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儀酵工
AModelontheTurbulentWindFieldoverWind-waves

inCu「vilinea「Co-ordinates

HiroshiICHIKAWA誉 曇

Abstract:

Anewtheoreticalmodel(Modelll)ontheturbulentwindfield

overwind-wavesisproposedbytheuseofthecurvilinearorthogonal

systemofco-ordinatesinwhichwecaneasilytakeintoaccountthe

meanflowundulationcausedbythecorrugationofwavywater

surfaeeandalsoweeangive七heboundaryconditionsエrigh七atthewavy

watersurface.Thenumericalsolutionscalcu=latedfromthepresent

linearmodelareingoodagreementwiththeexperimentalresu=Lt8

0『b七ainedby工CHIKAWAand工MASATO(1976).ThegoodagreementLgwhichwas

noto「btainedfromthepreviousmodel(Mode=LI)usingtheCartesian

systemofco-ordina七es,isattributedto七headoptionofthecurvilinear

orthogonaユsystemofco。ordinates.

1.工ntroduction

Inordertounderstand七hemechanismofthemomentumandenergy

transfersfromwindtowaves,itisnecessarytoclarifythestructure

ofwindfie=Ldoverwind-waves.ICHIKAWAandIMASATO(1976)foundthat

theverticalchangeofthewave-inducedfluctuationsofwindveloeities

overwind-wave8andthewave-inducedReynoldsstressaredifferentfrom

thosepredictedbytheMilesl(1957)quasi-laminarmodel.Theycompared

口1葡

N畳GeophysicalIn8titu七e,FacultyofScience,KyotoUniversity,
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theirexperimentalresultswiththenumericalsolutionsob七ainedfrom

alinearmodel(hereafterreferedtobeasModelI)ontheturbulent

windfieldoverwind-waves
,andshowedtha七 七hediscrepancycanbe

attributed七 〇theexistenceofthea七mospheric七urbulencewhichwas

neglectedbyMILES(1957).

However,theModel工inwhichtheturbu=Lentwindfieldisformulated

intheCartesianco・-ordinatesandtheboundarycondition8aregiven:at

themeanwatersurface!evelwasno七neces8arilyapPropriatetopredict

thewindfieldoverwind-waves.Actually,itcouldno七predic七the

phase-differences'betweenthewave-inducedflue七uationsofwind

velocitiesandtheunderlyingwind-waves.Thecritical!ayer,which

p=laysanimportantro=Leinthedevelopmentofwind-waves,isundulated

bytheeorrugationofwavyboundarysurfaceandthisundulatingcritical

!ayercrossesthemeanwatersurfacelevelinmanycasesof

wind七unne=Lexperimen七where七hemeanheigh七 〇干theundulating

cri七ical!ayerislowerthanthewave-crests.Therefore,itisnot

appropriatetogive七heboundarycondi七ionsa七themeanwatersurface

ユevel.工tcanbeeoncludedthatthediscrepancyinthepreviouspaper

ofICHIKAWAandIMASATO(1976)isa七tribu七ed七 〇thefac七sthat七he

boundarycondi七ionsweregivena七 七hemeanwatersurfaceleve=L

assumingtheinfinitesimalwaveand七ha七theundula七ionofmeanair

flowwasnotta1(enin七 〇account.

Inordertoovereometheseweakpoints,theadoptionofthecurvi-

linearorthogona],systemofco-ordinatesisthemostnatura⊥way,ユ.皇 。,

in七hecurvilinearco-ordinates(∫,フ),the「boundarycondit±onscan

一2一



begivenrightatthewavyboundarysurfaceandtheundu=Lating

critical工ayercanbeeasilyrepresentedbyanundulating=Lineof

aconstantvalueofク.MILES(1959)andBENJAF1IN(1959)havea].ready

di8cussedthewindfieldoverwavywatersurfaceusingthecurvi=linear

co-ordinates.However・nei七herofthemtookintoaccountthe

existenceoftheatmospheric七urbulencewhichplaysanimpor七antrole

inthewindfieldoverwind-waves(ICHIKAWAandIMASATO,1976).

Recently,GENMandTAYLOR(1976)numerica],=Lyinves七igated七heturbulen七

windfieldoverwavyboundarysurfaceusingthecurvilinear

co。ordinates。However,七heyneglec七edtheexistenceoftheviscous

su「blayerwhichwil=Lexistwhenthewindspeedisfairlysmall

(IMASATO,1976).

Therefore,inthispaper,anothertheoreticalmode1(hereafter

referedtobeasModel工1)on七heturbulentwindfie=Ldisproposed

using七hecurvilinearco-ordinatesandthenumericalsolutionswiユl

becomparedwi七hthepreviousresultsinthewindtunnelexperiment

(ICHIKAWAandIMASATO,1976).InModelII,theexistenceof七he

viscoussu『blayerneglectedbyGENTandTAY]IOR(1976)istal(eninto

accoun七andtheinfluenceoftheunderlyingwind鱒wavefieldtothe

backg「oundatmosphe「icturbu1・ncei・a1・ ・tak・nint。acc・untbン

introdueing七heparameter℃ メ(representing七hera七eofincreaseof

eddyviscosityduetounderlyingwind-wavefield.

2.Theore七icalModel

2.1Systelnofco-ordinatesandgoveringequations

U・ingthecurvi・in・ar・rth・9・na・ ・y・t・m・f・ ・一・rdina七es(91,92,

一3一



gS)i・ ・u・ 七rat・dinFig・1.wec・n・id・r七h・turbu・ ・ntwindfi・ ・dina

frameofreferencetravel] ,ingwiththephasevelocitygofanunderlying

・・mp・n・ntwav・inp・ ・itiv・x1-directi・n・Th・Cartesian・y・t・mof

・。。・rdinate8(x1・x2・x3)・whi・hi・a1・ 。mu・t「atedinFig・1・i8

expressedinthecurvilinear8ystemofco-ordinatesasfollows,ノ
h'1ユ

x1。91-a。xp(-kξ3)・in(k91),

x2

x3・+a・xp(-kgS)…(k91)-

where皇 ,isthewaveoamplitudeand上thewave-nurnl)erofthecomponent

wave・Thewavソwat・rsurface・representedinthecurvilin・a「

・・一・rdinatesa・93…i・expr・ ・sedinth・Cartesian・ ・一・rdina七es

asfollows,

x3・a…(k91)(2・1)

whi・h・qua1・a・ ・s(kx1)t。th・ ・rd…f逃 ・

Iti。a,s㎜ 。dinthi。pap。r七hat(ak 一)2i。n。gligibly。mal1,th。

windfie=Ldishomogeneousinthex2-directionandthatthemean

h・ri・ ・ntalv・1・cityU(x3)-Cinth・r・f・r・ncefram・h…nlyth・

c・mp・nentparallelt。thex1-axis・

Th・ まn-c・ 叩 。n・nt・fwindv・1・ci七yuninth・turbul・ntwindfi・ld

overwavyboundarysurfacein七hereferenceframeisdecornposgdinto

th・m・an・ ・mp。n・ntffn・ 七h・wave-inducedp・ri。dicc・mp・n・ntτnandth・

rand・mbackgr・und七urbulenceuli;エ ・Ω・・

92・

一4一



Un(三"ξ3・t)・ 五
n(ξ5)・t「n(91・ ㍉)・uム(91・'93・t)

wheretisthetime.Thetimea▽eragegdenotedbyoperator<>gof

thewindvelocityeanberepresentedby

<Un>・ 五
n(}3)・Mn(㍉ ㍉).

　
Th・m・anwindv・1・cityu

ni・assurn・dt。beexp「e8sedinth・

referenceframeasfo1].ows,

ff
n(ξ3)・(U(x3)-C・ …)ノ(2・2)

wh・r・U(x3)-Ci・th・m・anh・ri・ 。nta・windv…cityatth・h・ight

x3=ぎ3・

Owingtothistreat!nent,themeanwindvelocityintheregion

betweenawave-crestandawave-troughcanbederivedalthoughitcan

n・tb・treat・din七h・Cartesi・n・ ・一・rdinates,andthem・anf1・wundula-

tioncausedbythecorrugationofwavybOundarysurfacecanbeeasily

intr・ducedinth・ana・y・i・a・am・anf1・wpa・an・ ・t。th・31。axi・ ・

Thetimeaverageofthevorticityequationontheturbulentwind

fie=Ldoverwavyboundarycanbeexpressedinvectorformasfol].ows,

ぐr・t.(r・t。 五xS五+r・t.憲X五 ・r。t.霞X霞)〉

・ 一 ノ
aぐr・t・r・t・r・t・)u>・Tl・Wノ(2・3)

wh・r・2ai・th・kinemati・m。 ・ecu・arvi・c。 ・i七y・fairJthec・ntribu一

七ionfro!natmosphericturbulenceneglec七ed『byBENJAMIN(1959)and

MWthec。ntributi・nfr・mwave-indueedv・1・cityflu・tuati・n・.T

。5一



・ndWar・d・n・t・dbyEqS .(2。4)and(2.5),respectiv・1y.

T=∠-rot●(rot・uユ 響xIul)>7(2●4)

NN〈ノ=〈 鱒rot。(rot・ 毎x'霞)〉.(2・5)

Inordertoo「b七ainthe80=LutionofEq.(2.3)onfご,themeanwind

veloci七y,thecontributionfr◎mat!nosphericturbulenceandthe

boundaryconditionsmu8七bedetermined.

2●2S七reamfunction

Beforedeseribingtheassumptionsadoptedinthispaper,wedefine

herethestreamfunctionasfo1=Lows,

<Ul>・J㌔711"5Yand<u3>・-」 ㌔ ≒ ㍗

whereJistheJacobianofthetransformation.Thestreamfunction

γ(㍉ ξ3)i・r・present・da・f・ …w・,

ロ コノ　ノ

γ(ξ1・9s)=㍗(ξs)+7(ξ1・ ξ3)ノ
wh・r・ γ(gs)i・th・undi・turb・dpartd・fin・dby

7(ζ3)・ 」}]Ui(93)d玄3

.ヘノ σ.～
and@七h・wave-inducedp・ri・di・part.アi。assum。dt。b。

representedby

参(i.g3)・akSl,{'V"(ξ3)・xp(」k≧1)X

wh。r。 飛indi。ate8七h。r。a・par七 。f。 。。mpユ 。xvariab、 。,2七h。c。mp、 。x

-6一



レ
ampli七ud・ ・fyandj・[.

Hereafterallvariablesandco-ordinates

-1
non・ ・dimensi。nalform,taking些andCa3the

theve=Locity,respectively.

willbeexpressedin

scalesof七helengthand

2.3Tur「bulentReynoldsstresses

Theturbulen七R・yn・1d8stressrnmisden・tedby

r㎜ ・ ど一u温 》

・Fmm(93)・ ㌔(ぎ"㍉)(2・6)

wh・r・ 三
㎜i・th・m・anpartandSF'nmth・wave-inducedp・ri・di・part

whichi8assumedtoberepresentedby

㌔(9i・ 三5)・a斜 全　 (三3)・xp(」 三1)、

バ ハノ

whe「 ・rrmisthec・mplexampli七ude・fr㎜ ・

Using七heequationofcontinuityaboutthe七urbulentfluctuations

ノ
・fwindv・1・city・th・92-・ ・mp・n・n七 丁2。flj…rrectt。th・ ・rd・r・f

皇,canberepresentedasfo-ows,

T2・ ヨいa鮒 塊 ・;13・j(全11一 全33)

・2・xp(-93)(kj(FgS-F;1)。 」(F33一 ㍉)

・(FX3・Fl3-2Fs))'X・xp(」91)コ

wh・r・prim・d・n・testh・diff・r・ntiati・ …gS・Th・r・f・r・ ・th・

七urbulentReyn・1dsst「essr㎜mustbedeterminedin・rdert。s・1ve

Eq●(2。3)。

-7。



Th・m・antang・nti・1七urbul・ntR・yn・ld・ ・tr・ ・s・13i・ ・btainedf「om

overallaverageoftheequationofmotionandrepresented『by

量13(ξ3)・u.2一 ゾ
aE;(と3),(2・7)

wh・r・uii・thev・rti・a1・h・ar。fmeanwindv・1。 ・ityandu・th・fri・tion

ve=Loci七yofairgOntheo七herhand,weha▽enoinformationon七he

ver七ica=Lchangesof七hemeannormalturbulen七Reynolds8tres8e80ver

windowaves。Fromtheexperimentalresul七soコthepipef].ow(HI.NZE,

1959,Figs。7。54and7。58),theyareass㎜edin七hispaperasfollows,

F11(き3)・ 。5・sFs(93)・(2・8)

Fs3(95)・ 一・・6iFls(93)・(2・9)

Th・wave-inducedvariati。n・ ・fturbu・ ・ntR・yn・ ・dss七res・es㌔

areassumedtohavethesameformasinMode1工andYefimov曾s(1970)

model,1●9.,

四
r11

〈 ノ
r
13

whereJ/is
e

wave・-induced

expressed

宕

the

variation

byEq.(2.12)

13(客3)

ぶ
r33,(2・10)

、 ハ ノ
2ン
ee13

2兆a頬 宕13(93)・xp(je1)k,(2.11)

・ddyvisc・sityand♂1うthec・mp・ ・xamp・itud・ ・fth・

鋭3・ftang・ntia・rate-・f-strain・a13i・

in七hecurvi].inearcoロordinates.

・ 告{参'1ξ3)・a(ξ
s)・2・xp(-93)(五 樋 巧

(2.12)

●8翰



A・ 七h・ughtheeddyvisc・ ・i七yノ
。wa・assum・d七 ・bec・n・tan七withrespect

七〇x3inM・d・11・iti・a・ ・um・dinthi・pap・rt・be8ev・ralt加es

gr・at・rthantheeddyvisc・sityρ 。as8・ci・t・dwithth・v・rti・a・ ・h・ar

ofmeanwindvelocitya8fo1=Lows,

ソ
。(93)・ ・tソ 。(93),(2・13)

where吠i・an・n-dimensi・naユparameterwithap・sitivec。nstantvalue

and/
ssa七i・fiesth・f… 。wing・qua七i。nノ

ヨ15(93)・2ソ
。(93)513(93)

=L/
8(ぎ3)ff;(93)

whe「ee15i・th・m・antang・ntia'lrate-・f-・train・Itmu・tben・ticed

tha七Eq.(2.11)correspondsto七hefollowingequa七ionintheCartesian

co-ordinates ノ

㌔ ・ ソ。(∂繕 ・魂 鯛

where「17'isthewave_inducedfluctuationofx-componentofwindnn

▽e=Loci七y.REYNOLDSandHUSSAIN(1972)andDAVIS(1972)proposed七here=La-

ti・n。fEq.(2。13)wi七hC>〈 ・1,whichmeansthattheeddyvisc・8ityソ
e

isalwaysequa=Ltotheeddyviscosi七yassociatedwi七htheverticalshear

・fm・anwindv・1・city・H・w・ver・theeddyvi・c。 ・ityV。inEq・(2・11)i・

《ノ(ノ
a・ ・efficien七which「elates「13with・13・andth・r・f・r・ ・iti・assum・d

herethat七heva=LueofC)([isno七a=Lwaysunity.[[heparameterQくis

consideredtorepresenttheinf=tuenceofthewind-wavefieldtothe

backgroundturbu=Lence.ThevalueofC)〈,.eannotbedeterlninedfromミ,.'Ll

。9一



themeasuremen七andweinevi七ablyobtain+毛henumerical801u七ionsfor

severalvaluesof(〉<fromO.5to20.

2●4凹eanwindprofi=Le

Itiswellkn。 職thattheverticalprofileofthemeanh。rizontal

windv・1・cityU(x3)inth・turbu1・ntb・undarylay・r・v・rwind-wavesi・

1。ga「ithmi・withrespect七 ・x3・Onth・ 。th・rhand・inthec1・8evicini七y

ofthewavywatersurface,itcannotbemeasureddirect=Lyanditi8

assumed,aswasproposedbyDAVIS(1972),tobeユinearwi七hrespec七to

x3inth・lay・r(nam・da・"lin・ar・ublay・r"inthi・pap・r)。fwhi・h

thi・knessz1・qualszO・xp(ムU)・wh・r・ ムUi・ 七h・thi・knessparam・t・r

of鱒linearsublayer撃 曹.

・nth・ ・th・rhand・th・m・anwindv…ci七yE1(93)paraユ ・・1七 。

91-axi・ha・n。 七been・1arifi・dy・tandi七i・assum・dinthi・pap・r

toberepresentedbyEq.(2.2).Therefore,fromtheverticalprofile

。f七h・m・anh・ri・ ・nt・ ・windv…citydescrib・dab・v・ ・ 五d(93)i・

representedasfollows,

E1(勾 ・U(93)-1

・{111:∴:∵ ∵311
。12・14)

whereu…zOand>(a「ethefricti・nve1。city。fair・ther・ughness

heigh七andtheK6rmsnconstant,respeetively,andG(4U)三 ・∠LUexp(一 △U).

A・theeddyvisc・sityti
。d・fin・dbyEq・(2・13)mu・tbezer・ ・r

positivein七helllinearsublayer曾 璽,thevalueofムUmustsatifythe

一10一



followingrelatio11,

c・〈(恥.・ 。/G(DU)一 レ
。)ζ ・(2・15)

The「 ・f。r・ ・th・v・lu・ ・fAUmu・tb・gr・at・rthan・r・qualt・AU
mwhi・h

sati8fie8the8ignofequalityinthere=lation(2.15)whentheparameter

D・rCu…0〃
aissma11・rthanG(1)・exp(-1)because七h・fun・ti・n

G(△U)hasthemaximumvalueatムU=1.Thenlinearsut)=layeretfor

ムU・ ムUmisc。incid・ntwithth・vi・c。u・sublay・randintha七 ・ublayer

theeddyvisc・si七yソ
。vani・he8・ ・nth・ ・th・rhand・th・valu・ ・fムU

canbearbitrarilypo8itivewhen七heparameterDisgreaterthanG(1).

Inanycase,thevalueofムUcanno七befixedfromthemeasurement8,

andweinevi七ablyo『btainthenumerica180],utionsforseveralvalues

ofムUfr・munity・ ・ 川
mt。 七・n・

2.5Boundaryconditionsandnumeriea].田e七hod

Now,letlsconsiderthe『boundaryconditions,correcttotheorder

of3,tobesatisfied1)ythevelocitycomponentsrightatthewavy

wat・r・urfaee三3…Th・n・rma・ ・。mp一 七 ぐu3(・)>mu・tbezer・

sineethewaveisstationaryinthepresentframeofreference,主.皇.,

ム
㍗(0)=0(2・16)

Th・ 七ang・ntial・ ・mp・n・n七 イu1(0)>mu・t・ati・fy七hec・nditi・n・f

nonoslippingrelativetothewaterparticlerigh七atthewavysurfaee.

Thetangentialvel。cityuc。f七hewaterparticlerightatthewavywater

surfaeehasnotbeenwel1㎞o就nye七.Therefore,itisassumedinthis

一11一



paperthatuC

ofwaveatx3

equalsthehorizontalcomponent

30.Owingtothisassumptiong

〈'

子(o)= 1一 五1(0)

壬hewave-inducedperiodiccomponents

theheightsufficien七lyfarfrom七hewavy

andthisrequires七hat

ハ
㍗(H)=o,

弁!(H)

oftheor「bitalvelocity

itisderivedasfollows,

(2.17)

・fwindv…cityat93・H・

surface,mustbevani8hed

・E1(の ・xp(-H)

(2.18)

(2.19)

Fromthea8sump七ion8de8cri『bedaboveonthe

stressethewave-inducedperiodicpar七 〇fthe

▽orticityequation(2。3),whichiscorrectto

derivedasfollows,

A<<,〈9川.へltハ

+空){i[1('S`・。冒 一 「1`・)一フZ〒コ「!1雪一j2/
a(フ623跨

一j,17
。(ヂ"+2参"+グ)-2jz7。'(多 旧+f')

-」 ソ
e"(八 鱒 ヘチ+γ)・A(2.2・)

turbulentReynolds

92。 ・・mp・n・nt・fth・

theorderof皇,canbe

where

A= {(㍉ 一f;1)

・2回 這1・

・2ソeI(ii1'一

一2(ヨ33-

」{ソa(看 盟・-

2五{・ 豆1)・

f11)-2j(f{3-2fl3)3・xp(-」3)

2叩 ・)2e(可 一3司 ・4百{-2fi1)

ノ。・(豆卜 ㍉)])・xp(一 玄3)

(2.21)
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andW>inEq.(2.3)isneglected「becausethemagnitudeof七hewave-

inducedR。yn。ldsstressi,th。 。。d。r。f。2。Iti,。ec。gnizedthatth・

firstandthesecondtermsintheright-handF8ideofEq.(2.21)originate

fromouradoptionofthecurvilinearco-ordinatesandtheexistenceof

themeanf,10wundulationcausedbythecorrugationof七hewavyboundary,

respec七ively,『bycomparingEq.(2.20)withthevortici七yequation

formu!atedintheCarte8ianco-ordinatesbytheuseofthestream

fun・ti・nφlwhi・hi・d・fin・d・ ・f・ …w・,

ロリ
¢1(x1,xう)・ ψ(x3)-aif1(x5)・xp(-x5)…(x1)

・a躍1(x3)・xp(jx1)}(2.22)

wh。r。 φ エ。 七h。undi,tu。b。dpart,th。Sec。ndt。rmi。thec。n七ributi。n

frommeanf=Lowundulationcausedby七hecorrugationofwavy1)oundary, ム
whi・hisc。rrectt・th・ 。rd・r・f皇,andφ1i・ 七hec。mpl・xamplitud・

ofthewave-inducedI)eriodicpart.

Thefinitedifferentia=LequationderivedfromEq.(2.20)isintet

grat・dnum・ ・i・a・ ・ywith七h・b・undary・ ・ndi七i・n・giv・nat㍉ ・ ・and

ξ3・H・Th・finit・diff…nce・ ・ngthb≧3and七h・upP・r・imitH・f

theintegrationarechosentobeO。OOIand4.0,respec七ively,because

th・num・ri・aエ …uti・n・btain・df・rム 三3-・ ・…5・ndH・6・ ・i・n・ar・y

・qua⊥t。tha七 ・btain・df。 ・L・gS・ ・ …1andH・4・ ・a・th。ughiti・n・ 七

i=L=Lustratedinanyfigure.

3.Resul七5anddiscussion

3.1Numericalresults
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Thenumerica⊥solutionsandtheexperimentalresults(ICHIKAWA

and・),!ASAT・,1976)・ ・ec・mpar・dinquantitiesC・ 一一ruユ,(r-
w2,θu,θ.

and(t,whicharethen。n.dim。n,i。na!p。w・r・ ・fth・wave-induced

fluctuationsofhorizontalandverticalwindvelocities,thepha3e-

differenee80fthewave-inducedfluctuationsofhorizonta1andvertical

windvelocitiesfromtheunder=Lyingcomponentwave,andthenon-

dimensionalwave-inducedReynoldsstress,re8pectively.工tmustbe

noticed七ha七thesequantitiesinthefollowingdiscussionarethe

spectraユ

Theyare

wheresuffixes

respeetively,

periodic

ordinates。.

and七hecurv■1inear

8atisfiesEq。(2

equations.

φ(x3)・

・。mp・n・nt・withth・f・ ・qu・n・yfp。fth・wavespect「alpeak・

expressedasfo=Llowsg

er-
u2・ 告1年'12,rw2・ 告1㊧12,

θu・ 七an-1(一 奪!i/卑r),

ew・tan-1(尋r/&i),

eL .告(φliO
r一 ξ芦'rφi),(5.1)・v'(3.5)

randirepresenttherealandimaginaryparts,

andφi。thec。mp、 。xa叩 、itud。 。f七h。wav。 。induced

partofthestreamfunctiondefinedintheCartesianco-

Qwingt。therelati・n・b・tweenthecartesianc・ 一。rdinates

・ ・
c。 。。rdin。t。,,φ 。anb。r。 、at。dwithザ,whi。h

・2・)atgS・x3・a・r・present・dbyth・f。 ・・。wing

ハ

傍(x3) ・xp(-xう)(U(・ う)-1) (3.6)
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浴1・3)・9ノ(x3)-exp(-x3)(Ul(x3)-U(・3)・1)(3・7)

Eachsecondtermintheright-hand8ideofEqs.(う.6)and(る.マ)

rePresen七sthecontributionfrornmeanflowundu=Lationcausedby七he

corrugati◎nofwavyboundarysurfaceto七hewave-inducedf=Luctuation8

0fverticalandhorizon七alwindvelocities,respec七ive=Ly.

In・rd・rt…lv・Eq・(2・20)num・ri・ally・th・values・fu・ ・t・0・

DUandC・ 〈ar・necessaryt・b・giv・n・u.and・ 。a・eth・kn・wnvalues

fromthewindtunnelexperiment,buttheparametersAUand(メmu8t

'b
esuitablyde七erminedinorderthatthenumericaユsolu七ionsagree

wi七htheexperゴ 」mentalresults.

ト陛3'Fi

g。.2,3and4,h。wth。m。a。ur・dand・a・ ・u・ ・t・dv・rti・a・pr・fi…

・f・ru2,〈S-w2,θ.,θwandてintheexp・ri・ ・nta・ ・a・es・fRun-・ ・

IIandIII(ICHIKAWAandIMASATO,1976),respective=Ly^Thenumerical

・・1uti・n・inth・ ・efigure8ar・ 。b七ain・df・r・ ・m・valu…f(又fr・m

twototen,fromModelIIproposedin七hispaper.Theconditionsof

theverticalprofileofmeanwindvelocityandthewind--wavefield

intheexperimen七alcasesofRun脚 工,1工and工IIaretabulatedinTab].e1。

{Phevaluesof∠)Uusedinthecaleulationofthenumeriσ'alsoユutions

showninFigsの2and3are7.49and2.75,respective=Ly,whichcorrespond

七・th・minimumvalu・zSU'min・a・h・xp・rim・ntal・a・e・Onth・ ・th・r

hand,th・param・t・rD・ ・k・ 。/V.i・gr・at・rthanG(1)andth・va・u・

・fAUm・ann。tbedete「minedintheexp・rimentalcase・fRun-III・

Since七heparameter∠}Udeterminesthettlinearsub=Layerttthicknes8zl

and七hemeanwindve=Locityonlyinthe駒=Linearsublayerl1,theinfltuence

of∠}Uonthecalculatedver七icalprofilesintheregionmuchhigher

一15一



than・1i・fairly・mail・ ・1・ngaszli・mu・h・mall・rthanunityalthough

itisnoti=Llustratedinanyfigure・ThevalueofAUinRun・ ・工工Iis

ch・sen・ ・that・1i・mu・h・mall・rthanunity-Th・num・ri・a1・ ・lutions

obtainedforAU詔3.OareshowninFig。4asanexample。

ItisknownfromFigs.2,3and4that七heverticalprofiles

・b七ainedfr。m・urpresentM・delllwitha8uitabl・value。fSkhave

goodagreementwithmeasuredones,especiallytheverticalprofi=lesof

θ.andθwwhi・hw・r・n・ 七w…pr・di・t・dbyM・d・ …Th・ ・uitab1・

va=LuesofdinthecasesofRun-1工andIIIarefound七 〇beintherange

fr・m七w・t。ten.ButitisapParentthatthesuitablevalue。fOくt。

・xp・ainth・m・a・ur・dv・rti・a・ ・hang・ ・fat
u2inthecase・fRun-・i・

intherangefromfivetoten.Thisエ ℃su1七sugges七sthattheparameter

⊂又maydependontheunderlyingwind-wavefieldand七hefric七ion

v。1。city。fair.Mh。precisediscussi。nab・utth・param・t・rメwi11

『b
emadeinthefollowingpaper.

3.2Turbu].entReynoユdsstresses

Wehavenoinforrnationonthemeannorrna=1turbulentReyno=Lds

stressesand七hewave-inducedvariationof七urbulen七Reynoldss七resses

andtheyareassumeda8descri「bedinsection2.3.REYNOLDSandHUSSAIN

(1972)pr・P・sedan・th・rm・d・ ・inwhi・h6YllandPt33ar・r・ ・at・dt・th・

wave-inducedvariationofnorma].rate-of・-strain,respective=Ly.They

arerepresen七edinthecurvi=Linearco-ordinatesasfollows,

鱈M(93)・2ソ 。疎 ・j㊧ ノ+exp(-93)E1、 ・xp(j91)⊃,(3.8)

Y53(93)・2ソ 。」?e[{"ji7'一 ・xp(一 三5哺 ・xp(jgi)!.(3.9)
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Th・num・ri・al・ ・luti・n・ ・bt・in・df・ ・mM・d・III・inwhi・hGYlland

YSSar・giv・nbyEq・.(3$)and(3・9)in・t・ad・f∈q・(2・1・),respectiv・ ・y・

arenearlyequa=LtothoseobtainedfromModelIIalthoughtheyarenot

i=Llustratedinanyfigureの

工七must「beno七icedthattherepresentationofthemeannormal

turbulentReyno=LdsstressesisnotcruCial.Thenumericalsolution

obtainedfromanothermodelinwhichthemeannormalturbulentReynolds

stressesareequaltoeachother,arenearlyequa1七 〇thoseob七ained

fromMode].工Ia工thoughtheyareno七showninanyfigure.

5.3Undulationofmeanflow

Mode].IIdiffensfromourpreviousModelInotonlyinthe

co-ordinatessystembutalsoinintroducingthemeanf=Lowundulation

andintheassumptionsontheeddyviscosityandontheverticalprofile

ofrneanwindve=Locityintheclosevicini七yofwavysurface.工norder

toexaminetheinfluenceofthedifferencebe七weentheassumptions

adoptedinMode1工 工ontheeddyviscosityandontheverticalprofi=Le

ofmeanwindvelocityandthoseadoptedinModelI,anothernumerica!

calcu].ation(namedasModel.工1『b)wasperformedinthecurvi=Linear

co-ordinatesunder七hesameassumptionsasisadoptedinMode=LI;」L.9.,

theeddyvisc。 ・i七yisc・n・tantwith・espectt。gS・ndth・va・u・ ・f△U

　
■szero.

F・5・驚Fig・
.5aand5b・h・wth・m・a・ur・dand・a・ ・u・at。dv。rti。a・pr。fi・eS

。feuandθwin七heexp・ri・ ・nta・ ・ase・fRun-・ エ・Thecaエ ・u・at・d

ver七icalprofi=LesinthesefiguresareobtainedfromModelIandIlb
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withthesam。valu。(1.5x103。 。2s-1)。ftheeddyvi,c。sity.Fr。m

thecomparisonbetweenthesolution8forModelIlbandthesolutions

inFig.3forModelII,itcanbesaidthatthenumericalresu=L七s

obtainedfromModelIlbandModelIIarenearlyequaltoeachother・

FUrther,itisseeninFigs.5aand5bthatthenumericalresul七8

0btainedfromIvlodelII『barelargelydifferentfromthoseobtained

fromModelIinspiteof七hefactthattheassumptionsontheeddy

viscosityandon七hevalueof∠AUadoptedinMode=1Ilbareequal七 〇

thoseadoptedinModelI.Thereforegthegoodagreemen七betweenthe

experimentalandthenumerica!resultsshowninFigs.295and4can

『b
eattributedtotheadoptionofcurvilinearco-ordinatesand七 〇the

introductionofundu].ationofmeanf=Low。Theorigino干thelarge

differeneebetweenthenumericalresultsobtainedfromMode=LIand

thoseo「btainedfromModel工 工bisdescri「bedasfollows.

Th・undi・ 七urb・dpar七 一?(琴S)。fthestr・amfun・ti。nd・fin・din七h・

curvilinearco-ordinates,whichoriginallyrepでesents七hemeanflow

undulationcaused「bythecorrugationofwavyboundary,isexpressed

by七heTaylorseriesexpansionin七heCartesianco-ordinatesasfo1=Lows,

　
γ(93)・ φ2(x1,x3)・ 珂(x3)i-・a・xp(-x3)…(x1)b2

・ きElt(x3){-a・xp(-x3)…(x1)IS・ …(3・1・)

where

e,(x1,x3)・ φ(x3)-a五1(x3)・xp(-x3)・ ・s(x1)

・tmu・ 七b・n・ticedthat・n・y七h・t・rmP2・anb・usedina・in・ar

theoryin七heCar七esianco-ordina七estorepresenttheundulationof
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meanf].owasisseeninEq.(2.22).However,themeanf=Lowundulation,

whichmustbeintroducedintheanalysis,cannotbecomPIetely「eP「e-

sent・dbyらaユ ・n・because五1(x3)vani・he8atjhec・iti・a・h・ight

x3・z
candφ2(xl・x3)ha・a・ ・n・t・ntva・u・ ・f,ψ(zc)・tx3・zc・L・9・ ・

thes七r・am・inec・rr・ ・p・ndingt・ φ2(x1,x3)・ ψ(zc)i・para・ …t・

x1-axi・atx3・z
c・fU・ 七h・rm・r・ ・thes七r・amlineco「 「espondingt。

02・0(zc)・r・ssesth・waVyb・undary・urfaceinmany・ase8。f

windtunne=Lexperimentwherethecriticalheightislowerthanwave-

crests.Inordertorepresenttheundulationofmeanf=Low,at

].eas七thesecond七ermintheright-handsideofEq。(3。10)mustbe

introducedintheanaユysisbeeausethevalueofthistermchangeswith

2
respec七t・xla七x3・z

c・Th・high・r・rd・r七 ・rm・thanth・ ・「de「of皇

intheright-handsideofEq.(う.10)areoriginallyincludedinthe

linearmodelModelII'binthecurvilinearco-ordinatesby七heuseof　　
㍗(gS)・ ・nth・ 。th・rh・ndtthesehigh・r。rd・rt・rmsca…tb・

七reatedinthe=LinearmodelModelIainwhichtheunduZationofmean

flowistakenintoaccountonly七 〇 七heorderof皇intheCar七esian

・・一・rdinatesbyth・use・f七hes七r・amfun・ 七i・neld・fin・dbyEq・(2・22)・

Itcan「beeasi〕-yderivedthat七henumerica=Lresulto『btainedfrom

ModelIacoineideswiththenurnericalsolu七ionofModelI.Therefore,

七he=Largedifferencebetweenthenumericalresultsot)tainedfromMode].I

andModelIIboriginatesfrom七hehigherordertermsthan七heorderof

a2in七h。right-hand・id・ ・fEq.(3.10).It・anbec・n・lud・dthatth・-
goodagreementbetweentheexperimen七a⊥andnumericalresul七sshown

inFigs.2,3and4isat七ributedtothefactthattheundula七ionof
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meanflowiswellrepresen七edin七helinearmodelModelIIbytheuse

ofthecurvilinearco-ordina七es
.①hisresultsuggeststha七themomentum

andenergytransfersfrorn七urbulentwindtowavesalsoMu8tbeestimated

inthecurvi=Linearco-ordinateswhen七hemeanheightofundulating

criticallayeris⊥owerthanwave-crests .

1七mustbeemphasizedatlastthat七hedirectmeasurementofthe

backgroundatmosphericturbulencein七hemysteriousregionbetween

七heeres七sandtroughsofvVind・-wavesisgreatlyimpor七an七.
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Tab〕 .e1.Theeonditionsofthevertiealprofileofmeanwind

ve=Locityandthewind-wavefield。

Fig・1・Curvnin・ar・rth・9・na・ ・y・t・m・f・ ・一・rdinates(91,92・33)

andCartesian・y・t・m・f・ ・一。rdinat・ ・(x1・x2・x3)・

Fig・2・V・rti・a・pr・fi・ ・d。f・r3,・ ・'3,θ
u,θwandoL・b七ain・d

fromModelI工correspondingtotheexperimenta=LeaseofRun-I

andthoseoftheobservedvalues(mark●).Thevariablerange

。fe
u,θ.・ndeLund・rth・95%・ ・nfid・nce・imitissh・wnby

thelin・thr・ughthec1。sed・ir・ ユ・・x3i・ 七heh・igh七non-

dimensionalizedby七hewave-nunゴber。Theva=Lueof(〉 くisintherange

from2●Oto10●0.

Fig・3・V・r七i・a・pr・fi・e8・f鴫 鴫,e
.,θwand`t・a・ ・u・at・d

fromModelIIintheexperimentalcaseofRun一 工Iandthoseofthe

o「bservedvalue8.

Fig・4・V・r七i・a・pr。fi・es・f・-G.鴫,θu,θwand¢ ・a・・u・at・d

fromModelIIintheexperimentaユ.caseofRun-II工and七hoseof七he

o國bservedvalues.

Fig・5a・V・rti・a・pr・fi・es・feu・a・ ・u・at・dfr・mM・d…andM・d・ …b

intheexperimentalcaseofRun一 工Iandthoseoftheobservedva=Lue.

Th・variab・ …ng・ 。fθuund・rth・g5%・ ・nfid・nce・imiti・

・h・wnbyth・ ・in・thr。ughthec・ ・sed・ir・ …Th・va・u・ ・fソe

is1.5xIO3cm2s-1.

Fig.5b・V・rti・a・P・ ・fi・es・fθw・a・ ・u・a七 ・dfr・mM・d…andM・d・ ・Hb

in七heexperimenta=LcaseofRun-IIandthoseoftheobservedvalue.



Run-1 Run_II Run_II工

u菅

ZO

f

P

k

meanampli七ude

Uee/c

(cms-1)

(cm)

(Hz)

(cm-1)

(cm)

9.39

0σ000167

5.60

0.512

0.132

0.212

23.0

0.OO286

2。30

0.212

0.840

0.338

43.3

0.0209

1。80

0.130

1.74

0.499
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TheEnergyBalanceintheWind-wave

Spectrum

耗汁Hiro
shi工CHIKAWA

Abstヱ ・act:

Themechanismofthedevelopmen七 〇fwind-wavespeetrumisstudied

with七akingintoaccounttheenergyinputfrornturbulen七wind,the

energydissipationduetowaterturbuleneeandtheenergyrearrangement

due七 〇nonlinearwave-wavein七erae七ion.Theenergyinputfrom

turbulentwindtoirrotationalwind-wavesisestimatedinthe

curvilinearco-ordinatesusingaturbulentrnodelproposedbyICH工KAWA

(1978).Theenergydissipationduetowaterturbulenceisassumed亡o

t)eseveral七imesgreaterthan七hatduetomo=lecuユ ーCUb▽iscosityofwater.

Andthen,七henonlinearenergy-tlransferisestimatedfrom七hetotal

energyt)alance.Itisfoundthatthespectraldistribu七ionofthe

nonlineartransferestimatedinthispaperisquali七ativelyequalto

七hato「b七ainedfromthenonlinearwave-waveinteractiontheory.Further

moretitissh。wnthatthec。ntributi。nfromnonlinearenergy-tran8fer

七〇thedevelopmentOfwind・-wavesislargebutitbecomessmallasthe

arnplitudeofwind-wavesdecreases.

Theeddyvisco8itiesofairandwaterarefoundtochangewith

respecttocharacteris七icheightofwind-wavefieldandfric七ion

velocityofair.

一1一

斎誉Geophysica!Institute
,FacuユtyofScience,KyotoUn工versity,

KitashirakawaOlwake。cho,Sakyo・ ㎞,Kyoto,606Japan



1.Introduction

Thegrowthofwind-wavesinoceanisoneof七hemostrnysterious

prob=LemsinOeeanography.Althoughrnanytheoreticals七udie8have

beenmade,wehavenothadagoodagreementbe七weenthetheoriesand

theobservedresul七s(SNYDERandCOX;1966,BARNETTandW工LKERSON;

1967,DOBSON;1971andothers)。Someinvestiga七 〇rs七riedtoat七ribute

thisdiscrepaney七 〇theexis七enceoftheatrnosphericturbulence

(YEFIMOV;1970,DAV工S;1972,TWONSEND;1972,FUJINAWA;1974,GENT

andTAY■OR;1976)andtothenonlinearwave-wavein七eraction

(HASSELMANNg]t;皇 ユ の;1973,工MASATO;1976『bando七hers).

工CH工KAWA(1978)proposedamode=Lonthetur「bulentwindfie=tdover

wind-waves,namedasModelIIinwhich七he七urbulen七windfieldis

formulatedinthecurvi=Linearcooordinates.Hec=Learlyshowedthat

thewindfieldoverwind-wavesca].cula七ednqmerica=Llyfromhismodel

hasagoodagreemen七wi七htheexperimentalresu=Ltof工CHIKAWAand

IMASATO(1976)whichisdifferen七fromthewindfieldpredictedby

七heMi=1es璽(1957)quasi-1aminarmodel.Itsuggeststhattheenergy

inpu七fromwind七 〇wavesa=lsohastobeestimatedin七hecurvi].inear

coeordinateswithtakingin七 〇accounttheatmospheric七urbulenee.

Therefore,inthispaper,theenergyinpu七from七urbu=Lentwindto

wavesisestimatedin七hecurVilinearco-ordina七esusingtheMode1・IIッ

bu七itdependsonunknownva].ueofaparame七er()くrepresen七ing

七hera七eofincreaseoftheeddyviscosityofairdue七 〇underlying

wind-waves.Wemustfindamethodtode七erminethemostsui七able

valu・ ・f致 ・

一2一



On七heotherhand,工MASATOand工CHIKAWA(1977)measuredthe

velocityfluctuationsinwaterandsuggestedthatthewaveenergyis

dissipatedby七hewa七er七urbulence。Unfortunately,七hedissipation

ofwaveenergyduetowatertuγ 國bu=Lencehasnotbeenclarifiedyet.

Therefore,itisassumedinthispaper七hattheenergydissipation

due七 〇waterturbulenceis〆3timesgreaterthanthatdueto

molecu=Larviscosityofwater.

Them・stsuitabl・values・f七h・parame七 ・r・ 帆andβcanbe

de七erminedsoastosatisfythecondi七ionthattheintegrationsin

thefrequencydomainfromzerotoinfinityoftheenergyandthe

rnomentumtransfersdue七 〇nonlinearwave-wavein七erac七ionmustbe

vani・h・d・Aft・r七h・values。fPtandβar・d・t・rmin・dinthi・

way,七hespec七raoftheenergyinputand七heenergydissipa七ioncan

beobtained,andthen,thespec七rumofthenonlinearenergy七ransfer

canbeot)七ained,using七heobservedenergyfユuxnecessaryfor七he

wind-wavestodevelop.

Inthi・pap・rtth・dep・nd・n・ies・fαandA。nwind-wavefield

andfric七ionvelocityofairareexaminedfromtheevalua七ionofCべ

andβinthecasesofthewind七unnelexperimentperformedby

KUNISH工(1963)andof七heJONSWAP-observation.Thevaユueof'bくfixed

in七hispaperiscomparedwi七htherangeofsuitablevalueof(メ 、

obtainedinthepreviouspaperofICHIKAWAて1978).Onthebasisof

七heaboveresults,thespec七ralenergybalanceinthewind-wave

spectrumindifferents七ageandthecontri「butionfrom七henonlinear

energy一 七ransfertothedevelopmentofthewind-wavespectrurnare

discussed.

-3一



2.Momentumandenergyinputsfromwindtowaves

R♪7Byth・use・f七hecurvi・in・ar・rth・9-a・ ・y・t…f・ ・一・・dina七es

(91・32・ 」3)inu・ 七ra七 ・dinFig・1・wec・n・id・rth・m・m・ntumand

energyinpu七sfromtur「bulentwind七 〇acomponentwavewhichis

r・present・dinth・Cartesian・y・t・m・f・ ・一・rdinates(x1・x2・x3)a・

follows,

x3・9・a・ 。・(k三1)(2・1)

whi・h・qual・ 皇 ・。・(k(x1-Ct)>t。th・ 。rd・r・fa・k;・H・r・ ・9・igandg

are七hewave-amplitude,thewave-numberand七hephase▽e=Loeityof七he

componentwave,respec七ively,and]the七ilne.TheCahtesiansystem

ofco-obdinatesisalsoi=1].ustra七edinFig.1.Asisdescribedin

thepreviouspaperofICH工KAWA(1978),thewavyboundarysurfaceis

・xpressedinthecurvi・in・ar・ ・一・rdinatesa・93・ 。 ・ ・七i・assum・d

inthi・pap・r七h・ 七 七h・windfi・1di・h・m・g・n・ ・u・in七h・92-directi。n

and(ak)2i,n。91igibly。mall.

Theto七alstressSdenotedinthecurvilinearco-ordina七esnm

r・present・ 七h・9.-p・ 。mp・n・nt。ft・talm・m・ntumtran・f・rp・runi七ar・a

P・rp・ndi・ulart・th・ ㌔ 一axi・andi・expresseda・f・11・w・ ・

S-・-4羨 〉 ε一 ・ ・一 ・ ぐv-〉 ・W-(2・2)

wh・r・pi・ 七hestati・pr・ ・sur・,いh・d・n・ity・fai・,5nm七h・

Kr・necker'sdelta・rn,n七he七urbulentReyn。1dsstress・vnmthevisc・us

stressandwnmthewave"inducedReyn・1dsst「e・ ・andthe。perat。 「<>

represen七s七hephaseaveragedeno七edbyHUSSAINandREYNOLDS(1970).

一4一



Itisequal七 〇 七hetimeaverageinthepreviouspaperof工CHIKAWA

(1978)atfixedpointsin,Ctfrarneofreferencetravellingwi七h七he

phasev・1・ci七y・f七hec・mp・n・ntwav・ ・rnmandwnrna「 ・d・n・ 七edas

follOWS,

r
nm・<-U温>andw㎜ ・<竃nでm>ガ

whereu曾anduaretheturbulentandthewave。inducedf=Luctua七ions
nn

・fg
n-c・mp・n・nt。fwindv・1・ci七y・respectiv・1y・A・th・windfi・1d

i・assum・dt。b・h。 ・・g・n・ ・u・in七h・92-direeti。ntSnm。v・rw・vy

boundaryisa].soexpressedasfollows,

s㎜ ・ 百nm(ξ3)・ 篤m(ξ1,9s)(2・3)

_〆
whereSnmistheundisturbedpar七 ・fS㎜andSn,nthewave-induced

ダ

periodicpart,respec七ive=Ly・Snmisexpressedasfollows,

篤m(91,9S)・ 短 念nm(≧3)・xp(jk91)}(2.4)

が
七akingthefirs七t・rm・ftheF。urierseriesexpansi。n・fS

nm・Here・

殴d・n・ 七es七h・r・a・part・fa・ ・mp・ ・xva・iab・ ・,9.mi・thec。mp・ ・x

amp・itud・ 。f㌦andj・F「 ・

Th・m・an・tressLgn3⊃Sright・tth・waVy・u・facer・presen七 ・th・

tran・f・r・fth・ ㍉ 一・・mp・n・nt・fm。m・ntumfr・mwindt・m・a… 七i・n

　
inwa七 ・rand。nlyth・wave-inducedp・ri・di・part[Sn3⊃ ゾ ・present・

七ha七fromwind七 〇wavesperunitareaatthewavysurfaceperpendieular

t・93-axi・ ・Th…f・r・ ・th・xl-…p・n・n七 ・f・ ・m・ntu皿input魂n
p

and七heen・ ・gyinpu媛npfr・mtu・bu・ ・ntwindt・wavesp・ …it

一5一



hoヱrizon七alareacanberepresentedasfo=Lユowsgrespectively,

F望
np・fa[Mlm職A(2・5)

壕np・ ∫a[〈 四Vn>N㎜Sm3]IA(2・6)

wheretheoverbardenotestheaverageover8everalwavesalongthe

wavysurfaceandAisthepr。jec七 ・darea・n七hexlx2-plane・fthe

unitar・aa七 七h・w・Vy・urfacep・rp・ndi・u・art・gS-axi・ ・Mnmi・th・

matrixbywhi・hth・unitvect・ …f91・}2・nd93-axe8ar・

>isthephasetransformedintotheunitvectorofx-axisand<v
nn

av・rag・ ・fxn-c・mp・n・nt・fwindv…city・[M㎜]5andA・whi・har・

,。rrec七t。th。 。rd。 。 。f(ak)2,ar。r。present,da。f・11。w・,

1-5(蓋
、う)2…-il'f7,l

tM㎜ 〕3…1・ ・

?丑1乙 …1-・(舞)2

A・1-9(∂ 農β)2

From七heboundaryconditionsthatthemassflux七hroughthewater

surfacemust「bevanishedand七hattheairpar七icledoesnotslip

re=La七ivelytothewaterpartieleatthewatersurfacegitisderived

asfollows,

[(v3>]S・ 嗣 。-C}・t?
,g

[くv1》IS・Lマ ・〕ζ ・kC3・ 暖 〕3

_6_



whe「 ・ しv
。〕ξi・th・m・anh。ri・ ・ntalv・1・city。fwa七e「alongthewavy

watersurface,kσSthe。rbitalv・1・city。fwaveat七hewatersurface

and(V
,]Sth・additi・na・P・ri。di・f・u・tuati・n。fh・ri・ 。nta・

が
v・1・city・fwat・rpr。duced・tth・wavy・urfacebytSSIs・Th・r・f・ 「・・

th・x1-c・mp・ …t・fm・m・ntuminputF型
npandtheen・rgyinpu七F塞np

fr。m七urbul。ntwind七 。waveswhi。harec。rrect七 。 七h。 。rd。r。f(ak)2,

canberepresentedasfollows,

F望
np・-fat騒 部(2・7) へ
F呈np・ 一 魑 減 いf・kC〔 鉱3考ζ+ア 匪幽 コ5

エti・apPar・ntthatLec315d・ ・sn・t七 … ・f・rdirect・yth・

momentumfromwind七 〇wavesasshownbyEq.(2.7).On七heotherhand,

LONGUETロHIGG工NS(1969)showed七hat七hemo!nentumisindirect=Ly

t-f・r・dfr・mwind七 ・wavesby〔gl3)Sthr・ughth・additi・na・

●
varia七ionof七hepressurefluctuationFpwhich■sassociatedwiththe

七hicknessof七heboundarylayerproducedinwaterby

According七 〇him,}pisrepresen七edasfollows,

ΣP・ 川 」 倉13(・)・xp(jk}1)、

Th・r・f・r・ ・F望npinEq・(2・7)i・r・wn・it・na・f・ …w・ ・

F望np・ 一 デ
a〔eq313.a.S・ ア。 δP

・ 一 γ
a〔 馬3]ζ 最1ζ ・R。k〔S

・nthi・p・p・r・iti・assum・dthatで ㍗ ～i・

〔slsls・

へ
?隻1ζへ
竃3〕野

negligibly

(2.9)

small

一7。



comparedwithkC3asassumedin七heMode1工IproposedbyICHIKAWA

(1978).Therefore,七hefollowingre=La七ionisderivedfromEqs。(2・8)

and(2.9),

F辱}=CFi!i(2。10)u1P■np

SincetheenergydensityEofirrota七ionalwa▽eequalsCM(M;七he

m・m・ntumd・n・i七y・firr・tati・na・wav・),F塁npandF望np・anb・

represen七edasfollows,respectively,

F!l。 アakce.E(2.M)mpgwmp

Frli。YakG分 。M(2.12)9
w ■np■np

ム
wh・r・li?

wi・th・d・n・ity・fwat・randFinpi・th・n・n-dim・n・i・nal

inputdenotedasfollows,

㍉ ・k212C2{一[駄 ・≒ ζ ・ ・Egt31Tglg}(2・15)へ
Inthispape「 ・thevalueofFinpisnume「icallycaユculatedf「om

七heModelII.Theassumptionsadoptedinthismodelarebriefly へ
dese「ibedinApendix・Itmus七beemphasizedtha七Finpcalcula七ed

fr。m七hem・d・111depends・nth・value・f以representing七herate

ofincreaseof七heeddyviscosi七yofairduetounderlyingwind-waves

because七hewindfieldca=LculatedfromtheModelIIdependsonthe

valu・ ・f咲assh・wninth・pr・ ▽i・u・pap・r・flCHIKAWA(1978).

3。 岡omen七ulnandenergybalances

Ateachfrequencyofthewavespectrum,thenet ene「gySOU「ce

一8一



Ec
anbeevaluatedfrom七heobservationofthedevelopmentfunctionFnet

ofwind-wavespectrumasfollows,

ag。t(f)・ 義E(f)・Cg(f)義1E(f)(3・1)

whe「eC

gi・th・gr・upv・1・ci七y・f七h・ …p・n・ntwaveandEthespec七 「al

densityofwaveenergy.

F翌
。tisc・n・id・r・dt・b・dec・mp・ ・edint・theen・rgyinputF呈np

fr・mwindt・waves,theen・rgytran・f・rF蓋 。、du・t・n。n・in・arwave-wav・

int・ra・ti。nandtheen・rgydissipati・ ・Fぎi。du・t・wat・rturbu・ ・nce;

コ

1・9・9

Fil。t(f)・F基np(f)・ 増 。、(f)・F琶i。(f)(3・2)

Thepurpose。fthispaperis七 〇examinethecontributi。nfrom

each80urcefunctionsintherigh七 一handsideofEq。(3.2)tothenet

・。urcefun・ti・nF費 。t。btain・dfr・mth・ 。bservati・n・

F?np(f)・anbeestimat・dfr・mEq・(2・11)by七h・use・fth・M・d・ ・ …

H・w・v・r・intheestimati・n・fthespectra・di・ 七ributi・n・fF?np(f)・

itmustbetakenintoaccountthat七hewave-inducedfコ.uctuationsof

windvelocitiesinthefrequecyregionexceptnearthefrequencyfP

ofthewavespectralpeakarefairlysma=L=Lcomparedwiththebackground

a七mosphericturbulence(seeFig.3inIσ 且IKAWAandIMASATO(1976)).

IMASATO(1976』)suggestedthattheinfluenceofthecorruga七ionof

wavysurfaceto七hewindfieldoverwind-waveswillbedominantonly

inthefrequencyregionnearthepeakfrequencyandthattheenergy

is七ransferedfromwindonlyto七hesteepestcomponen七wavesnear

一9一



thepeakfrequency,主.皇 σ,thewind-wavefieldreceivestheenergy

fromwind七hroughakindoffiltera8socia七edwiththewavesteepne8s・

However,thefunc七ionalformof七hefilterhas†10tbeenclarified

yet.Therefore,itisassumedin七hi8papertha七thefi=Ltering

fun・ti・nφ(f/f
p)i・r・present・dbyEq・(5・3)andthatF呈np(f)in

Eq.(2.11)isrewritenbyEq.(3.4).

…2(手(f/fp-1)),f≦2・5fp

φ(f/fp)・ (3.3)

Ogf>2.5fP

FInp(f)・1岳k(f)G(f)φ(f/f
p)㍉(X・f)E(f)(3・4)

・nEq・(3・4)・th・param・t・rX・nwhi・h盒i
npd・p・nd・i・assum・d

七〇beconstantwi七hrespec七t◎ 七hefrequencySofthecomponentwave.

Th・f・rm・fψ(f/fp)i・intr・duced・ ・a・thatψ(f/f
p)・qua・ ・

uni七ya七f=fpandit9「adualychange・t・ze「oa七f・2・5fpwhe「e

thepowerspectraldensityofwind-wa▽esisneg=Ligiblysma1ユ.compared

with七ha七a七f=f.

P

Thedissipa七ionofwaveenergyduetowatertur『bulencehasno七

beenclarifiedyet.Therefore,itisassu!nedthatwavesdissipate

theirenergydue七 〇theeddyviscosityofwaterand七heeddyviscosity

i・Etim・sgr・at・r七hanth・m。 ・ecu・a・vi・c・ ・ityVw・fwat・r・

Th・r・f・r・,噌i。(f)i・r・present・d・ ・f・ …w・,

Flli,(f)・-4β'2.k2(f)E(f)(3.5)

wh…th・param・t・rβi・a・ ・u・ ・d七 ・bec・n・ 七antwithresp・ ・tt・

一10葡



七hefrequeneyofthecomponentwave.As七here=LationE(f)=C(f)M(f)

issatisfiedfor七heirrotationalwaveasdescribedinthesection2,

thefol=Lowingrelationscan「bederivedg

F畳。t(f)・Fll。t(f)/C(f)(3・6)

FXi
。(f)・ 噌i。(f)/C(f)(3・7)

wh・r・Fll[
。ti・ 七h・n・t・ 。urcefun・ti・n・fx1-c・mp・n・nt・f・ ・m・ntumand

増i。th・m・m・n七umdissipati・ndu・ 七・wa七 ・・turbu・ ・nce.Assam・a・

零 。tinEq.(3・2),F撫i…present・d・ ・f・ …w・,

F;1
。t(f)・F望np㈹ ・F豊 。、(f)・Fgi。(f)(3・8)

wh・r・ 禮
。、i・ 七h・x1…mp。n・nt・fm・m・n七umtran・f…dn・n・in・ar・y

from◎therspeetralcomponentsto七hecomponentwaveoffrequencyf.

A・ 七h・int・gra七i・n・ ・fFX
。iandFll。 、inth・fr・qu・n・yd・main

frornf=〇 七〇infini七ymustbevanished,itisderivedfromEqs.(3.2)

and(3.8)asfollows,

卑 七(f)df・ 黛np(f)df・ 黛i,(f)df(3・9)

藤 。t(f)df;庫p(f)df・ 伶i。(f)df(3・1・)

UsingEqs.(3.1),(3●4)and(3。5),theparameter〔)くcanbe

fixedtogetherwi七htheparameterβsoastosatisfyEqs.(3.9)

and(3・1・)・Th・r・f・r・ ・F呈np(f)・Flli,(f)andFll。 、(f)・anbee▽a・ua七 ・d

a七eachfrequencyfromEqs。(3.4),(3.5)and(3.2),respective=Ly.The

upperlimitof七heintegrationsinEqs.(3.9)and(3.10)istakento
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beasf'vet'mesg・ ・at・rthanth・fr・qu・n・yf

p・fth・wave8pectra・

peakbecau8etheeontribu七ionfromthesoureefunction8inthe

frequencyregionhigher七han5f 七〇theintegrationsarevanished

P

orvery8mal1●

4。Waveda七a

Inthispaper,thewaveda七aofthewindtunnelexpehimen七

performedbyKUN工SH工(1963)andoftheJONSWAP-observationareu8ed

in七heestirnationof()(andβ.Inthecaseofwindtunnelexperiment,

theestimationisperformedat七hernidd=Lepoin七 〇fthetwoobservation

points.Inorder七 〇 〇btain七hewavespec七rumatthemiddleI)oint,

whichisnecessary七 〇es七imatetheenergyandmomentumbalances,the

followingprocedureisadopted.Thepowerspec七raP(f)ofwind-waves

atthe七woobservationpointsareexpressedbytheユeas七 一squarefitted

analyticfunctionproposedbyHASSELMANN旦 主.qユ.(1973)asfo=Llows,

(f_f)2

P(f)・ 咲Hg2(2fC)-4f-5・xp(一 暑(i)-4)r・xp(-2諮fp2')

P/P'

wh。r。(4・1)

噸:::::1:::
H・r・ ・gi・th・acce・ ・rati・n・fgravityandf

p・C・ 〈H・el・(r'aandCr{b

aretheshapeparametersde七errninedfrom七heexperimentaldata.Then,

thewavespectrumatthemidd=LepointisestimatedbyEq.(4.1)with

theshapeparameterswhichareo{eter!nined「byinterpolationusing七he

shapeparame七ersatthetwoobservationpoints。
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Intheca8eoftheJONSWAP-o「bservationgthesimilaritylawon

the8hapeofthewavespectrumproposedbyHASSELMANN9:tL皇 ユ.(1973)

isadopted,主 ・ε・,thepower8pectrumofwind-wavesisrepresentedby

Eq・(4・1)with・ 。n・tan七values。fγ ・3・3,%・O・ ・7andO「b・0・09

andth・param・ 七・r・f

pandCKH・hangingwithrespec七t・f・t・hX

asfo]ユows,

fp・3・5晴(Xg/ul・)-0'33(4・2)

b(H・ …76(Xg/Ul。)'0・22(4・3)

whe「eU10isthemeanwindvel・cityattheheight・f10m・

Th・n・t・n・rgy・ ・urcefun・ 七i。nF蓋
。t(f)d・n・t・dbyEq・(3・1)i・

eva=Lua七edaccordingtoHASSEIMANNΩ 立aユ.(1973)asfollows,

5

Fll・t(f)・f
wCg(f)k(f)C2(f)馨1?蔓1anつ ≒p(f)(4・4)

wh・r・a1・a2・ …a5ar・theshap・param・t・r・fp・'tH・V・QYaand

CJ"b・respectiv・1y・ 工七mu・tb・n・ticedthatth・t・rm・fl・ca1七im・

changeinEq。(3.1)isvanishedbecause七hewavespectlrumisstationa診y

inthewindtu且nelexperimentand七hewavespectruminthecaseof

JONSWAP-observationchangesonlywithrespecttofetchasshownby

Eqs.(4。2)and(4.3)●

5.Resu].tsanddiscussion

Theparameterb〈representstherat・ ・fincrease・f七he

atmosphericeddyviscositydue七 〇underlyingwind-wavefie]-dandthe

param・t・ で βr・present・th・rat・ ・fin・r・a・e・f七h・dissipati。ndu・
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七〇waterturbulencewhichisproducedbythewavemotionandtheshear

fl・winwa七er.Th・ref・re,七heparameters咲andβarec・njectured

tochangewi七hrespec七tocondi七ionsofwind-wavefieldand「background

七ur『bu=Lencesinairandwater.Since七hepowerspectrurnP(f)ofwind-

wavesexpressed『byEq。(4.1)isrewritenasfo=Llows,

P(f)・y(f/fp)P(fp)

wh・r・ 営(f/fp)i・an・n-dim・n・i・na・fun・ti・n・ 七h・in七 ・grati・n。f

P(f)isrepresen七edasfo].lows,

`〈)

lP(f)df・ ・fpP(fp)
C

where

エ ■ ㌻(f/f
p)d(f/fp)

whichisinsensible七 〇theshapeparametersdenotedinEq.(4.1).

As七hevalueof工isnearlyc。nstant,thewindfieldcanbe

・hara・t・rizedbyth・h・ightH,whi・hi・d・n・t・dbyH,・ 廟)・

Thea七mosphericbackgroundturbulenceischaracterizedbythefrietion

velocityu+ofair.Thewater七ur「bulenceproduced『byshearflowin

waterischarac七erizedbythefrictionvelocityofwa七erwhichequals

O.03uce-Therefore,itcanbeconjectured七ha七bothof七heparameter8

αandEd・p・nd・nth・n。n-di・ ・n・i・na・wav・-h・ightH"andth・

non-dimensionalfrictionvelocityux斎ofairwhicharedeno七edas

fol=Lows,respectively,

H・ ・H爵andu～ ・(や/3
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whereレ)isthekinematicmolecularviscosityofair.
a

In七hispaper,七heparameters()くandβareevaluatedinthe

caseofwind七unnelexperimentperformedbyKUN工SHI(1963)andthe

caseofJONSWAI)-o『bserva七ioninordertoexaminethedependenciesof

,`andβ ・nH'andu・ ・斎・Th・ …ult・ ・ftheevalua七i。na「e

ta『bulatedinTableltoge七herwiththeconditionsofロ1eanwindveloci七y

profiユeand七heshapeparametersofwind-wavespectrum,Thevalues

・fu.・ ・2・)〈andu。 ・(β 一1)ar・p・ ・七七・d・gain・ 七H・inFig・ ・2and3・

respec七ively。From七hesefigures,i七canberecognizedthat七he

parameters臥andβarewel],expressedbyEqs・(5・1)and(5・2),

respec七ively.

C>〈.A,、H・lbcuce・-2(5.1)

β ・1・AliH・ ・Prlu・・'1(5・2)

Thevaluesof七hecoefficientsA,C,Aβ,pxand恥aretabulatedin

Table2.Itmu・ 七b・m・nti・nedh・rethatthevalues・fC>〈andβ

plo七 七edinthefiguresareonlyforthewavespectrain七he"stage

ofsea-wavesteandthosein七he'ttransitions七ageltdefirledbyIMASATO

(1976a)becauseitisfoundthattheModel工Icannotexplainthe

measuredwindfieユdoverwind-wavesintheitstageofinitia].-wave=Le七stt・

Thereasonseemstha七thes七eepnessofini七ia工 一waveletsisverysma=Ll

andthewindspeedOVerthemisveryweak,andanothermechanismmust

beintrodueedassuggestedbyIMASATO(1976b).

工nFig.2arealsoshowntherangesofthesuitablevalueofr)〈 、,

obtainedinthepreviouspaperofICHIKAWA(1978)for七heexperimental
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。a。es・fRun-1,Ilandlll,respectiv・1y・Theserang・ ・w・r・d・t・rmined

soasthattheModelIIcould,三explainwe=LIthemeasuredwindfieユd

overwindロwaves.ItisapParenttha七thevalueof{)くevaluated

fromthepresentmethodagree8withtha七 〇b七ainedin七heprevious

paper(IGHIKAWA,1978)forthesamevalueofHce。Itindica七es七ha七

theModelIIpredictwellno七 〇nlytheturbu=Lentwindfieldover

wind-waves「butalso七heenergyinputnecessaryfortheunderlying

wind-wavestodeveloP.

1七isseeninFig・2七ha七th・values・fpOtinthet'stageof

sea-waves"and七he'ttransitions七age"aredifferentfromeachother・

Thi・result・ug9・ ・t・tha七 七h・valu・ ・fpXi・associa七edwiththe

wave-s七eepnessbecause七hewave-s七eepnessehangeswithrespec七to

H+in七he闘 七ransitionstage。 冒andi七hasafair=Lycon8tan七valuein

七hettstageofsea-waves"asshownbyKUNISH工(1963).

Ontheo七he「hand・Pρmayn。 七beassociatedwiththewave-

・teepnessbecausethevalues。fpFinthe"stageofsea'waves'tandin

the"t「ansitions七age'ta「eequaユtoeach。the「 ・AspPhasaconstan七

va=Lueofuni七yinthecaseofwindtunne].experiment,七heparameter

βin七hiscasecanberepresentedonly「by七hecharacteris七icheight

H,・fwind-wa▽ ・fi・lda・f・ll・w・ ・

E・1…213(†)1/3H・

Therefore,thewater七urbuleneeinthewindtunne=Lcanbelarge=Ly

attributedto七hewavemotioninwater.Ontheotherhand,七he

valueofpβinthecaseoftheJ。NSWAP-。bse「vationisg「eate「 七han
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uni七y。Thissuggests七hattheparameterド3inthiscasebecomes

larg・n・t・nlya・H
。buta1・ ・a・u・ ・bee・mesla・g・ ・Th・ 「efo「 ・・it

seem81ikelythatthewa七er七urbulenceproduced「byshearflowin

wa七erinthecaseoftheJONSWAP-observationistooin七ensetobe

neglectedcornparingwi七hthewa七erturbulenceproducedbywavemo七ion.

ItmustbenotieedinTablelthatthelargewind-waveshaveaユarge

valu・ ・fβt・r・a・ht・f・ur七y,1・ Ω・,七h・ydissipat・farlarger

energyduetothewater七urbulence七handuetothemo=Lecu=tarviscosity.

ThisresultInayofferasuggestion七 〇theproblemoftherapiddecay

ofwind-wavesintheregionoutofthes七 〇rmarea.

Itisconc=Ludedtha七therepresentationsoftheeddyviscosities

。fairandwaterusingtheparame七ers[)(amdβaでeusefulto

parametarizetheinfluenceofwavemotion七 〇turbulenceinairand

wa七 ・rbecause)〈and戸 ・anb・d・ 七・rnin・dbyH・ ・andu.㌔It

mustbemen七ionedheretha七thediscrepanciesbe七ween七hevaluesof

渓andβinth・windtunn・1・xpeti・ ・nt・ndth・seinth・

JONSWAP-observa七ionremainto「beexplained.

Nowtweproceedtodiscussthespectralenergybalanceina

wind-wavespec七rumob七ainedfrom七hemethoddescribedinthesection3.

Fig・ ・4・5and6・h・wthespect・a・di・ 七ributi・n・ ・fFll。t・F?np・Fill。l

andFlli
。inthecases・fJRUN-1・,KRUN-1gbandKRUN-13b,respeetiv・ ・y・

Thewavespec七raofJRUN-1eandKRUN-19bbe=longtothet'stageof

sea-wavesttandthewavespectrumofKRUNe・1う 「bbelongs七 〇the

。ttransi七ionS七aget,
.

・tmu・tbee叩h・ ・izedthat七hespectra・di・tributi・n・fF芸 。、(f)
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showninthe8efigUresare8imilartothatcalculatedtheoretica=Lly

byHASSELMANN皇 工 廷L.(1973),工9旦.,theyhaveanegative=lobein七he

f「equ・n・yr・gi・nhigh・r七hanth・f・ ・qu・n・yf

p。fthewavespect「al

peakand七wopositive=Lobesinthefrequencyregions=LowerthanfP

respectively.AccordingtoHASSELMANNΩ 」 皇コ..andmuchhigherthanf

P9

(1973)・th・ …-dim・n・i・na・fun・ti・nSn。 、(f/fp)d・n・t・dbyEq・(5・3)

hasa・uniquespec七raldistril)u七ionforafamilyofwavespectrawhich

areself-similarinshape,

S
n。、(f/fp)・fw"i〈)〈H-39-3fp4Fll。 、(f)(5・3)

Sincethewave亀pectraadop七edin七hispaperforthecaseof

JONSWAP-observationareself-similarinshapeassuggestedby

へ
HASS肌MANNSILt母 ・(1973)・Fn。1inthiscasemu・tb・ind・p・nd・nt・f

th・paramet・r・NandE・ ハ
Fig・7・h。wsthefuncti・nFn。1estimatedfr。mthepresen七meth・d

forthefamilyoftheJONSWAP-spectrausedinthispaper.1七is

へ

apParentthatthespectraldis七 「ibu七i。ns。fFn。1calculat・dfr・m

thepresentmethodf◎r七heJONSWAP-・spec七raindifferentcondi七ions

ofmeanwindvel◎cityandfe七charenearlyequaltoeachother.In

へ

Fig.7isalsoshownthetheoreticalFnolwhichisob七ainedfでomthe

七h・・r・ti・a・F蓋 。、(f)inFig・2・12inHASS班 岡ANN鎮 母 ・(1973)・ ・t　へ
isf。undthatFn。1estimat・dfr・m七hepresentmeth。dquaユitatively

〈
agreeswellwith七hethe・r・ticalFn。lc。r「esp・ndingt・the・ 「etieal

Fili。、(f)・a・ ・u・at・dbyHASSELMANNS2:tLa _・ ・(1973)・Fr・mtheseresu・t・,

itcou=td「beeoncludedthat七henonlineartransferofwaveenergyい
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es七imatedfrom七hepresentmethodconeerningwi七h七heturbulenee

inairandwatereanbe⊥argelya七tri「butedtothenonlinearerlergy

transferpredictedby七heHasselmannts(1962)nonlinearwave。wave

interaction七heory.

On七heotherhand,in七hecaseofwindtunneユexperiment,the

th・ ・r・ti・a・ ・a・ ・u・ ・ti・n・fFll
。、u・ingth・n・n・in・arwave-wav・

interaction七heoryhasaratherdifficultpro「blem,主 。g.,theinf=1uence

of七hesurface七ension七 〇thedispersionrelationofwa七erwavesin

thewindtunnelis七 〇〇1argetobeneglectedandthecalculation

methodproposedbyHASSEIMANN(1963)cannotbeused.Therefore,

wecann・t・ ・mpar・ 七heca・ ・u・a七 ・dFll。 、in七hi・pap・rwi七hth・th・ ・r・t-

i・aiFll。 、.H・w・v・rf七h・ ・pectra・di・tributi・n・fFll。 、 ・h・wninFig・6

issimilarto七ha七showninFig.2.21(d)ofHASSE工 、MANN皇 圭 皇Ll.(1973)

whichi8calculatedtheore七icallyfor七hewavespec七rumofwhichpeak

ismuchnarrower七hanthatofthemeanJONSWAP-spectrum。Thisresult

・uggest・thatF費 。、es七ima七 ・din七hi・pap・ ・mu・tagreewithth・

th・ ・r・ti・a・Fili。 ユa…inthecase・fwind七unn…xp・rirn・ntbecause

七hepeakofthew`lvヒspectru皿in七hiscaseismuchnarrowerthan

thatofthemeanJONSWAP-spectrurn.工tisconcludedtha七 七hepresent

m・th・di・apPr・priat・t・estimat・ 七h・ ・pectra・di・tributi・n・fFll。 、・

・ti・apPar・ntinFig・ ・4・5and6th・tF基npestimat・dinthi・

pape「isdominanta「 「ound七hef「equencyfpofthewavespect「alpeak・

Thisresu=1七agreeswith七he工masato,s(1976「b)modelinwhich七he

dominantands七eepestcomponentwa▽esareassumedtoreceive七he

almos七who=LeamountofmomentumnecessaryforwindのwavestodeveloP.
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・七mu・tb・n・tieedinFig.4thatFぎi
。inthecase・fJRUN-1・i・

n・9・igib・y・ma・ …mpar・dwi七h・ 七h・r・ ・urcefun・ti・n・and七hatFX。t

in七hi・casecanb・ ・arg・ ・y・t七ribut・dt・F蓋
。、whi・hagreeswith

thecone=LusionofHASSELMANNetaユ.(1973).Ontheo七herhand,
一 『

F琶i。in七hecase・fKRUN-13b・a…tb・n・g・ect・d・ ・mpar・dwith・ 七h・r

・・urcefun・ti・n・andFll
。tinthiseasecanb・attribut・dn・ 七 。n・y

t・F蓋
。、buta…t・F塞np・ 工七 ・anbec・n・ ・ud・dthatthec・ntributi・n

fr・mFil。 、t。Fll。tbec。rnessma・ ・a・th・amp・itud・ ・fwind-waves

bec・mes・ma・ ・a・ 七h・ughF翌
。、 ・ann・tb・n・g・ect・dinany・ase・

Itmustbementionedat二Lastthatitisthetotalstresswhich

七ran8fersthernomen七umfromwind七 〇wavesalthoughi七hast)een

thoughtsinceI)1工LES(1957)thatonlythepressuref=Luctuationatthe

wavesurface七ransfersitfrornwindtowaves.DAVIS(1972)also

es七ima七edthemomentuminputby七 〇tals七ressandshowedthat七he

七〇talstre8scouldnotincreasetheInomentumofapurelyirrotationaユ

wave.Ontheo七herhand,i七isfoundinthispaperthatthetotal

s七resscanincreasethewavem。men七umbeeauseFij calcula七edfrom
エnp

Eq.(2.算)hasapositivevalue.Thisdiscrepaneycanbea七tributed

totheadoptedco-ordinatessys七ems。IntheCartesianco。ordinates

adopted「byDAVIS(1972)9七he七 〇talstresscannotbeestimatedright

a七 七hewavysurfaceandi七isdeterminedonlyat七hemeanwatersurface

levelby七heTaylorseriesexpansion.On七heotherhand,since七he

totalstresscanbepreeiselyestimatedrightatthewavesurface

in七hecurvi・in・ar・ ・一・rdinates・F望np・anb・pr・Cise・y・ ・timat・dfr・m

Eq.(2.9)inthissysternofco。ordinates.Itmustbeemphasizedthat
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thernomentuminpu七frornturbulentwindtowavesrnustbee8tima七ed

inthecurvi〕.inearco-ordinates.
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Apendix

Th・a・su・pti・n・ad・pt・din七h・M・d・1Har・a・bri・flydescri'b・d

bellowa=L七hough七heyaredescribedin七hepreviouspaperof工CHII(AWA

(1978).

1・)Th・windfi・ldi・h。m・9・n・ ・u・inth・32-directi・nandth・

も コ

m・anwindv・1・ci七yha・ ・nユy七h・91-c・mp。n・ntu1・ 主 ・9・ ・

ff1(ξ3)藁(
ξ　3∵C'r;:1::

wher・ ・teis七heKarmanc・nstant,u,,七hefricti・nv・1・city・fair,

zO七her・ughnessheigh七 ・AUthethic㎞essparameter・f"1inea「

・ublay・r"and・1・qu・1szO・xp(△U)・

2)Theslopeoftheunderlyingcomponen七waveissosmallas

七hewave-inducedReyn。ldsstresswnmisnegligiblysmallc。mpared

with七heturbulentReyn・1dsstressrnm・

3)Thewave-inducedvariationsofturbulen七Reynoldss七resses

areexpressedasfollows,

ノしノ ぼ バノノゾ ダ
「11・ 「33and「13・X〃se13

wher・ メi・an。n。dim・n・i・nalgaram・t・rwith・p・si七ivec・nstant

va・u・ ・V13七h・wave-inducedvariati・n・ftang・n七ia・rate-・f-strain

andノ,七heeddyvi・c・sitya・s・ciat・dwith七h・v・r七i・a・ ・h・ar・f

mearlwindvelocity.

4ウTheboundaryconditionsforthewave-indueedfユuctuations

・fまn-c・mp・n・n七 ・fwind▽ ・1・ci七yin・fram・ ・fr・f・r・ncetrav・11ing

-A1一



withthephasevelocityofthecomponentwavearerepresenteda3

follows,

L'if1⊃3・kcs・L餐3]s…

寅1〕H・ ・and〔 郵H・ ・

wheresub8cripts3andHden。te七h・value。atthewavyb。undary

surfaceandattheheightsufficientlyfarfromthewavesurface,

respectively.

Inthispaper,thevalueofAUischosensoas七hatthet,linear

sublayerl冒iseoincidentw下 七htheviscoussub=Layerwhen七heparameter

D・ κu。 ・0/レ 』issmall・rthan・xp(。1)andisch・sent。b・uni七y

whentheparameterDisgreaterthanexp(-1).
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Tabl・1.Values・f以andβandthec。ndi七i。n・ ・fth・v・rti・al

profileofmeanwindveloci七y,thefetchandthewindowave

spectrum.

Tabl・2・C・effi・i・n七 ・Aal・P
q・A3andpβinEq・ ・(5・1)and(5・2)・

Fig・1・Curvnin・ar・rth・9・na・ ・y・t・m・f・ ・一・rdinates(・91・92・93)

andCartesian・y・t・m・f・ 。一・rdinat・ ・(x1・x2・x3)・

Fig.2.αu。 ・2v・r・u・H㌔Th。r。 ・。ti。n。fEq .(5.1)issh。mby

solidlines.

Fig.3。(β 一1)u+畳versusH暑.TherelationofEq .(5.2)isshown

bysolid=1ine8。

Fig.4.Spectralenergybalancein七hecaseofJRUN-1e.Thethin

solidlineshowsthepowerspectrumofwind-wavesandthe七hick

solidlineshows七henetenergysourcefunc七ionobtainedfrom

theobservationusingEq.(4.4).

Fig.5.SpeetralenergybalanceinthecaseofKRUN-19b.

Fig。6。Spectralenergyba=LanceinthecaseofKRUN-13b. へ
Fig・7・N・n-dim・n・i・nalfun・ 七i・nFn。 ・(f/fp)・a1・ulat・df・r七h・all

wind-wavespectraofJONSWAP-observationusedinthispaper.

へ

Th・thi・k・ ・lidlinesh・wsth・th・ ・r・ti・alFn。 、(f/fp)・btain・d

byHASSEI、MANNe __ta1.(1973).一
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