameapparentlevelof
waveseverity.Ina fewoftheintervalsnotedinTableIItherewasa
suggestionofapparentcomponentaccelerationshavingupto10minute
periods.This,inconjunctionwithpoorresolutionandanotherwiselow
levelaccelerationsignal
showninReferences8 and
TableIIareactuallythe
withtheprovisothatthe
0.2rad/sec.Thisaction
resultswhichareinsome

resultedinsomeludicrousresults.Theresults
9 forthe17intervalsmarkedwith“C’!in
resultofre-runningthedatareductionprocedure
lowfrequencycutoffcouldbenolowerthan
converted17setsof ludicrousresultsinto
casesbelievable,butforthemostpart,are

stillnotvery.Becauseofthearbitrarinessoftheselectionofthelow
frequencycutoff,all17intervalsareconsideredtocontainverylarge
errorsregardlessofhowreasonabletheymayappeartobe.

As inthecaseoftheradarrelatedproblems,itwasconsidered
pointlesstoincludetheintervalsnotedinTableIIinanysubsequent
comparisonsoranalyses.

OtherPotentialSourcesofError

Inreviewingtheresultssomeotherpotentialsourcesoferror
wereconsidered.Fromthepointofviewoftheradarwavethemost
seriousoftheerrorsourcesisthenatureoftheanglemeasurements.
AspointedoutinReference2 thesemeasurementscanbeconsideredvalid
forthefrequencyrangeunderconsiderationonlyifthereisnegligible
t:ruesurgeorswayaccelerationoftheship.Inthepresentcasethe
alternativetomakingthenegligibleswayandsurgeassumptionswasto
donothing.Thedetailedanalysisofthefirstpieceofdata(Ref.2)
suggestedthatthezerosurgeassumptionwasinvalidforextremecondi-
tions.Thoughnodirectevidenceoftheinvalidityofthezerosway
assumptioncanbeadducedfromthedata,thewriterconsidersthisassump-
tionextremelyquestionableonphysicalgroundswhenrollangleislarge--
and/orwhentheshipisinquarteringseas.

8

-.



Thereseemsnothingquantitativewhichcanbedoneaboutthis
problm.Howeveritwasat leastpossibletolookatthespectraand
timehistoriesproduced,withtheviewofcorrelatingodditiesinthe
variouswaveelevationmeasurementswithrolling.Thiswasdonewith
theresultsinReferences3 through6,8 and9 --withanessentially
nullresult.Theonlyobviousqualitativecorrelationofrollandwave
measurmlentwasinthecaseofthe17intervalsfromthethirdseason
alreadydiscardedashavinggrossdoubleintegrationerror.Inthese
casesthemeandynamicheadlooksliketherollbutnotmuchlikethe
stress.Whathasevidentlyhappenedisthatthesmallgravitationalcom-
ponentofa relativelylargerollwhichcontributestothebodyvertical
accelerationhasnotcompletelybeenremovedbythecorrectionprocedure
(Ref-.2),andtheresidualhastheninturnbeenblownupbya partially
improperdoubleintegration.Theeffectisconsistentwith(butnotposi-
tivelyattributableto)rollmeasurementswhicharedistortedbysway
accelerations.

‘Inconcludingthepresentdiscussionoftheresultspresentedin
References3 through6,8 and9~itshouldbeemphasi..zedthattheanalysis
hisbeensubjective.Accordingtothewriter’spointofviewtherearea
totalof45 irrtcrvalsoutofthe271whicharegrosslywrong.Itis
admittedthatintheanalysisthebenefitofdoubtwasgiventothedata.
Accordingly,anotherana’lystmightwellrecommendmorediscards.As
mighthavebeenexpectedina datasetinwhichthequartering/following
seaconditionisinvolvedhalfthetime,thereisatleast”amarginal
doubtaboutthedoubleintegrationsinmanyoftheremaining226intervals.
An’attempttodealwiththesedoubtsina rmrequantitativewaywillbe
madeinsucceedingsections.

COMPARISONSOFSIGNIFICANTPEAK-TROUGH
WAVEHEIGHTESTIMATESWITHTHOSEDERIVEDFROMTHESPECTRA

intheresultsofthebasicdatareductionprocessthereare,for
eachinterval,a totalofsixestimatesofsignificantwaveheightwhich
werederivedfromthemeasureddata--twoestimateseachforOWHSradar,
Tuckermeterandmeandynamichead.Thefirstoftheestimatesshownfor
eachofthethreeapproachestotheencounteredwaveisthe“significant
peaktotroughwaveheight.’~Thisestimateistheaverageofthe1/3
highestdoubleamplitudesobservedin16-1/2minutesoftimehistory.
“Eachdoubleamplitudewasdeterminedbythezerocrossingconvention
(peaksarealwayspositive,troughsarealwaysnegative,Ref.2). l-he
secondtypeofestimateisbasedonthespectrumandisfourtimesthe
squarerootofspectrumarea,or“4rms.1’Itisassumedinmakingthis
estimatethattheprocessissufficientlynarrowbandedthattheRayleigh
distributionholdsfarthemaximaoftheprocess.

Comparisonsofthesetwotypesofestimatesforthesamethingare
of interestintwoways;firsttoindicatetherelativeimportanceofnon-
narrowhandedness,andsecondtoaidindecidingwhichofthetwotypesof
estimatesshouldbeusedinsubsequentcomparisons.

9
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Themodeofcomparisonchosenwastoplotoneestimateagainstthe
othertothesame(linear)scales.Figure1 indicatestheresultingcan-
parisonbetweenrmsandpeak-troughestimatesfromtheradarforall226
oftheintervalsremainingafterthediscardsnotedinthelastsection
hadbeenmade.Becausetheautomaticplottingsystemusedroundsco-
ordinatestothenearest0.01inchesthereareprobablynot226distinct
pointsshown.However,thedashedstraightlineisa leastsquarefitto
allthedatapoints.

ItappearsfromFigure1 thattheaveragepeak--troughestimateis
about20%lowerthanthe4 rmsestimate.Itisexpectedontheoretical
groundsthatallthepeak-troughestimatesshouldbeequalor lower,and
allbuttwoare.Themagnitudeofthedifferencesshownimpliesthatthe
majorityoftheradarwavespectraarequitebroadbanded.

Figure2 indicatesthesamesortofcomparisonofradardata,but
fora sub-setofallavailableintervals.Itwasobservedfromthebasic
resultsthatwhentherewasa highproportionofradarwavespectralarea
belowthelowfrequencyintegratorcutoff,thenominalheadingwasusually
quarteringtofollowingseas,thespectratendedtolookrelativelybroad
banded,andthestressspectrumalsocontainedrelativelysignificant
lowfrequencyspectraldensity.Itisexpectedthatradarwavespectral
densitiesbelowlowfrequencyintegratorcutoffwillbe inerrortosome
extent.Iftheproportionofspectralareabelowthecutoffis20%of
total,themaximumerrorinthe4 rmsestimateisjustover10%.A 10%
errorisaboutthemagnitudewhichhastobeacceptedonstatistical
groundsforperfectlymeasureddata(Ref.2).Accordingly,inproducing
Figure2 considerationwasgivenonlytothoseintervalsforwhichthe
spectrumareaabovethelowfrequencyintegratorcutoffisgreaterthan
80%oftotal.Theeffectwastoelininateallbutabout10ofthenomi-
nalquartering/followingseaconditions,andofcoursethevastmajority
of intervalswherethereexistsignificantquestionofdoubleintegrator
error.ThepointsremainingbelowthedashedlineinFigure2 arenearly
allfromtheresidualquartering/followingconditions.Ifthesewere
alsoeliminatedthepointsremainingwouldallhave90%ormorespectral
areaabovelowfrequencycutoff.Underthisadditionalconditionthe
dashedtrendlinewouldshiftupwardandimplysignificantpeak-trough
estimatesonlya fewprecentlowerthanthe4 rmsestimates--andthus
thatthebandwidthoftheencounteredradarwavespectraforessentially
headandbowseasisnotdifferentthanexpected.

TurningtotheuncorrectedTuckermeterdata,Figure3 indicates
thecomparisonbetweensignificantand4 rmsestimatesforallintervals.
Thedifferencesaresurprisinglylargeontheaverage.Evidentlythe
visualjudgmentpreviouslynotedwasdistortedbytheplottingconvention
inReferences3 through6,8,and9 wherethegenerallymuchlowerTucker
spectraldensitiesareplottedtothesamescaleastheradaranddynamic
headspectra.Inspectionofthenumericaldatadisclosedthathalfof
thepointscorrespondingto4 rmsTuckerestimatesabove10feetinvolved
nominalquartering/followingwavedirections,andthatthesepointspro-
ducedthelargestdifferencesbetweenk rmsandsignificantpeak-trough
estimates.Additionallylinthecaseof4 rmsestimatesbelowf+feet
therewasa veryhighincidenceofwhatappearedtobetoomanywaves.

10



FIGURE1 - COMPARISONOFSIGNIFICANT
PEAK-TROUGHESTIMATESWITHTHE“4RMS”
ESTIMATESFROMTHEOWHSRADARSYSTEM
DATAFORALLINTERVALS

L

iLGURE2 - COMPARISONOFSIGNIFICANTFIGURE3 - COMPARISONOFSIGNIFICANT
PEAK-TROUGHESTIMATESWITHTHE“4 PEAK-TROUGHESTIMATESWITHTHE“4
RMS’rESTLMATKFROMTHEOWHSRADAR RMS”ESTI~TESFROMTHEUNCORRECTED
SYSTEMDATA;INTERVALSPLOTTEDARE TUCKERMETERDATAFORALLINTERVALS
RESTRICTEDTOTHOSEFORWHICH
SPECTRUMAREAABOVETHELOW
FREQUENCYINTEGRATIONCUTOFFIS
GREATERTHAN80%OFTOTAL
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TheTuckerchannelisresolvedto0.2feet.For4 rmsestimatesunder
4 feet,tapeandothernoiseisexpectedtobebetween20and8t)%of
totalrms.Thepeak-troughalgorithminthestandarddatareductionpro-
cedureisnotsmartenoughtocopewiththissituation~andevidently
counteda goodmanynoiseexcursionsaswaves.Anunrealisticallyhigh
estimateofthenumberofwavesmeansthattoomanyofthehighestwaves
areaveragedandthiswilltendtodrivethe“significant’!down.

ItappearsthattheuncorrectedTuckersignalisqualitatively
similartotheradarwavewithrespecttobandwidth,andthatsomedis-
tortionhasbeenintroducedinthesignificantpeak-troughestimates.

Tocompletethecomparisons,Figures4 and5 indicatethecompari-
sonbetween4 rmsandsignificantpeak-troughestimatesforthemean
dynamicheadatframe119.AllintervalsareplottedinFigure4. In
Figure5 theintervalsplottedwererestrictedtothoseforwhichthe
dynamicheadspectrumareaabovethelowfrequencycutoffisgreaterthan
80%oftotal.Asbefore,therestrictivecase(Figure5) involvesmostly
head/bowseasandcasesof littlesuspicionofdoubleintegrationerror.

Bothfiguresindicaterelativelynarrowbandoutputasexpected
fromvisualinspectionoftheresults.ThoughtheTuckermetersignalis
imbeddedinthemeandynamicheadestimates,ithasrelativelylittle
influenceupontheresultinthehigherrangeofwaveheightbecausethe
correctionfortheTuckerdoubleintegrationissolarge.

Consideringallthree’sourcesofwaveestimatesthepresentcom-
parisonsconfirmthehighincidenceofmathematicallybroadprocesses.
Thisautomaticallymeansan interpretativeproblemwithboththe“4rms’~
and“significantpeak-trough‘]estimatesfora largeportionofthedata.
Neitherestimateconsistentlyhastheconventionalmeaning.Ofthetwo,
thepeak-troughestimatesarethoughttobesubjecttothemostdistor-
tion.The4 rmsestimatesarea measureoftotalvariance,andwere
thuspreferredforuseincomparisonsofonewavemeasuringdevicewith
another.

TUCKERMETERCORRE~lONS

The“meandynamichead”resultsgiveninReferences3 through6,
8,and9 areessentiallya correctedformoftheTuckermeterdata.The
correctionishoweveronlyfortheanalogdoubleintegrationinthe
meter.Noapproachtocorrectionforwavedistortionisknownforthe
‘Jmeanhead.”Theestimationofmeandynamicheadwascarriedalongin
thedatareductioninhope~of indicatingtheoverallimportanceof
errorinthedoubleintegratorsinstalledintheTuckermeter,andno
furthercorrectionwascontanplated.

Howeverinpracticejsomesortofcorrectionforwaveattenua-
tionisalwaysappliedtoTuckermeterdatasothatallresultslabeled
“Tuckermeter”inReferences3 through6,8 and9 involve“raw’idatain
thissense.ItwasdecidedintheinitialanalysisjReference2,notto

12
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includeanyconventionalcarrectior?procedureinthebasicdatareduction
processbecauseitwasnotknownwhatmethodtouseandbecausetherewas
doubtthatexistingcalibrationprocedureswerevalidforthepresent
application.Inthefinalstagesoftheprogramthiswasstillthecase,
theonlymaterialavailablewithwhichtomakea conventionalcorrection
tothe‘Iraw’lTuckermeterdatabeingFigure7 ofReference11. Itwas
determinedtoapplythismaterialtothepresentdata.

ThecitedfigureinReference‘[lisa seriesofplotsof“wavemeter
correctioncoefficient”vs.encounterfrequency,forvariousvaluesof
meansubmergenceofpressuretaps.Thedeepestsubmergencegivenis
15feet,whichseemsnearenoughforthepresentcase,sothatthiscurve
wasused.Forthe15footsubmergencethecorrectioncoefficientis
definedbetweenencounterfrequenciesof0.25and1.65radians/second.
ThecorrectedTuckerwaveamplitudefara givenfrequencyistheproduct
ofthecorrectioncoefficientandtherawTuckeramplitude.Thecorrec-
tioncoefficientis1.15at0.25radians/see,decreasestaunityatabout
0.45radians/seeandrisesrapidlyto3.0at1.65radians/see.

Forthepresentapplicationitappearedthatthesignificantrange
ofrawTuckermeterspectraldensityextendedbeyondanencounterfre-
quencyof 1.6inonlya veryfewcases,andbe”low0.25radians/seeinnot
toomanymore.Accordingly,thecurvegiveninFigure7 ofReference11
wasreadoffata convenientdeltafrequencybetween0.25and1.58radians/
see,andthisdigitalversionwasusedInmakingthecorrections.

Therearetwocommonmethodsofapplyingthecorrection.For
presentpurposesthesemaybecalledthe“characteristicperiod”andthe
“spectrum”approaches.

Inthecharacteristicperiodapproachthecharacteristicencounter
periodofthesampleistakentobethetotalsamplelengthdividedby
thenumberofdoubleamplitudesin”thesample.Thischaracteristicperiod
isconvertedtoencounterfrequencyandthecorrespondingwavemetercor-
rectioncoefficientist-cadfromthecalibrationcurve.Thefinalestimate
isthentheproductofthiscoefficientanda measureoftherawTucker
meteramplitudes.ThisprocedureistheoneusedinReference11. In
Reference11themaximumrawpeak-troughheightfor~heTuckerwas
apparentlyreadfromoscillographrecordsforVoyage32W,andthenumber
ofwavedoubleamplitudeswasassumedequaltothenumberofstressdouble
amplitudes. I

Inthepresentapplicationofthecharacteristicperiodmethod
thenumberofrawTuckerdoubleampl!tude~in16-1/2yli’nuteswasavail-
able(Refs.3 through6,8 and9)andthecorrectioncoefficientwas
establishedinthemannerjustdescribedfromthisdata.Thecorrection
coefficientwasderivedforeachofthe226intervalsunderpresentcon-
siderationanditwasappliedtothesignificantpeak-troughrawTucker
meterestimates.Theresultingcorrectedandrawsignificantpeak-trough
estimatesarecomparedinFigure6. inthefiguretherawsignificant
heightistheabscissajthecorrectedheightistheordinate.

14
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ThereisoneobviouspeculiarityofFigure6. Thisisthecompact
l~linel~ofpointsinthe1to4 footrawwaveheightrange.Theslopeof
the“line’~is2.7whichisthecoefficientappropriatetoanencounter
frequencyof 1.58.Whathashappenedisthatinthecomputerimplementa-
tionthecorrectioncoefficientwastakenas2.7iftheapparentcharac-
teristicfrequencywasinexcessof 1.58.- itnotbeingconsidered
sensibletobeveryseriousaboutapparentcharacteristicfrequencies
outsidethefrequencyrangeofsignificantrawTuckerspectraldensity.
Theresultisa confirmationofrmnarksmadeinthelastsectionthat
therewereveryoftentoomany“waves”detectedinthepresentTucker
datareductionprocess,andthatthesignificantpeak-troughheightsare
thusoftentoolow.

Ifthelowerrangeofrawwaveheightisdisregardedthemagnitude
ofthecorrectionisseentoberelativelymoderate-- intherangeof
15to25%.

Inthe“spectrum11methodofcorrectionthewavemetercorrection
coefficientcurveisassumedtobetheinverseoftheamplituderesponse
oftheTuckermeter.TocorrecttherawTuckerspectrumitismultiplied
bythesquareofthecorrectioncoefficientcurve.Theresultingspec-
trummaybeintegratedanda corrected1’4rms”estimateforrpedfromthis
result.

Inimplementingthismethodwiththepresentdataitwasnecessary
tofacetheproblemofwhat-todowithrawspectraldensitiesatfre-
quencieswherethecorrectioncurveisnotdefined.Inthoseregionsof
frequencytherawTuckerspectrumwasusuallyrelativelylow,inmany
casesprobablyconsistingmostlyofnoise.Accordingtotheformofthe
correctionsgiveninFigure7 ofReference11,anextrapolationofthe
correctioncurveabove1.6radians/seeandbelow0.25radians/seewould
involveconsiderableuncertainty,aswellas (foranyreasonableextrap-
ulations)themultiplicationofatleastthehighfrequencyspectral
densitiesbyfactorsbetween10and1000.Increasingtheinfluenceof
roundingandothernoisebyordersofmagnitudeisusuallya distinctly
badidea.Thusthebestcourseofactionappearedtobetodonothing
withspectraldensitiesoutsidethedefinedrangeofthecorrection
coefficient;thatis}outsidetherangeofdefinitionthecoefficientwas
takenasunity.

The“spectrum‘]methodofcorrectionasoutlinedwasappliedtoall
226intervalsunderdiscussion,theresultingspectrawereintegrated,
andcorrected4 rmsestimateswereformed.A comparisonofthecorrected
andrawestimatesisgiveninFigure7. Thecorrected4 rmsestimates
areveryconsistentlyaimut15%greaterthantheraw4 rmsestimates,
scatteraboutthemeanisverysmall,andthereisnosuggestionofthe
typeofproblemsevidencedinthecharacteristicperiodcorrection
approach,Figure6. Itthusappearedbesttouseonlythecorrected
4 rmsTuckerestimatesinsubsequentcomparisons.
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COMPARISONOFRESULTS

OkJHSRadarvs.CorrectedTuckerMeter

Figure8 indicatesthecomparisonbetweenthe4 rmsestimatesfrom
theOWHSradarandthecorrected4 rmsTuckermeterestimates.Points
forall226intervalsareshown.Thescatterabouttheleastsquares
lineisenormous,andthelineitselfdoesnotreflectthetrendofthe
majorityofpoints.Allexcept3 radarestimatesaregreaterthanthe
correctedTuckermeterestimates,mostbyverylargepercentagemargins.

BecausethecorrectioncurvefortheTuckermeterdoesnotextend
toextremelylowfrequencies,errorsfor-following/quarteringseaswould
beexpected.Thusitseemedfairinattemptinga refinementofthecor-
relationtoexcludeallintervalsinwhichtheradarspectrumareabelow
thelowfrequencyintegratorcutoffisgreaterthan20%oftotal.As
previouslymentioned,thisrestrictionhastheeffectofremovingalmost
allintervalsinvolvingfollowing/quarteringseas,aswellasmostof
thoseinwhichthereissuspicionoferrorintheradarestimate.The
resultisshowninFigure9.

Figure9 clearlyindicatesthattheaverageestimatefrantheradar
is3 to4 timesthatfromthecorrectedTuckermeterdata.Roughlythe
sameconclusionwouldresultfroman inspectionofFigure8,werethere
anyreasonforanarbitrarydisregardofabout10%oftheintervals.
ItappearsbycomparingFigures8 and9 thattheradarandTuckermeter
estimatesagreeonlywhenthereisreasontobesuspiciousaboutthe
adequacyoftheradarestimate;thatis,whenitissomewhatdoubtful
thatthelowfrequencycontentoftheencounteredwavehasbeencorrectly
estimated.

InviewofthelargediffmrerrcesbetweentheOWHSradarandthe
Tuckermeterestimates,itwasof interesttoseeifthereissomesystem-
atictrendinthedifferencesbetweenthespectra.A simpleapproachis
toformthesquarerootoftheratioof radarandTuckermeterspectra.
(Thesquarerootisjustanartificetoreducethealmostcertain.scatter
intheratioofspectraderivedfromrealdata.)Somediscretionhasto
beexercisedintheoperationbecausethetailsofeachspectrumare
almostcertainlystronglyinfluencedbyextraneousnoise.[norderto
avoidtheworstofthelatterproblemthefollowingprocedurewascarried
out:

1. TenpercentpowerbandswereestablishedfortheOWHSradari,
theTuckermeterYandthelongitudinalstressspectra.In
eachcasethe10%powerbanddefinesa rangeofencounter
frequencywhereinspectraldensitiesaregreaterthan10%
ofpeak.Thisfrequencyrangeisconsideredtoencompass
theonlywellresolvedpartofthespcctrurfi.

2. A frequencybandcontainedinallthree10%powerbandsis
establishedfromtheseresults,excludingzerofrequency
ifallbandsincludezero.
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3. Theratioof radartocorrectedTuckermeterspectrais
formedonlywithinthebandestablishedinstep2.

Inwords,nospectralratioisformedorusedincomparisons
unlesstheradar,correctedTucker,andstressspectraldensitiesare
inexcessof10%oftheirrespectivespectralpeaks.Theinclusionof
thestressspectrumintheprocedurewasforthepurposeofeliminating
estimatesfromwavespectrawhichwereofwildlydifferentshapethan
thestressspectruminthelowfrequencyregion.Bothtypesofwave
spectrawereexpectedtobe inerroratverylowfrequencies--there
seemedlittlepointinforminga ratiounlesstherewasreasonto
suspectthattheremightactuallyhavebeenverylowfrequencywave
components.

Figure10showsthesquarerootoftheratiobetweenradarand
correctedTuckerspectraldensitiesforall226intervals.(Theradar
spectrumisthenumerator.)Inplottingeachintervalstraightlines
wereusedtoconnectthediscreteestimateswhichcouldbeformedwithin
theestablishedfrequencybandforthatinterval.

Attheright”ofthefigurea fewresultsareshownforfrequen-
ciesinexcessof 1,6rad/sec.Asthesuddenjumpofa factor3 ata
frequencyof1.6indicates,thedataabovethisfrequencyinvolves
uncorrectedTuckermeterdata.HadtheTuckercorrectioncurvesbeen
extrapolatedinsteadoftruncatedtheresultsabove1.6rad/secwould
followthetrendofthoseatsomewhatlowerfrequencies.

Thetypicallowfrequencyintegrationcutoffvariedbetween0.2
and0.5rad/secsothatthereislittlereasontosuspecttheradar
resultinthefrequencyrangebetween0.5and1.6rad/sec.Inthis
regionthereappearstobea systmaticrelationshipbetweentheOWHS
radarandthecorrectedTuckermeterspectra.

Atverylowfrequenciestheratioscattersbyanorderofmagni-
tude,a resulttobeexpectedsinceneitherwavemeasuringdevicecan
beexpectedtobeperfectinthisfrequencyregion.Themostsurprising
featureofthefigureisthenumberof intervalsforwhichanyratios
atallwereformedatthelowestadmissiblefrequency(0.05rad/see).
Theinclusionofthestressspectraintheprocedurewassupposedto
preventemphasisfrombeingputonthelowfrequencyregion.Thatthe
strategydidnotworkimpliesthattherereallyisa greatdealoflow
frequencystresscontentinthedataset,and,itmayreasonablybe
assumed,lowencounterfrequencywavecontent.

20

Inordertoeliminatetheconfusioninjectedbyquestionableradar
estimatesandquartering/followingseas,thesamerestrictionswere
appliedtothespectralratiodataaswereappliedtothe4 rmsestimates
inmakingthetransitionfrm Figure8 toFigure9. (Spectralratiodata
wasnotplottedunlesstheradarspectrumareaabovelowfrequencyinte-
gratorcutoffwasgreaterthan8cMoftotal.)Theresultsareshownin
Figure11.
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Intherangeofencounterfrequencybetween0.5and1.6Figure11
indicatesthesametrendasFigure10. Belowanencounterfrequencyof
0.5thereappearstobejontheaverage,anupwardtrendintheratioas
frequencydecreases.

TheresultsinFigure11confirmthoseinFigure9. Justabout
anywaythescatterandtrendofresultsinFigure11isinterpreted,
regardlessoffrequency,thereisanaveragefactorof3 or4 difference
betweenthesquarerootofradarandcorrectedTuckerspectraldensities,
andthusbetweenthesquarerootoftherespectivespectralareas.At
anencounterfrequencyof 1.0rad/sectheaverageratioappearstobe
ashighas6.

Ifa meanlinewerefittedthroughthedatashownin Figure 11
it couldbevisualizedasanadditionalwavemetercorrectioncoefficient.
Itisnotclearatpresentwhythisfictivecorrectionwouldvarywith
frequencyas indicatedinFigure11. Itisalsonotclearwhichwave
measuringdeviceitwouldapplyto. Iftheradariscorrectthecor-
rectionwouldbeanadditionalfactortothecorrectionalreadyapplied
totheTuckermeter.Alternately,iftheTuckermeteriscorrectthe
radarspectrumhastobedividedbythesquareofthisfictivecorrection.
Inanyeventthedifferencesbetween4 rmsestimatesshowninFigures8
and9 appeartobesystematicandareconsideredtobemuchtoolargeto
rationalizeonthebasisofrandomsamplingerrors,oruponthebasisof
manyoftheerrorsourcespreviouslydescribed.

MeanDynamicHeadvs.CorrectedTuckerMeter

ItwasnotedinReference2 thatonesourceofsystematicerrorin
theTuckermeteristhelowfrequencybehaviorofthedoubleintegrators
installedin the system. Thewaveestimatecalled“meandynamicheadat
frame119”istheresultofanattanpttocorrectforthisbehaviorwith
thedataathand.Aspreviouslynotedtheestimateisquitesensitive
totheadequacyofthedoubleintegrationinthedatareductionprocess.
Accordingly,incomparingthisestimatewiththecorrectedTuckermeter
estimatesitwasconsideredreasonabletoconsideronlythoseintervals
inwhichthedynamicheadspectrumareaabovelowfrequencyintegrator
cutoffwasgreaterthan80%oftotal.Theresultofsucha comparison
isshowninFigure12.

ForcorrectedTuckermeterestimatesabove10feetthecorrec-
tionfortheanalogdoubleintegrationinflatesthe4 rmsestimates by
a factorbetween2 and4,forTuckerwaveheightsbelow10feetthemean
dynamicheadestimatesappeartobetendingtowardtheTuckerestimate.
Theresultappearsreasonablesince very low wavesprobably tend to be
shortrelativetotheship,thustheencounterfrequencywouldbeexpected
tobehighandtheshipmotionssmall,sothaterrorsintroducedinthe
analogintegrationshouldalsobesmall.

ThemagnitudeofthedifferencesshowninFigure12forhigh
wavesareverysimilartothoseshowninFigure9 fortheradar/Tucker
comparisons.Althoughtheadequacyofthemeandynamicheadestimates
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asestimatorsofactualwaveelevationisarguable,theresultsin
Figure12certainlyimply that quite significanterrorsinTuckermeter
outputmaybeattributedtothecharacteristicsoftheanalogdouble
integration.

ComparisonswithVisualEstimates

Thesourceofwaveheightestimatesnotthusfar.addressedintfle
presentreportisthevisualobservationsreportedinthelogbook.
Severalproblemsexistindealingwithandinterpretingthevisualobser-
vations.Themostobviousiswhichofthetworeportedestimates(wave
orswell)betterdescribesthepredominantwavesystem.Inthedatai
thereisa highincidenceofvisualwaveandswellestimatesofthesame
magnitudewhichwerenotedasapproachingtheshipfromthesamedirec-
tion.Otherobviousproblemsrelatetothecredibilityofthelarge
percentageofvisualestimateswhichwerelikelytohavebeenrecorded
indarkness.

Forpresentpurposesitwasassumedthatthelargerofthetwo
visualestimatesmostclosely”resemblesthe4 rmsestimatesbeingused
inthecomparisons.Themainreasonforthisdecisionwasthatrela-
tivelyfewofthecomputedencounterspectrahavethewidelyseparated
doublepeakswhichwouldbeexpectedfordistinctlydifferentswelland
waveapproachingfromthesamedirection.

Figure13indicatesthecomparisonwiththevisualestimatesas
justdefined$of4 rmsestimatesfromtheradar.Allintervalsare
shown.As ina previousdirectcomparisonwiththeTuckermeter$there
isanenormousscatter.Inthiscasehowever,theleastsquaretrend
lineseemsa reasonablerenditionofthemajorityofdata.Onthe
averagetheradarestimatesappear10feethigherthanthevisual.

Figure14indicatesthecomparisonbetweenradarandvisual,esti-
matesforthesubsetof intervalsusedpreviously;thatis,theintervals
remainingaftereliminationofnearlyallquartering/followingseacon-
ditions,andnearlyallintervalswheresuspicionoferrorexistsfor.
theradarestimate.Thiseliminationprocessalsotendstoeliminate
manymorecaseshavingsmallvisual‘waveestimatesthancaseshaving
largeones.

Figure15isanadditionalcomparisonbetwemradarandvisual
estimates.Inthiscasetheintervalsplottedhavebeenrestrictedto
thoseforwhichshipspeedwaslessthan20knots.

ItisevidentfromacomparisonofFigures13through15thatthe
eliminationprocesshasnotmadetheproblerr,clearer.Relativetothe
scatterwhichappearsconstant,thereislittlechangeinthetrendline.
Inspectionofthenumericaldatafailedtodiscloseanyotherpromising
combinationofeliminationparameters.Inanyeventtherearenearly
noradarestimateswhicharelessthanthevisualestimatessothatthe
chancesofa convincingone-to-onecorrelationarepracticallynilonthe
presentbasis.
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Thecorrected4 rmsestimatesfromtheTuckermeterwerecompared
withthevisualestimatesforthesamethreedatasubsetsashadbeen
usedfortheradardata.Figure16indicatesthecomparisonforall
intervals.Figure17isthecomparisonaftereliminatingnearlyall
quartering/followingseacasesandintervalsinwhichtheradarestimate
couldbequestioned.Figure18involvesallintervalswhereshipspeed
waslessthan20knots.

A comparisonofFigures16through18}indicatesthattheelimi-
nationofquartering/followingseasdoesmakea changeinthecorrelation.
Forwavesvisuallyestimatedasbeingbetween5 and12feeta quitelarge
scatterofresultsisevidentinFigure16.Thisscatterismuchreduced
inFigures17and18. Inspectionofthenumericaldatadisclosedthat
themajorityofpointsabovethediagonal(one-to-one)lineinFigure16
werefromintervalsinvolvingbothhighspeedandquarteringseas.When
intervalsinvolvingeitherorbothparametersareeliminatedtheaverage
correctedTuckerestimatemightbesaidtoaverageabouthalfthevisual
estimate,atleastforvisualestimatesinexcessofabout5 feet.

Forthesamereasonsasdescribedinconjunctionwiththecompari-
sonofmeandynamicheadestimatesandTuckermeterestimates,Figure12,
a comparisonof4 rmsmeandynamicheadestimateswithvisualobservations,
wasmadeonlyforintervalsinwhichthedynamicheadspectrumareaabove
lowfrequencyintegratorcutoffwasgreaterthan80%oftotel.This
choicealsotendstoeliminatequartering/followingseacases,intervals
inwhichthedoubleintegrationisquestionable,andmanymorecasesof
lowvisualwaveestimatesthanhighones.Theresultisshownin
Figure19.

Asmaybenotedinthefigure,
exhibitedinwhichanyofthewavehe
theaveragewithanyother.

Therearethreeexceedinglywi’
catinqa 4 rmsdynamicheadinexcess

thisistheonlycasethusfar
ghtestimatescorrelateswellon

d pointsinthefigure,allindi-
of50feet.Thosethreepoints

andthetwodirectlybelowata 20footvisualwaveestimateallcome
fromVoyage35E(Ref.6,pp38-46),allwererecordedinthesame16hour
periodoftimeinroughlybeamseas,allinvolvesignificantout-to-out
rollsbetween19and33degrees,andinthissequenceof intervalsthe
4 rmsdynamicheadincreaseswithroll.Theseintervalsmaybecandidates
fordisqualificationonthebasisof impropercompensationforroll,a
subjectcoveredearlierinthereport.Theattributewhichkeptthese
intervalsinthedatasetwasthatthestressandwavetimehistories
lookedsufficientlyalike.

-.. .

However,whetherthewildpointsareeliminatedornotmakes
littledifferencetothequestionofwhyhalfa correctiontotheTucker
meter(themeandynamichead)looksanygoodatallrelativetovisual
estimates.Forthemoresevereoftheconditionsanalyzedthemean
dynamicheadisnotmuchdifferentthantheverticaldisplacementofthe
shipinwayoftheenginespaces.
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APPARENTSTRESSRESPONSEOPERATORS

Itisapparentfromtheprecedingsectionthatthetwoprimary
wavemeasurementsystemsofthepresentprojectcorrelatepoorlywith
eachotherandwithvisualobservation.Itwasthusof interestto
correlatetheresultsofeachsystemagainsta differentstandard.One
approach,(whichhadtheadvantageofconvenienceinthepresentcase)
istoderiveapparentstressresponseoperatorsandcomparetheseresults
againstindependentdata.

Whatismeantbyapparentstressresponseissimplythesquare
rootoftheratioofstresstowavespectrum.Ifthewavesarelong
crestedandareapproachingtheshipfromforwardofthebeam$the
apparentstressresponseoperatorisconceptuallythesameastheampli-
tuderesponse(stressamplitude/unitwaveamplitude)whichwouldbe
derivedfromtheoryormodeltest.Inthecaseofthepresentdata,the
aboveconditionscanbeexpectedtoalmostneverhold.Infactevenif
theyhadoccurred,thedatainhandisnotsufficienttodetermine“when.’l
Thecomplicationsintroducedbyshortcrestednessandbythefullrange
ofship-waveheadingsarediscussedinReference2. Inshortcrested
seasitwouldbe‘generallyexpectedthattheapparentresponseata
particularencounterfrequencywillbelowerthaninthelongcrested
caseduetotheaveragingofresponseoverheading.Wereitnotforthe
factthatthewavespectralestimatesfromradarandTuckerreekerare
veryfarapart,anattemptatcorrelatingapparentstressresponseopera-
torswithindependentdatawouldnotbeexpectedtoshedmuchlighton
theadequacyofthewavemeasurements.

itwaselectedtousethemodeltestdatapresentedinReference15
asthe“independentdata”ofthepresentexercise.Themodeltestsdes-
cribedinthatreferenceinvolveda smallmodelofthesL-7classship
whichwasrunattwodisplacements,variousspeeds,andseveralheadings
toregularwaves.Thedatachosenforthepresentworkwasthatobtained
atthe“heavy“ displacement,thi~conditioncorrespondingtothemajority
ofvoyagelegsinthepresentdataset.Thedataof interesttothe
presentworkwasthemidshiplongitudinalbendingmomentamplituderesponse
perunitwaveamplitude.

AllthemomentamplituderesponsedatafromReference15wascorr-
vertedtoa formcompatiblewithpresentdataby#se~f themidshipdeck
sectionmodulusgiveninReference12(1.745x 10 in). Theresultis
a computedregularwavemidshipdeckstressresponsehavingunitsof
(kpsi/foot). ThedatainReference15weregivenasfunctionsofwave-
lengthtoshiplength-ratiowhich>fora givenshipspeedandheading,
determinesanencounterfrequency.”Theconvertedregularwavemodeltest
dataareshownplottedonencounterfrequencyinFigure20fortwoship
speeds,25and30knots.

Figure20 involvesdataforsixheadings--headthroughfollowing
seaswiththeomissionofbeamseas.Theangleconventionindicatedin
thefigureisthepracticalconventionutilizedinthelogbookdescrip-
tionsofthepresentfullscaledataratherthanthetowingtank/
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theoreticconventionemployedinReference15. Fromprevious experimental
workitwouldbeexpectedthatbeamseastressresponsewouldfillinthe
“hole”around0.4rad/see,peakingatabouthalfthepeakheadorfollow-
ingsearesponsesomewherewithinthefrequencyrange0.35to0.7radians/
sec. Itmaybenotedthatmuchofthefollowing/quarteringseadatais
multiplevaluedas a consequenceofthefrequencytransformation.

Informingtheapparentstressresponseoperatorfromthespectra
estimatedinthepresentwork,muchthesameapproachwasfollowedas
wasusedinproducingFigures10and11. Noratioofstressspectral
densitytowavespectraldensitywasformedorconsideredintheanalysis
unlessboththestressandwavespectraldensitieswereinexcessof10%
oftheirrespectivepeaks.

Figure21 indicatesforallintervalstheapparentstressresponse
operatorderivedbytakingthesquarerootoftheratioofstressto
OWHSradarwavespectra.Foreachintervaltheratiosarea setofdis-
cretepointsspacedatroughly0.05radians/seeonthefrequencyaxis.
Inplotting,straightlinesweredrawnbetweenthesepoints.Inthe
figureanapproximateupperenvelopetothemodeltestdataisindicated
soastomakecomparisonswithFigure20moreconvenient.Considering
thevarietyofoperatingconditionsandtheprobablestatisticalvari-
abilityofthespectra,thedegreeofcollapseofallthedatais
consideredverygood.

Notingthatthemodeltestdataisgivenonlyfor25and30knot
speeds,and,asbefore,thaterrorsareexpectedforlowfrequencyin,
manyoftheradarestimates,theapparentstressresponseoperatorswere
plottedfora restrictedsetof intervals.Therestrictionsappliedwere
thattheshipspeedbeinexcessof20knots,andthatradarspectrum
areaabovelowfrequencyintegratorcutoffbegreaterthan80%Oftotal.
TheresultsareshowninFigure22. As intherestrictivecomparisons
previouslyshown,theeffectofthesecondoftheserestrictionsisto
removemuchofthefollowing/quarteringseadataanda relativelygreat
numberofrmninallymildwaveconditions.Incontrast,thefirstrestric-
tioneffectivelyranovesallofthemostsevereseaconditions.However,
a comparisonofFigures21and22disclosesnogreatcontrastsinthe
averagetrendsoftheapparentstressresponseoperators.

Witha relativelyminorexceptionthesameprocedurewasapplied
soastoestimateandplotapparentstressresponseoperatorsderived
fromthestressandcorrectedTuckermeterspectra.Theresultsare
showninFigures23and24. Figure23correspondstoFigure21 inthat
resultsforallintervalsareplotted.Figure24 isth~resultofapply-
ingrestrictionssimilartothoseemployedforFigure22. Thedifference
isthatintervalswererejectedonthebasisofrelativelowfrequency
stresscontent,ratherthanthelowfrequencyradarwavecontent.The
constitutionoftheresultingsampleismuchthasameasthatutilized
forFigure22. AswiththeradarresultsinFigures21and221there
isvisibleinFigure24nogreatchangeofaveragetrendrelativetothe
resultsinFigure23. Collapseofapparentresponsedatabasedonthe
correctedTuckermeterisatleastasgoodasthatshownfortheradar
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basedresultsforfrequenciesinexcessof0.5rad/see,butislessgood
belowthisfrequency.

Qualitatively,thetrendintheaverageapparentstressresponse
operatoristhesamewhetherthebasisistheOWHSradarorthecor-
rectedTuckermeter.Athighfrequenciesthereisa humproughlycorres-
pondingtothatoftheheadandbowsearegularwavedata,Figure20.
Thereappearsa ~’hole”between0.4and0.6rad/secaswouldbepredicted
bytheregularwavedata,andanotherhumpatlowerfrequencieswhich
correspondstothefollowing/quarteringregularwavedata.

Asmustbeexpectedfrompreviouscomparisonsbetweenradarand
Tuckerresults,thereisa verylargequantitativedifferenceinthe
responsesderivedfromthetwosetsofwavespectrumestimates,and
therewasnoreasonablewayofplottingbothsetsof resultstothesame
scale.Theupperenvelopetothemodeltestdataissignificantlylower
thanmostoftheTuckerbasedresultsandsignificantlyhigherthanthe
radarbasedresults.

Infurtherdiscussionoftheseresultsitshouldbefirstremarked
thatthereisnoguaranteethatthenmdeltestresultsarecorrect.The
magnitudeofthemodelmomentresultshasbeenconfirmedexperimentally
bycomparisonwithotherexperimentalresultsformodelsofcomparable
proportionsandspeed.Themodelresultshavealsobeenconfirmedby
independenttheory--towithin+ 20%forthemostpart.Inconverting
themodelmomentresultstodeckstressresponse,simplebeamtheoryhas
beenassumed.Themodeltestresultsasa “standard”arethusnot
unimpeachable.Ontheotherhand,quitea numberof independentefforts
havetocontainlargesystematicerrorsifthemodelresultsshownare
incorrectbymorethan+ 30%orso.

Consideringtheradarbasedresults,Figures21and22,the
apparentresponseliesbelowtheupperenvelopeofthemodeltestresults
by 50%.Consideringtheprobableeffectsofshortcrestednessonthe
apparentresponseandpossibleerrorsinthemodeltests,theradarwave
spectral.estimatescouldbeanythingbetweencorrectandabouta factor
offourtoohigh(apparentresponsebetweencorrectandfactoroftwo
toolow).

WithrespecttotheTuckerbasedresults,Figures23and24,the
sameconsiderationsindicateeitherthatthecorrectedTuckerwave
spectraarebetweena factorof4 and10toolow(apparentresponse
betweenfactorsoftwoandthreetoohigh),or:.thatthemodeltest
results(andcurrenttheory)arelowbya factorofaboutthree.

Onthewhole,thisevidencesuggeststhattheOWHSradarwave
spectraareclosertothemark.

— .—
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CONCLUSIONS

The,waveinstrumentationincludedintheSL-7programincludeda
newsystem(theOWHSradar)andanoldsystem(theTuckermeter).The
basicminimumobjectiveofthepresentprojectwastoproduceestimates
ofencounteredwavevarianceorrmsfromthedataproducedbyeachSys’tem$
andmostofthework necessaryinthepresentprojectwasinsupportof
thisobjective.Beyondthis,thefinalobjectivesofthepresentpro-
graminvolvedcomparisonsof resultsfromthetwowavemeasuringsystems
andtheresolutionofdifferenceswherepossible.Thislatterobjective
hasbeenaddressedinthepresentreport,andistheprimarysubjectof
theconclusionstofollow. ,’

1.

2.

3*

4.

5.

Theevidencestronglysuggeststhatneitherofthewavemeasuring
systemscanberegardedasa standardbywhichtheperformanceof
theothermaybejudged.

Inthepresentapplicationtoa large>highspeedship,itappears
thatquitesignificanterrorsintheTuckermeteroutputmaybe
attributedtothecharacteristicsoftheanalogdoubleintegration
ofacceleration.Improvanentstothispartofthesystemseemfeas-
iblewithinpresenttechnology.Iftheradarestimateshappento
beclosertorealitythantheTuckerestimates,theexistingcor-
rectionstotheTuckermeteroutputfortheattenuationofdynamic
pressurewithdepthandforinterferencewiththewavesbytheship
areconsiderablyinerror.Ifthisistruethereappearsno
alternativetofullscalecalibrationtrialsforthecalibration
ofthesystem.

Thereappeartobe a numberofdeficienciesintheinstalledOWHS
radarsystem.Someoftheseproduceerrorsofa magnitudewhich
isimpossibletoassessbecausesomesignificantpiecesof infor-
mationaremissing.Oneofthesedef-icienceshadtheeffectof
reducingtheapparentreliabilityoftheradarsystemtoquitelow
levelsduringtheperiodsofmostinterest(severewaveconditions).
Howeveritappearsthatalloftheproblemsperceivedinthesystem
maybesignificantlyreducedbylessthanheroicmeasures.

Thesourceoferrorcormnontobothsystemshastodowiththe
problemsofdoubleintegrationof low-frequencyaccelerationdata.
Inthepresentapplicationthespeedoftheshipandtheprevail-
ingweathertogethertendtoproduceencounteredwavecomponents
ofextra-nelylowfrequencyasmuchashalfthetime.Thesecom-
ponentsarelostintheTuckeranalogintegrationandnotalways
successfullyhandledbythedatareductionsystememployedforthe
radardata.

Thereisa wide,systematicdifferencebetweenthermsencountered
waves(andthewavespectra)as measuredbytheradarandbythe
Tuckersystems.
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6. Estimatesof-significantwaveheightfromneithersystemcorrelate
particularlywellwithvisualestimates.Relativetovisualesti-
matestheradarresultsaretoohighandtheTuckermeterestimates
aretoolow.

7. An indirectcomparisonofthewavespectraestimatedbythetwo
systemswasmadebyderivingapparentmidshipstressresponse
operators,aridcomparingtheseresultswithmodeltestdatafor
theSL-7classship.Thesecomparisonssuggestthattheradar
waveestimatesaretoohighandtheTuckerestimatestoolow.
Quantital
correct,
forwave
ofabout
andmode’
suggests
iscloseI

ivelyhowever,iftheTuckermeterwaveestimatesare
boththemodeltestdataaswellascontemporarytheory
inducedbendingmomentshavetobe inerrorbya factor
three.Ifitcanbeagreedthatcontemporarytheory
testtechniquesarebetterthanthis,theevidence
thattheradarsystem,despiteitsknowndeficiencies,
toreality.

RECOMMENDATIONS

Thepresentrecommendationsinvolveonlythequestionofwhatmight
bedonetoimproveresultsobtainedwiththesystemswhichhavebeendis.
cussed--undertheassumptionthatinstallationofthesesystemsis
contemplatedinthesame,oranother,largehighspeedship.Implicitin
thisassumptionisthattheoveralltheoreticallimitationofeithersystem
isaccepted,Thisoveralllimitationisthatunderthemostidealcondi-
tionsonlytheencounteredscalarspectrumofwaveelevationcanbe
produced.

Althoughtheevidenceisbynomeansconclusive,thepresent
investigator’sopinionisthattheTuckermeterisnota goodchoicefor
installationina shipofthesizeandspeedoftheSL-~class.However
shouldsuchan installationberequired,,itwouldberecommendedthat
thedoubleintegrationandcomputingcircuitsofthissystembere-worked.
Thefrequencywhereseriousphaseandamplitudedistortionoccursinthe
doubleintegrationshouldbemuchlowerthanitwasinthepresentfull
scaleprogram.Itmaybethatthemostpractical”approachwouldbeto
recordbothpressureandacceleration,andcarryoutanafter-the-fact
datareductionproceduresimilartothatemployedfortheradar.With
orwithouta re-workingoftheelectronics,thereappearsnoreal
alternativetothefullscalecalibrationapproachtotheship-wave
interferenceeffectsuponthepressurehead.Suchtrialswouldbe
recanmendedforanyinstallationinlarge,highspeedships.

Asnotedintheconclusions,theradarsysteminstalledinthe
presentprogramappearstohavehada numberofdeficiencies.Despite
these,theopinionoftheinvestigatoristhattheradarbasedsystem
shouldbepreferredforinstallationinlargehighspeedships.A check
ofresultsagainsta believablestandardwouldstillberequired.
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Inthesenseusedherethe“radarsystem”includesmorethanjust
theradarunititself.Thevariousmotiontransducersandthedatareduc-
t“mnproceduremustbeconsideredaspartofthesystemaswell.The
perceiveddeficienciesappeartobelargelycurable.Theymaybeconsidered
underthreemainheadingsasfollows:

1. TheRadarUnit

Questionsabouttheinternalbehaviorandphysicsoftheradarunit
(howitcouldbebetteredasa radar;ifwhena validreturnissensedis
theindicatedrangecorrect;thenatureofthephysicalcircumstances
underwhichreturnsignalislost,etc.)areallitemswhicharebeyond
boththescopeofthepresentprojectandthecompetenceoftheinvesti-
gator.Alltheperceiveddeficiencieswiththeunitappearconsistent
withtheoutputlogicemployedtodealwithoccasionalreturnsignalloss.
Becauseitisnecessarytoknowthelengthoftheslantrangevectorwhen
cmnputingitsverticalcomponent,theoutputlogicoftheunitshouldbe
changedsothatthisinformationisnotlostduringa voyage-- irrespec-
tiveofanyreturnsignallosses.Thischangewouldrequirea different
approachtothereturnsignallossproblem.Theapproachrecommendedis
toholdthelas’tvalidrangeintheoutputregisteruntilthenextvalid
rangeisacquired.Itissuspectedfrm thedatainhandthatthelapse
oftimebetweensignallossandre-acquisitioriisordinarilyrelatively
short.Theeffectonthedataoftheaboverecommendationwouldbeto
produce‘inotches”orflatsinthetimehistory.Smallnotcheswould
introducemostlyhighfrequencynoisewhichisfarpreferableindata
reductiontotheultralowfrequencynoiseinjectedbythelogicofthe
presentunit.Largel~notches~’orflatsoflongpersistencewouldberela-
tivelyeasytoseevisually,ortodetectbycomputer.

2. Angles ~

Toa fairdegreeofapproximationtheangletransducersofthe
pendulumtypeusedinthepresentprogramareequivalenttobodyfixed
lateralaccelerometers.Theyaresensitivetobothrotationandaccel-
eration.Thebasicrecommendationisthisareaistomeasureangles
properly--eitherimplicitlyorexplicitly.Inthecontextoftheradar
systemthismightbeaccomplishedintwoways,Oneoptionistomounta
verticalaccelerometerontheantennaandgyrostabilizeboth.Inthis
casetheaccelerometeroutputwouldbecorrectwithrespecttotrueverti-
calandtheslantrangewouldberelatedto itsverticalcomponentbya
constantfactor.Thesecondoptionwouldbetomounta gyrostabilized
verticalaccelerometerintheradarpedestal.Inthiscasetheaccel-
erometeroutputwouldalsobecorrectwithrespecttotruevertical,and
itwouldappearfeasiblewithincurrentstateofelectronicandmicro-
processortechnologytomakea continuousthreedimensionalvector
correctiontotheslantrangeusingtheindicatedanglesfromthegyro.
Itisfeltthatoverandbeyondthetechnicalimprovement~theresources
expendedinimprovingandautomatingtheanglecorrectionscouldwellbe
repaidinreducedcostsofdatahandlingandprocessingduetotheFewer
channelswhicbiwouldthenbe involved.
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3. Accelerationsand’DoubleIntegration

Inthefinalanalysis,thephaselessdoubleintegrationscheme
employedinthepresentdatareductionwasnotsufficientlysophisticated.
Itwasunabletohandleultralowfrequenciesaswellascouldbedesired.
Howeverthebasicproblemwasthattheextraordinarilygoodacceleration
resolutionrequiredinsomesituationswasnotpresentinthedata.
Accordingtotheresults,itappearsthatifthesameschemewastobe
usedoveragain,theaccelerationsignaloutoftherecordingmedium
shouldhavea resolutionapproachingk 0.002g. Withanalogmagnetic
tapeastherecordingmediumthisresolutionmightbeapproachedinthose
caseswhereitismostneeded(mildfollowingorquarteringseas)bythe
useofautomaticgaincontrolandtheeliminationoftheone“g”signal
biasincludedinthepresentverticalaccelerationda~a.Itshouldalso
benotedthattheaccelerometersusedinthe,presentapplicationwere
probablynotcapableofthissmalla resolution.

Whilebetteraccelerationresolutionwouldgoa loncJwaytowaqd
improvingtheestimationoftheverticaldisplacementof theradarunit,
itshouldbeemphasizedthatanyschemeinvolvingdis-continuousdata
sampleshasa lowfrequencylimitbelowwhicha properjobcannotbedone.
Perhapsthereisa practicalcontinuousdoubleintegrationsch~ewhich
doesnotproducephaseshifts.However,thepresentinvestigators
recommendationwouldbetodeferanextraordinaryamou,ntofefforton
thisproblemandtoacceptpossibleerrorsinquarteringandfollowing
seasuntilsuchtimeas anysecondgenerationradarsystemcanbefully
acceptedintheheadandbowseasituation.
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