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STRACT 

Th-.. proc~o.Jco of WD.vc and current cve l o " ~nt resulting f rom , nd v.ction 
o i nitio.11 - t eIJ.ding ·at-.. r h 9.Vi;; b2en i 1vcati3ated in a 'rTiI'd- · t.cr t unne l. 
1.£le r:.:e:..1 o.ir flo 1 OV<:!r a ' ater w s e:c.i.mined long ,dth the ve.r ntion of 
s everal pro _ 1 tlco o:f t .u~ , ra ·er ot::.on ·.1 th fetch, wat~r de t , end win 
s -.::e • 1casm:·0rr::!n · □ o.? phase B ~.ed · d l E.n [sth of s n if ce..nt wa ,., s , the'! 

· s tc-.n ,u·u '3Vi '3.tio 0 of t h:! t er surfc.cc , t h:? avera.3e surfe.co clrift , the auto-
co r"" l t.:i:; :ton of our.2ace is lac.:.?rc',rt ' d t e fre uc c sr~ctra arc reported . 
'11be e .l{ ,_rlrr.:· t a l reoultG i n icnt..! -'hat ( a ) t h:? air motion int C! c 1ruF12 l 
f ollo ,;.:; a tbr-:c din":=>!:ls ic::.•>11 p .tte 1. c 1.1.:1cteri otic of wind tw.'1.Lls of recten[P.1 
c roJc-occt.lc:1; (b ) iri.d \._veo g0nC:rat e d in t h_ .c an.ri- 1 t ruve l dovrwtr-~am e.t 
a. pro:c .I'.1:c '~ ly t ,..:! CL:._ s ~c d as rnvlty ,r~ves o:f mr:J.11 ampl:ttude , pro i ed t he 
e f'fect of thC! dr ift CUJ. r-·-t i s t o.1:tcn i nto account; ( c ) t t2 nv ro3~ drng co
effic1c:' cs for t he ct:l. 1Tl of t 1e u · c1 o:i t -~ vnter surfac increase wit 1.n -
c reec n3 'Pi!'d s pe.:: d, f"ld t ecc tJ.tf.l. o.re aso:i.ably cons :::tent "-t results of 
p r .:. v ouo inv~ .. ,viC3.tOrJ; ( d) t tc au'Locorrelation:J a . d fre quenc s .C?ctra ind ica..,r 
t h:it t bJ i nd \!u -~ i n t .. ~ c e.n..:.31 cons s·c of nearl r egular prir. J. "aves on 
\-rbic o.rc u . ..:ri mpo:::cd cr_,Jler rip~Jle::: ; ( c ) energy i n t e high freq_uency r tt".'.Sc 

i n tl..: s · 2ctra tends to a Y rose 1 c:1 cq: libri m diotribution while the lo :::!r 
f recr.: ..... cy cc .. • (.._en·a co.:iti:uuc to Gr u· r wit Lcr~as i ng f c t.c1 ; aud (f ) a 

i mil ,1 1 t c.1c-..:!:)(! fo • t h~ f1 c qu .... ~1cy c ~2c .ra C? Velopr1. c experhr,C?nts in t his 
study \ ~r'-' l:.ot i ntended to model t bC? 1 occcsc~ of i nt-C?r.:i.ctio-i.1 bet,.•:en t he 

czr:1 c .. c t ? txos 1Lr~ . ?.evert. 1e l cr::.1 , t he cm!J.11 \";_'\v·•s generated i ? the c, ::in• 

r.:.c l e~--- ·.r to l e a· l eo.ct qt a itat vd.y 1e l o.tcd to th~ dcve lo·J.2:u.' of , raves 
:i rucl1 l ~rc~r bodico of , r.J.ter . 



I • rTRODUC'fiCJ 

I n spite o f a l ong history of effort devoGc d t o t 2 ai r -\,2.ter i ntercctio· 
-roblem , t he bas ic nm1ledg0 of t he c2ch~~1 cws fo r t ra :JI Jl'l, procci::;scs ea 
_he b oundm beh•cen t hese t wo fluids b <:.J dny l o i::: d r at~.:)r s oul . A vo.rict·· 
~ t heo1etical a ~c ex ~ri 111ent a l stu dies 'lVC beE:n r eporc::::d i n t 1e literatu , 
mt, be cause of t e comp ex t :i.es of t h .... p ys .. co.l procc~cs(. □ , t e 
e t a iled ne.ture of t ,e i nteraction re1• ns i mdcq_u.c?.te l -

Most of the experimen ~al studies of air-\;, ter i n ·craction ave bet-n 
naert aken on l akes or on the ocean w ere t .:~ c on itio..is of tb~ fluid ::, P.r" 

•i ghly ar l.able i n tirr~ an r;ps.cc . ' 2se :i rvestic;ntio_1.., ri. e coni.:;ributcd 
;ignifica....,_tly to the kno{1l ed132 of t he atrr:osp:ierc:; e:1d t he sea . Ho1-·~v -r , t ~ 
is e fulness i n elucida ting tlL fun run~nt a l p t,Jics of t he e:{c .:::.ng2 processes 
ccurr i ng between t e t ro fluid s i s l imi ted. 'Ibercforc , more studien s 10uL: 

,e carri e d out de r controlle d con i tio~1r, i n t .2 l n orato to 50.. n ; ".:'.l 

nsi hts i nto t he me c ani sms of t ru:-ia ort acroc:::i t he air- ro.te r b0tm ,.. ry . 

Ur sell (1956 ) has revie we d t 1e fun der2n ·-:11 l oboratory exr,~r l1'.'.!0.ts dcali 3 
i th air-wa t er i nteraction that \Jere un e1 vP.~en h-.!fore 195~ . Since t h~ 

-.ublicat ion of Urse ll ' s paper , a urn er of reu i uveot c tions a . been 
·eported vMc.1 i nc udc t hose of Sibul (195'.>), Cox ( 1958 ), Fit zc~: a ld (1963 ), 

:-k ooley ( J 963) nnd lbnratt 1d cower i::ers ( e · G · , Cohen L.lld Dmre.tty ( 1965 )). 
ri tll the e xception of Cohen and Hanratt ' a vork , -t~ . .! x -.!ri1r."' s _rforrr,e d 
1y these i nvectj_gators were not deG £T).cd sp.:cificnlly to v::.·rify r ecent 
~heoretica l cm cl usions , or to s1..:1 ,~ as c. s ·r:rtiI'3 ro ~ t for cvc: lo ni; 
r efined i d~as a out t he ·ature of a:i1·-v:•.t>~r j nterc.ct:l.c.:i . With t io b uc}~groun 
·.n mincl , a det:1iled ex 2ri mental pro;-;r.J.m h8.s been i n tie-ted ac HCt.R end at 
!SU to study t 1e r e l at ionship ~tween the t ur ulcnt flov of air 1 wate r 

i n a chan. c: J.. 

Pro ertie:; of the Flu d r-:ot i on 

When a r o_ves at mod.era c vc l oc 1ti e, over ,ra. t er , a drift current de velops , 
!Ild small waves are generated o. t l i q · id ourface. A sc cmatic picture of 

-~he de velopment ot comb i ned ai r :JUC: ·• a ·er o ion alo:Js th t e g 1~owth of 
'aves in a c nne l is c own i Figu ,: 1. '1'}12 properties of fluid moti on 

~xam nccl i n t his study a re i nd ice- t- 1 i n 'v iis drawine . '!J.!2 c oo rd · nate s ot em 
Ls i ndicated so tha t x i s t he d i:;t~ - ·e d nst:r-eam , n z i s the ert .cal 
di rection . The mean water su rf'c.ce , :1 g:i ·. :n -, z .. d whi le t he surface dis-
"?lacer:1ent from t . is l eve l· is d,:•,o _. "'-S E;, • The fe ·~ch F .cnoten t b::? d is t ance 
from tbe l ead i n edge of t h v.__ t,.)r . a y , rticu l ar po. nt sor.~wherc dornstream . 

n t errns of a t wo di rrens onal 1. -de. tlY' ·-•~ l oci ty diutribution i n the Wt~ter 
i s u( z), .n the dr i ft ns t c \ '. te1· '.lr1 - '!2 is u0 . The a::.r flmr i s g ven by 
J( z '), where U deno ,es t c air v ·· ·-:.: i t~· nt npprox m'.:l.tc l:r 20 cm 
nean rater suri a ce, and z ' = _ ( :~ ''. 1-~ ,r .. lVe l en.rrth I d the mse 
s1r::ied c deno l,e p r op,~rtics of r. ! ;r ;· · · m·'.: ·:n.ve::; . 

rpose of t 1i s o ~ dy , · G'lli ~·cant \!aves wi ll r e f er to the 
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Fi re 1 . A sc e~ntic drawing of air a.~d ra.ter motion associated 1ith rovi g wa es 
o a water surface . 
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:..reer reeuln.r waves o ::;e rvc at a giv..:n fetch. I n ce1,-:::ra , araller ri ples ar2 
tperim >osed on the l ar .e r distur b x.1ce.:, . 

I n t is pQ.p2r , um er of ex 2r 1r"nto. rc:,ult:, .r:? disc.lose \,bich 
~fe r t o the n:eEn air and water motio as i n,.ic2. -~d i n I•'i rur~ 1. Measure
mts of -t ~ statistica pro '"•rtics of t 11v rind ~2-n2~ 1,C. • ,mv1,;s , i r:c ludi 3 

he autocorre lation d s~ctraJ ·a.ensity f't .. .:- c ·1O . .1S , are cxflm r;.e d i n the li t 
~ other pro· rties of the fluid .,otio:.:i. . '1'J12r8 r\S b --cn o e.tterr. 
1e oce;:,n-atr:0sp, 2re i t....!rac tio· ith tll::) l a1Jo:.nto1J e quir,.~..::i · • o ,~V-.;r, i t 

•ill be •·een t b:1t a nun ,2r of c,er.::r rr. ,nts f oJ.· flu a. flov i n t he c · me l a.r0 
.t ·1cast qualit<>tlvc l rd o.t~ d to t b~ obser\L:d S'•.1.ll GCP .e ~ractic;:i b ~t wecn 
·1e sen. and tbc atmos l ere . 

e ex 2:d .~nts \1er2 co uct-=d i n t e "i""d-, '1.ter t unn-:: 1 at Co era.do 
,tate University . This facili t· , s o. sc c:c1.ttc ·1.lly 
'fa t wmel or a c osed cha.,_";le l 0.6 rn -.rid,~ b· O.r0 
?st scctio:.1 ".s a l enc;l,b of about 12 m. 
f '<.tcr i s approx u-.'.l. t e ly 15 cm. Air 

· loc i ti es up to 18 r:.1--:::; b a l are;~ ax 

vbose p ex glass 
t 1 cptb 

, 'esio1e d to gi ea 4/ 1 contract o. ratio. ccr0cns arc 
Laced in th·~ in et co::ic . Ho::ieyco:no:; are plc.ce d ,1u(,t u ..,tr-.!nm of t e outle t 
iffu.;er to t,inir.:" 'l,e t 1 2 axial rotation ill tLe a r i n uccd by t .. ~ fan . 

' l oping benc ;cs arc plnce d t t ic i nlet and th0 outkt to rrevent t _ rcflec
i ou of 1vcs . 'I ·~--- "b~ac.cn " are o..:Jtruct~ of ul '!"""I rt" ... - •r-1.J.~ C'"' b . Tb~ 

.nclinen e.re h,,: ~d i n i:;uc l a ,m t · "t r s sr..')ot 1 o.::; po ib) ! trvns t· on can 
,e effected j n t ~ a r-vater flov . this stucJ , t .-"! bot i:.oro of the turn1c l 

3.S smoot . 

The air flo·,1 t ro sh th~ t u,:"1~ 1 we.~ t:~asurec b a p tot-ots tic t u c 
l aced on a carr ?Ge in co:ijtmctic, ., th a ce. ::i.cU:.a··iy_ prcosur.-: tra.'ls ucer . 

It- he ro e cou .d b r. pos itione d en ,;..:::~ i n t h::? s ectlc. of t he tu!Elcl from t h
)Otto::1 to a l eve l a out 10 crn fr,, t'1e top . 

The pressure GTadicnt of t ~ n. r r:.1d tr.~ c~p · of t _ \;a 0 r ware rr.easurad 
.vc 4 feet dmm .t he tun.:'.H:. l it 1 p .... ·zo:. '.:.e r t :i.1;::1 ccc..ected to a set of 
'l.non:2ters . 

Pb·;we ·pee ::; d lc11.gths of ,. wcr- '>~1 c'"?t':!r,Ji ,~d from p oto rap s ta ,cu 
~it a movi e can:2ra . nc l cPgtb for .- 1cc J i\---. ,·.w"o vo.s 2asur.::d fr JJ t b 
·ov er. b" r compo.r 11.~ •· b:! di st•1·1c-:~ l '::t· -n c- _ .:;· • wl tb a ruler i n t e p c·l,ure . 

::! p :1.ce vcloci ics of ,•,:wco r :-- rr to • fL· , poin t "~re estircat ed by 
·r0aou:c:l.!1c from a j acc;.1t fro -2s t , . d 1 , .-.,- trav.: l c d by a civeu creot a r ·1g 
·h~ tlr.2 bet\;2cn Gucces ni vc frr :·:, . J1L2 1nter,als c tv2e11 fr~c , :~10 read 
f f a ti1t12 r t at , ~;iG s .m•,:i 1 .. t ll.: fi) 

To v :!o.::;ur.'.? th~ c 2n:;~ i n t' .~ } • i [ · ·· o" t ,2 ,,a · r , a CD.I c t encc pro <! 

· c :::;ed , •,ich i s iiiilr..r to 1 c' . r r C J.OC~ ' c (1955). 1.nis pro - on-
-i nted of n 3 e,augc ml'['. :.:; t ,ri! '- 1 .. tr · ·h2l' vertically a O:J.S t e C'-.!llv<~r 
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n0 of the c ross-c:ec,..;ion of tb2 ' · . l . 1l:;o~ wirer. • ... ·~rt.! plec.---d 

1 

t 1. 2 m 
d t.1e . tervo. l a dmmstrcrun from tlK'. in, 

:i. ter s rve as t e t"wo lates of ,. 
i1ycln.d ) on the '1irc provides t'i.k .' 
,r,:: w re ·1 t he w-.,.ter _s rt~o.su1 _. 

.~ tli~ t.i.. ..... 1., • •1 ·.:! virc i tsel 
:r. r , n::id tr::. iPs~lJ•:.t 0:1 r ..:>.:L:rial 
::.c trl •; r .. ::' Ai urn . .13 co.::-·.c t~nce: bct,·~cn 

-:•he-./:..~ cxcit_ brid:3 ; t 112 nbnle.J.ce 
ol ~e f rom t be b rldc;0 ,,3.s lir. ::i.. i · 

: .1 tp'.tt vo'1tacc tEJ.s obtained vhic: \J 

._pth . The OU1.,T ut siEJl'll ras f i tL 
an cont inuously recor cd durin · "· r 
o~bination ~3.s cal ibrnte to gi,: n 

_o t h. ( v a ir,g ) , 2.t~r depth ,ri • . c. r: 
.o a proxim!l.tel 30 cp.:.. 

, a 1,,: _: .i:!.ea Pi d r..::r!t :i.fie ro t .J..t a DC 
.tr"'(..:..'; p1..· ro:u, o., to t h~ vat.er 

oJc .llc.:;ro.11:1 r: re tt--,- 83. s0 '-'cpo.1oe 
Tr. cflr<J.c. t .. ~c:! :.'icc; .... -o.,c .llo o.p 1 

~ r~ J. a~~)litud." l b nrly p10...,ortlO'J.n. 
t r ,.,.:i:,:ic~ to fr ..:q1.L--1cy ( ± 1 U up 

Pr ·n t e con ,inuous c cor, s cf t ,::! ;urfac~ d i < .._1lr er ·::mt , d _ a cr-0 read 
)ff at e qual i nte .vuls of 0. 025 r.:c. 'J' ~::;~ de.ti).\ _)2 1.1.. .:d for obtain ns 
alues of s tendD.rd deviation o of tl .! cu ·fac ~ is 1J.ec_· :nt , th_ autocor-
el.ations R(T ) of the s rf1-cc disr ac :n·, e ,_1 t' .~ £FCt.rtl clen ity fu1ction 

•~ ( f ) . The co. ,tJutc.tions u.::rc carr ed out o: t:,'0 1:CAR-CDC 3600 compu er . 

I t as not p ~sibl~ too tan t _e vertic ~l velocit iotribut o in t ~ 
ter . HO\:· , rer , the s• rfe.ce ve oci t of the ,;<.1.ter u

0 
wus ~armr2d b placin~ 

1n m3.l l s l i , ::tl b·-10 ct;-it p.1rticle on th-c. ra 8r r o'bccrvir.3 t he thr:e required 
'o r i t to r,· ·,e r t fixed s ·ations do·-nstre in . Va u~c of t e surface e l oci ty 

.:ou l d then , ca' culated from t he i ntervals of diGt ... :.::ice of trav 1 d t he 
t irr2 of pus. -~~e . 

In th ,. stut:J, ttcr.t 0::1 was centere o. _ e n::-e~t11cr.:"'m, of t be prop2rti es 
of water u:ves \:, er co,1dit 0,1s of s ~a.cly ( r:.ean ) a r wo'vion . or ~r to 
<\tta.in str• n.dy cor.Jitions in the (Lr f low, t .c vave dS!VC or:..--::i.t , en t e '"<.! t 
LP of ·at('r i n ti_ t t ~~,,~ l , t 2 f n 1 , •as starced OU1., 15-20 minutes before 

.-che p oto.::;raplS , the pitot t Libe I:".-::asurc-_nts , end th~ \,ave :.i.apl tude do.ta 
were t aken nt a particu]&r l ocnt on in t:L tm1i:i2 • I n Cf'Scs ubere wave data 
.~re eine measure , a 02mp c of a ;~v~ tra n corres on inJ to th2 assase 
,f 100-200 waves was t a en for n given r..m . 

Samples of wave devc:lor ··~nt l2I\: ta.-.'.:!n f or sevcra different cond tionn . 
<'or t he condition of va er initially stand:l..ng on a ... mooth botto;.;i , air e Jo
c ties t a cen 20 cm above t 1e ,. : ter surface , 'l-r2rc var ed from 0 t o 17 mps , 

d tbe depth of water was c )-~'zed fro .,1 2 . 5 to 10 cm . T'ne prop-~rt i es of 
f'lu i d otion i n t :::s~ cases n :re observed at distances of c.pprox 1Tu.1.te l y J .8 

to 12 m f rom he l c::,din3 cd.:;e o'." t ~ \,--o.ter . 

I II . iE ! IR FLOW OVER THE \.lA'I'ER 

" Si nce t he a.i r i s f orced by t!.e fa.'1 t hrourr t he • i n tunne l of a prox i-
IDate y consta.n c ross ectic'l, s pr ·ssure gradie,it deve o::,s i n t e o· ... -n
s t ream direc t i on . Th2 pres"'ure in the air p was found to nry approx m<J.te ly 
linearl y with f etch t hrough th chr ru1c l. fyiical values of the pre,...nure 

. gradient 1 a~a ( cm rnt<.:r rcr cri ) a s measured i n the l ant 6 m of t . ~ 
pw3 ax 



2 
ch:i.::mc l re s, a.;. i n Fi ri.1__ e 3. Th . .: pr""'sn1 t -. f, '.ient ·as found to i ncrease 
wi th ~ind p2ed, l'l d \-rlch de ch of the "'-• · r . 

Velocity Di etributlo:;:, i n ti;c Air 

M asu rerr.:::n 1.,s of t be m-=an hor izontal · i r r.otion i n t he vertical di re ct c:1 
d across t he c u·, e l w2re t aken at severe. s e ctions for U00 from 6 mps t o 
out 14 m s . Typica l data f or vert ica l profiles along the ccnt0r se ction 

of t h_ c nnne l a re shOY.11 i n Figure 4A . . The vertica l p rof iles of U( z ') 
i ndicave that t he air flow generally de i;elops a cbavi or c a r acteristic of 
_t u rbule G flo-.1 i n a bounde. l ayer over rou 0 ':!nc d surfa ce s. I n a f ew ca ses, 

sma 1 kin k i n t 1e di 8tribution o U( z ') was o serv~d uh cb usually appeare-1 
at ,._,5 Ci~l he ight above t he mce.n 1.:tt c r l evel. Using pl tot t ube n::easurerr:=nts , 
Fr ancis ( 1951) also o s..:.rved t ll..:.se kinks . Schooley (1963) was a l e to find 
t he ·in·s by t r"cing rr.eun t ra j ectories of' bubbles ov r the ,.,dves . Rm:cver , 
t hei r r·easur..:1r2nts i !ld cate d th~t t he klnk.r, a· •feared son~ wbat c locer to the 
\:ater surface, z ' :.: 2- 3 c:a . The existence of t b kinks i n t he pr ofiles of 
a ir ve loc ity i ndicate t .at a j et of high · e loci t air may so:netirr12s develop 
over uavy wa t e r i n c _a_ri.'}e l flmrn . To t he authors ' knoi1l edge , o-..;-2 ve r , wi th 
t he posa ible exec t on of She p.:'lrd ( 1952), t bis p enom2non has not been 
observed with an m;:;o.curemeuts· o er wa t er i n t he atmosp,ere . 

Typica l . '"'asurernents of t h hor i zon - 1 di s tribution of ve locity are 
s o~u i n Figure 4B. Tn~se data are r e presentative of flow i n nd t unne ls 
of r e ctangu l Qr cross -sec tion . I t i o i nt0rost ng to note t hat t he bo~~dary 
l eye r s a ssoc.late d 7:ltb t 1e side walls can b2come r a t her thic ·. This thick
en i rig h a d o nppar0nt effect, ho ;ev r , on the dc velo ,.'1ent of sign ficant 
· .. ~1vct i n t lle d i·· · -1. c waves still e x ibited a ncn.rl ·1 i nea.r c rest mcw i nE: 
,q,prox r',•.te ly norM1l to the mean l :nd direction . 

e l i nes o:f constant air veloc ty plotte d fo r a g ven cross-section 
r eveal . i ntereGtin3 f eature of t he cho.rme l flmr as sho\in i n Figure 5. 
Be cause of a sec ndnry c rcul ation i n th '= t U;.,n.!1 1 th-= l ines of cons t nnt 
ve loci t are squeezed dm~.:"l i n t he corner,:; of the c ro"s-sect i on. This has 
been observed pr~vi ously for flow i 1 rectr n 0 l ar ducts ( e . g . , Schlichting 
( 1960 )). Hmr:?ver , t h2 effect appears to be cor = som0\r 8.t more pr onounced 
hen fluid flm!s o er a 1ovi1113 b oundary i n t he CS'U ch~.n ... i.e l . 

'l'he t hree dirrcno i o.ml structure of t r.e air flow d~s not vi s ibl affect 
t he iJ.Ve s generat e d 0 ... 1 t _-... atc r surface . Ho\;~ver , t 1e pressins of tie air 
movin at hiGhc r spce s dmr.a a lon~ the a lls s eems to be tra11sr.1 i tted to t he 
hor zo t a l -v e loci t i n t he wa t e r . r.:cc.:-- rcn:euts of t he bor zontal distribution 
of ve locity i n movi~ 3 wate r E.:bo,r t ,-:o rt::i.x :i ma deve lop:ing just un erneath the 
"ears " of t he co:rnt~u~ c l ocity curves dra ,1 in Fi gure 5. nee , strictly 
s _ i ng , t _:: c Jocit i n the a ir ru1d in ua ter shoul be r ittcn as U( y ,z ') , 
and u(y, z ) , i nsteo.d of U( z ' ) , nd u ( z ) . IIovever , fo r the purposes of this 
discus s ion t he moLiO:i.1 of t c air and t he! ua ter wi ll be tr eated as t ·o 
d i ens i O:10.l . 
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e . e:rtical profiles for air v- oci ty t •n f•Jr i ncrc:as i n~ F alo:::i.::; • 
cen er line of t b2 t ur ,:! l v2r'"' foUlld o fit t ; f < rin : 

u 
u = z - d 

6 

1/n 

I 
I 

wh~rc 6 i o t _e thic' ness of th~ bo~nda l a ~r as defi n~ d b th~ va lu~ 
z ' here u( z '} = 0. 99U(I) . Ov r a ,ri de: r 2113~ of fetch, 1d for 6 .1 <U""<l '' 
m s the da ta t o. ·en i n ~ c r-rmc l fit Eq. ( 1 ) w11ere n = 1~. 5. is sim·.1, 
di s t ribu.tion i s ho n i n F'ic..ru.re 6 . Sev.::ral typica l va lues of 6 o.rc c '. 
i n 'l'able I. Th --he.re corresponding to Eq . ( 1 ) with n = l~. 5 j_s fre qucntl:, 
f ound ind t unne l dn.ts. for flow ove r modern. 1 rough surf'accs . 

Air Flou Clo ne tot e_ Wave s 

e of t 1,?! pur oscs o th:l.s study i s to exa.rn nc the na ture of the < r 
f low close to tl: c ,mtcr boundo.ry . A kc pro 1cm in thio or centers aro 
t he question of ser-c1ro.cion of .fJow to t :12 leeward of t be n.ve c rests ( Ur[' 
( 1956 )). Furtherr.i::>r-> , r ecent t heories for ene gy transfer to t '--' waves f.· 
t e a.ir p ace otrous em has i s on t e behcvior of the 12gion w ere air 
velocity cquo.l s t he pho.£1e s "Cd of wave::; . or ,,aves generated in the t un.--. 
t his zone i s very clo:::e to t he ·ater sur f ace , much clooer than c2.Il be reac'-
wi tb a fj xed pro e . at i s , t he p rcsen(. equiprr-e1t can only a.sure ave ri 
ve loci tiec i n tl e air vl thin e.bout 1 cm of t he crests of the i~best Hveo. 
To ob::;ervc 1.be na ·ure or t he air motion n2ar u = -, . a._rid to t ruce t _ 
p resence of £;cparatiou , t 112 pro ~ m' .. wt be placed 11uch c ocer to t e occj lJ' 
water Gurfo.c'"" tmn tr>~ fixed probe will ]?2nil-t. 'I'hereforc , a movin~ probn 

as :;en d~s g"!-!d , •b ich will folJow t h-::? sisnifica:i::1.c waves an 'lint-i.in a -
rox:irr~t2l a con.st<:.nt l e c l abo\e t h2 \.13.t~r surface . 'I'hc sc ems.t ic pictu1 

of t h~ C."C (,'11 , 02.· cd out b o~ e of t he authors , is shm,.1 in Fie re 7 . 1c 
pro ~ io r·:i. nui. i n..:d at a co:1st'l.1.t l e ve l bovc tbe wate r a ser o-driv2n 
mec an i r.r-i cti ated b t 3 dept) e:;augen . · 1is s stem i s curren ly unde r 
co.ast ruction , \ e ex " Ct to be hl obt3.inin3 ta from it so!neti me next 
ear . 

IV. PROPERTIES OF HE WAVES 

O'ier a w· de ra -->e of air flo 1 , ~bi ch follo.m t he r-s.tt.er-.an escribed i n 
e c . III , D1y s1-.:1ll cravity wa .. vco .., api lary ripples \:ere generated n 

t e ' ~- tcr ot" .1.oir:s i :-1 t b2 c 1onn2l. Alt. ou.r.•h t he air n..:n.c •. 2d ~eds erca.ter 
t ha:,_1 1211·,p::, , b1~n- :; of w.:.i.vcs , i n the cn0c of fo rm:ing white cap::; , as ot 

S:)rved . At bi:_J eir c lociticc: d ropletG of s ray \ re10 o nerved b2ing sLcd 
fro;n c re0 cs of t b~ J or :!r ,:-aves , but t he \;avec; did not bccoru_ s 1arp c res -:!d 
o.o ccn in "full· c1.;ve:lop.:!d" sens . 

Up to , ~1 J. c -~edo of ebout 3 mp::; , " en a. 1out 20 cm above t ':! uater , no 
waves app:.o.:i:l'..!d 0 _1 ·' be , ;.:i. r surface . 0\7~ver , very srr:.all o:::cilla · ions of 
t h-:? e nt re vat8r sux i1.~ce could be o "erved i thi o r aJ1~~c of air flov by 
watchin_; ar .. atio·~:1 j n :reflected li e; it en t h~ '1o.ter . Above 3 :: , ripple s 
bec;on to f01,n usar t}1c l eading cit:,~ of t h_ \;a •.:;r . ece smal l cl..i stur nnccs 
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2ar t t~ K.:lt:'.)r curf 
for ~~1 t:J. :n.·u.3 j n::; truw2nt pro cs 



1.d av~ le1::,c. G of 1 3 cr.1. 'l'I,-:?ir cli:c~c'-.ic1 o:f' _•o~· •c-. icn i;·,:~ pr.i·1.r 1· 
~11!" 1 to tlu vir.d dirL.~t 01. Ao t 1'::) ,,_i_.._1 s ... ~a h:<.:r·-- .. ,, tr'·- rippJ,s 

i tially pre::;c t ~cc:.,-~ bru·r in E:rnpl:i.1.1.1.'..! cr-i.d b~iL.·1;,;. ·l ck:_~ 'L..·2 uction 
. th::! otead · a r n odo.\, t}· ~ i~2.v-:s trn:~.:l~cl o· ' t:r~·' 1 r:t c1 i 1..cr._,~::;J'" 0 
~-eed , growing n ar1p 'ituo...! ,1d l ~;:s;th . For "'L'u. r.r_cas i '\ th:) r< ::;-J 
o - 3-6 r;,pr;, s · .fic2·1t .::n ~o -.!r0 o o J ··n.,; to :run. , ·i th c,.-._r, Ls E..Ji1.n•cu:l". CJ. te l y 
rnul to th~ wiuc1 dirl•C i,;io., \:lt.1 c.::o..:,t'1 ri1)d r 1 surf'oc_", D::c1 rippled lee-
r surfa.ccc . Above 6 r~~, cr _ .. .:..llcrJ r.i.~1,_.J :J \.)12 r. t-;d t 1 bot t.h~ vir..c.--

trd a .. "l.d the l ee\Tc.rc.l sid.Jo rt,'.:! sit 1i.dc~:1c "" vvc . At t::,I,; c;iv.:-n poi.J.t 
strcrun frol'l th::! L1.le'~ , [7.C ·:~J f 5-20 r -11 er, ,1:.,~- ,c:..\ n oI' r.2J.:r.J.y t.e 

m~ ..:.riod p:;.c.::;cd by . 'il::!~.:: c::-1..J.: . ., \ ct..:: c;;_ 1·,,.t d by rt.l-.1.·t.h-:!ly cc.Li 1-;clons 
. ~m:::i.11 r i ppleo h2.vtn:3 Vc~ricd r .:.1.·locL1 . 'l:i· ..! cxJ.rt-.i.."tC'..:? oi' ;,.OU!)"! of '\,'.J.V.::....; 
! are.ted by rele:i~ivc:J C 't n 'I- t:-r i., ,r-·1"'~ l~• ro.;1'1.~ c1 t .. :. r:i'.:\_.- _nc:,"' ~b-~_cn 
'ff rent co,,1 0:.:mts of tle , . ..:..·.2 t1c1 ~1, civj ~· 0:,1 cp13a1,.tc~ of 11 .;at::; ." 

Tb. o~~c 1 v th f'ctc:'..1 ·o ..,. 'v..:-:; in t. :! c _i_· '"'l iB 1 fJ c .J, i n t'"_)_ c. ::.rac.;. 
)ristic lenst s , i:.lL Gt· !d -d c-vl.cic.>. o r., r1 tl ~ ~,~'.: l ei.[/ch A 
· 

0 i nc1·~asc , i th 1'' 8Ud U or c; L.1d • is ~: "n:_ in li:;u::.. ~ 8. 'Ib.J effect 
cpth i r. also "' o-:.~ i"' t· • d1 .. ,. · . 3. ~c1.2c ...,c i, cL_.,. \.,'l-1 tc. ,_c to 1..;c'.nc~ the 

• l cn::; t h , e.nd t . .1c t.- d,,~·d c'<~•;i:,GiO of t.c ( Js,rL~,:' "l.c.V,·8 c:r.2rn.te:d at 
·.eher uind s ·';':~Jn . Ot r d, L··. fo_ o an- ~ .21-... c ~ r..,.rccl to tl10oe reported 

ibul ( 1955) . F · .. · a r,i .... v•.lu, o:.t" U O c • a, t, ~ r c2u .. tG of bot;h tl,':?DC 
.ldie a n ,p:?a1,: ! to t _ e:: ::: r ~=~ ciall th;; SQ.Li~ • 

Two c '\rac~ . 1- -. c ,.elocities rit t1,~ ~--·er 
~ t h:... su' fac t• ve1 ::i 1: t.:. ~- , n,,-,id th~ p '•';c sr •2 of si' dfJ.c, 
:1.n1" \Tit'. F, 'Joo -i.d · o · t. ec~ pro::.,~rti .:; io r c . 1. F.le,1.1.:-.. .. 

.ve11 w nd s ~ ! , t ..! r -r.2 • l'!e a.r lf',., r <.r.~'lins 1 ~·arly 
8 0,,11, ev.~ept ' _., _ · t' ls or tllc C 'Y12 • 'In~ ~..l',...! r.:r _ C,:: 

ot c . • 
\l<,;1.\ .:?G cc . 1 .1e 
9. For a 

t;, 1 ind ... :.t ~11cJ._.J.t ( ~ r pt:i do, .J. to 5.1 cn1 , btlt it l !lCl.,._ .... ~G~O ~:-c:1 

• .. _:"..! r~..1,."'" o.l 
S n·J").t0Xi-

0-C .. , Uc:) 

. i F . 

Keulcc;au ( 195J ) ,:-,u· ' '..' 1t tb r,_ ·io of. t ':! drift \ '-:! O::!i ty u
0 

to ,. ~ 
1d s oc d co\. ld l-! c.. 1r, · 1 d \' l ~,h t', :! R~: olds 7 1.1.r,} ~r Red :: u d/ v w, 

ere "w i s t ., , i.S\' :1::. J e,'..' t J _·(.,::::r . his c..:1.J.cul rt.101.s , eulcc;an 
sd en air c ""C_d c.vc-:·n. l , ·-r tt.: c. o::o c _.ctio~ oi.' his c 1-. .,..,r<L, o.v • Good .. 'in 

165) found t 'lt Ua\. '" 0 5 l!c-0 fo:- --~ "1.ta :I n t~ 3 ~ ' 2..'! ..1e l. ::. .3 thia 
lation, t he o.lu .... s -~f.' 0 • .v L : ;i plott..d. ,rl t.1 P.:)d ::; crm·.:l in Fi[,'l.l!".::: 10 . 
"'l i:ft velociti ·s fo· d ·n ''1in ct1-1 ,' .,.'-' corrc ...... t~a. sa.. Gfuctor·l in t _rms 
> ea . 0-Jr J.ta fa•. 1 ·10 :· 3) . ~1·c ·1t lo. ~r t .,£' 1 'c le · 1. ' s cu· v~ for , - -
.;~r . 'l..,.ne di{"fcre· ,e :::t, .c,·, t . :!C.-:: •·r,\. stul er. 1n::,· b~ ncco nt ... d for in -t; rce 
yr:. . irst, if it i r- ,1s , ..... 30. t'-,·,·1., t 2 :.ss flow of u.1,t3r n1 £1.: r ar0 r0 et~d 

Cl.Ch ot.h0.· c cl ' 1t vb velocities , th'.:! l C. _ntu r a :Lo , P;;~ / prU .,.,. 
t.\ 'u 

mld b:? u .! in "M cr•_rc ln.t:lo:1. ~u cc-:..1 1 G at:i "-"-IC! t ..:.·cn ut D'.:!a l cv0l 
ilc t :J C 1J 3, ..11 .::,l • ·; "~"'r,3 r ~.c ~ o.t ·2::.rly 1800 e. titr.de . If onr d:>..t'.l 
1 co:crec ~.cl fo t' : -:c-rcc.:.·•) in air dennity uit.1 nltitud'3 , th'.)y ,;ill fc. 1 
,ut 12 'fi .'1' b .ow 1: ulec,·1 1 0 curv0 . !C r.:;it, n er of tJ2 d :t'fc).::·,cc 

't\-~en t.·:.: c :1::: .. lrr:.nt·., r.."y be r ... lai.ed to ( P. ) th'.) effe ct o:i' no.n ''. fo:i:n ties 
'o i n t~ a •• il.:ctio.1 -~vltin~ fr0:i1 t 2 na.t r..:! of ···:::•~ e.:lr i'lo', c>:;~·.1 in 

~i.re 5, rr i (b ) tu fee i.; t }1:1t K(;;ulcc :n us~d a. ;J.J.u~ of u o..v,3r" :,~c. o •..,.;r -~-be! 
3 .b of .ii:: c·10.,:-u10l hile O'.tr vo. 11.2s of uO re t~ ~en loc, J.y. 1i1::! eficc"~ 
( b ) Cl . .1 b ~ m-:i::i.l , m;~vc1· , ·_nc-.: 0 nr.i.co i tel1. 
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'I he Pl1asc S:i_, 

The p msc sp2ed of sie,_1i /i c1 
fixed point \ .J.:J cci::11J~r cl vi th ve.J 
a rnpli tude g1'0.vi t va 2s. n: t'.00 

,i:r1n t·• -. Drift Curr...:nt 

. \ :m c, ce as r. _:c"Ur('-:'°_ w.i.tb r ccrcct to a 
:-; c , l _al;.lt-!d fro.,1 t .: t __ 0 1 - fo s m.:i.11 
Cl.C t,, p, .:.'GC: 6 ·..;..;( i s : 

I 

n(:,. )] t ( 2) 

') 3 

ere k = 2, /I I tl all CGi..>~',; , t .... va 112n of Cc , ..!l"'X: 1::·J.:~C?r t}1 11 ,,~ lucr; ca l-
culate d b ' Eq. ( 2 ). 'l"'t:lis efft'(·t r a 1.·•o 2cn o':.K::: .. \ .. d by F'r..:nci::i (1951 ) an 
Cox ( 1953 ). F'r, 1cj'"' qu"'Jit:.iti\.• ly cc .... :.:1t.2d f o~· t h~ d..:,.'..,,tio, c c · si d_rinc 

i ncrease i n w-.we \·2loci ty , ',:-oc'. ted vith t : __ cm;r.>cs! drift , ru1cl tl ~ f ac t 
t l:Ht t h.:: ,•av...: s are finit~ i n['. ·1liL'' 0:1~ . Co:;: , O i tl·,~ otl_r h :1•1d , a:tcri ut~d 
t he d:i.fJ'erc·,1cc t o t be co:,1bil, ,d c f.C . tn of fini t_ c.:npHtucJe , o r o t. ~11 veloci t · 
of lov-fr2qucnc' wa.•1<..: ets , dri ft C UJ. rent , en d d~ ,-- .le effect-:: o t he •lnd . 
Cox only analyzed in cle 8-il tb 1! flT'li tc P .. 1plitudc cffec't, v.s ca lcu Ja ted by 
Sekc rzh-Zcnkovich ( 1956 ) . Cox found t h~d; t he fln tC! e:-,:rili tua ,:: effect could 
nly c.,qJl u i n his o ser ·cd :i ncre~r.:c in p:noe veloc.i. G.) fo r ww2s l o.r(:2 r t hon 
f ::: 7 c r.1. The o serv~d diffcr2nces i n phase s:p.:?cd for •,:,. ·e l e ts of l e. gGh 
i.03. J l c r tll 2-.'Yl "" 7 cm coul d not be o.cco1..mted for b , .. (! i nfl uc:ncc or fin ite 
"1pli tudes o.l0·1c . 

For str ic t co,...1p.:ir ir.0 t o ce, c
0 

" 0 1 ld be cor:cectc fo r t l-! r·.ea.."1 motion 
of tl ,~ \T-J.ter ·nd o., t h~ ::iur.racc drjft since c0 8 ouJ 'l. be .~a~u rc d re lative 
t o L... \'..!rn.:_,r, trr1n•,po1t in t he \ D.Lcr . J-2::!['.'lSC t he orbit:. l .o '2r-...nt of ,:2.t ~r 
p ~lr ticl e::; ar,sociv.tccl ·•i th t}1e , •. v~s ext., rd.s do; 'J\·lD.rL t o ::.orr.2! dcptb, th sur
f e.cc drift u 0 is not, t l.e prop::r corrcctio:. f a ctor . The corr2ction s ould be 
pr portional to a ,1e ightcd ave1 - ge water v loc ty over so ·,0 e th b e low t he 
surface . 

Lilly ( 196!~ ) has proposed a drift correctton for uavcs ti·av21ing on 
•at e r at finite depth . Assu .. ri.:-; t h3.t t c .:.rtica l profi l e or t he drift cur 

r ent i s parabol c ( 1.'"1ih1;-:i,r f lo·, ), and tr,1t t he , :raves hc.vc i nfin jtesirr..:::. l e 1n. li
tude s , Lil l found tlJat 

u 
0 

C 
0 

3 - - -
2(kcl.) 2 (

1 ... ,.. 2 c c:;h ( ?:Z<l)_~ l 
(kl ) ni nh ( 2~d ) )J J ( 3) 

or deep ,mter , Jed _,. nd E_qtntion ( 2) i mplies tha.t t he \h.,·cs t rs:v~ l with 
t _ e surface flow o:ily ( .e ., cT :: c

0 
-t u0 _) . Rou::! vc:2 fo r slmllo 1 

water , kd • o, d Eq . ( 3) p r dUcts , as exp.~cted, t bat cT ~ c
0

• 

r ond 
·::id t 

u :, i ne; 

o.lucs of c as ca)cu t !c: d y Eq. ( 3) er.'.! corhpar~ d to t 2 corrcn
c.1.:r2r · 1 ··a~"l d~t" , e:1d t h:: r0cuJ ts 1·2 s ow.1 i n , i E:,ure 11 . T' T~j:i 
. y aut • vJ t~in -~ 1 ) 1 ~rcent . L1iS error i G cppro:;r· r.:: -? l' " t:,3.c 

0 1 t' 'l .. 1 ,. o::-ex. ·,·:r ::.:1t..-l e r io:..·s n c i=:;ti1r.J.tio~1 f c , r.. .. 1d -;: 
I .J • 
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G n b2 t ,-:..en exr2ri r.'.)!Yt,8,l values of t he p asc np~cd 
ific"nt ,~.:wes end va l ues ca lc l ate d b Lill ' s 



s ste111atic clcviuti c. 11s bet•,·,:)_t; r~e ~r 1 C in .cbt be e):1,2c .:.cl. oinc b oth 
t:bc effect of surface t ensio;i a.r:.t1 of finlt.::' , ;av~ a:-·.pli"i:.u}.: ,,.:re ot c o;:,3 ider..::l 
i n deriving Eq . ( 3) . 'the co1-r-::!ct ic,.1 i 1 C'f fo!.' ~urfucc t!)_l8i07. i n de''P vatcr 
aves was foun<l to be llcfQ_j_c;.ble f··r 1.. -:: ex cri1(:.mt3 l ob e1'\·atio .. 1::; . Ro ,.:v.::r , 

t h, Stokes correctiou of cT f or 0 . . vit:; · r.J.v~s of fil.ite e',:plit>..i.dc (e.g ., 
L:un ( 1932 )) could ury from l p-~1. :nt to 11 pcrc,~!-,, ( i :r..cr-:.:2'-.:. ) if i t iG 
a ssum2 d t hat t he m,Ql"tu<.le o: r::iv"fl.c~ lt \1:1v2,:; i s 3. 0 a ( c . [;. , Sibul 
1955 )). Thus, Lilly's cq!.iatir: n,:'c1 glv~ v-e.lu.·:s or c so.::::;>:.i.c J o. ;:,er n 
t he avcrac.;) th8.n t~-2 ex-" ~;r 1 ~-~-'l c1te.. 

'I1he ef1~cct of f.i.nit~ r.ipli:.1d(.,. in t 2 u ,,1 \,_,:-~ rr.:iy b .. o ~_i'.'.:,ct ro.rtia 1 
b t h0 i nflu:.J.ce oi' tur'i.iulJ;1.c,• i 1 t: ~ \ .. .-~0r . ~.: ·t.c.;.C1v of tr.: n:otio:1 i n t he 

·~1. Ler i ndi cate tlnt the \,2tc:r ;"lo·· · .. s t L,rbulcnc r :. 1 ot l n.min:>.r . 'I·h0 u- -e 
of a t ur1u1ent· 0locit :pco.fi:. hc\·Lng a s '·::.~i,;)r r- _··::..ie •• l::. n~o.r: th8 surface 
t hM . the p2.ra olj C C rv .... bu·~ l 'h ~· t l ~ Ga:;.::! clr ft ~loci t c.t t h:! GU:d'ace 
would result in a ST:'-ller corr ::.C'. ic fac·~-or f or cL.·:.1·t t h:i:1 p:tcdict0d b 
Eq. ( 3). 

hese results i nclicat-:i that t l.,.._ si ::r:ic&1t vind ,:c'..v~::i n t '::! ,.·ater i n 
t he ch-,nne l trave l re lo.ti.vie t o n rr.~an dr::.ft a "il'Oxi1.1t:! ly us gravity , mvcs 
of s IT.a.11 e.mi_')li tude . Th'3. waves t ~:1d to p1·opa3a. t.e in t: L~ \.c.y i n c;p te of t h:! 
s teady pusli.ing of t 0 moving air . 

Shearing Stress n t he w~t':...r 

f..n :l .p::irt-n, +-, }11.l'l'ru: i::-r tor rr; [I.GUr.h1s t .c act 0:1 of t }o~ r nd on t h2 ,m t e r 
i s t te sh.•,:.rin~~ strcr.;s c 1 tL '. \ 'dt~r surf£.cc , T • 'l'i.1 :; i s often cnlcul ted 

s i n t eriris of -Lhc. drn.G co:.:fficie,1t 

C = 1· / p u2 
s s a 

-w ere Pa i s t1e_dcns i ty of t.0 · r . t :::i averae;3 va Juc o:'.' t.2 .:?a.ring Gtres s 
at t he r.;urface 1 s can b z: esti1iill.tccl for t e a1~ta. or t he p1·2sent study by 
t aking a force balance on the l::ody of a ... r , or t ~ oo.y o:' , rater i n the c o.n-
nel at a c;ivei.1 time . hes earin: '"tr...,Gs on t he ( .... r.oott ) ,-:alls, on t he top 
of t he tunne l an<.l on the bottc. c r.1 be cctir :J.tcd i n '\,"Cll kn01r.t.1 'I-ray s ( e . g . , 
Schlicting ( 1960 )). Then t e , ' .. n. : . .., Ts can be ca lculated fro111 differ'3nces 
bet,·_en t he prcssur0 gradie>nt ( :m ~ :,~ sc: t up of '7atcr ) , cind the shear fo r ces 
on t he walls , bottom and tbc tc;). Tii ::.1 ),w been done for our da t a by Goodwin 
( 1965). His results are cxpi'c. ed PS tL averar,0 ro~ coefficient base d on 
the a.vcroge n ~r ve locity i n the t u· .·~ ] et3 clcfine:.d by : 

C :: ·r/ pU 
S 0 

2 ( 5) ._, 

Fstimate3 0 1 C i:-. hey -mry \.Ti ~h li,, ,... l:l.re .... 01~.1 fo ' t wo different c1 _pt. G 

i n Fi urc 12 . 
8

F'or cc .. " i no.:, th~ 1.J.1
1,. or other hwestiedtors , Fro·:.c. n 

( 1951 ) , Kcu ,, ( ,,,-·. [ tTl: ;''.tz, r,l, (1<;:52) nrl so i ndicn:c.'.d . Goo·J ',.1
1s 

c :.:. lculatio;., '../ ·' '· ce 1" ··. ~e · 'Cl i'qu~ as npplic tot_ ~ ·..,tcr LC.:.(~-~:-~ 



"""' 
'"~-" 

C) 

-

-·· - .. 

.. --------------------....------------,-------------

··c----... - . ~ ..... ,, vi 
I 

~--
("> 

I 

~, , --r:'r,, . ,,.. 

r".\ t . "'~~ . .,.,., .., 

I .. 

I 

.,.. ,., . ... 
' .. = m. 

/ 
I') - -------- - ~ - -------------'------ -----'•----------

0 

re 12 . _ .e~ dr 
":,~rn -~d 

' ·1 

c ef _c e .t "' 
oc<1l cc~ - : ~ 

t 

0 

~-- ;j , • J 

w te r s rfn.ce . tr~E!IlG'J.lr.r 
r~ ... 

w 
•) 
1.,,, 



r ar~ no l, th~ COJ..""~ , lt ·i, so ·:: diff rE.:iccr.J c r\; eY ~~c·~':! , \7'htc 1 \·lll r enu t, 
f ro.1 Gt i. ~ tic 1:. o-:' t :.: £-C.c';:;r:,.:.2s o 1 t_.: _.lln of "i.,l:J tu _.: l, 'I ',:: "~:Lo. for 
d = 5. 1 cm C.JJ~nr to i n rt::::.~o ·1.bly GO')J. f'~,1'.\ ... r_i1:::nt ,.ith t 1,:- r ..:: .... ults of 
Kculce;&n a.:1.d Fi tzs~r . .1ld . Rm~Jvcr , F're:uciu ' r esults c;:10 .1 o. s '·s~r ::::r i nc1"0nce 

• i n C i th U ,y • 

I t i s vor G ro1., n0 s::;..•2 that 8. 1 of t ~~ e.l u-2<J of C0 co1r"r:;.-,o::1 to t h::: 
case \1here t ~ c ,-,,n·,1e l "uottom i s GP"Oo ... :1. I-r· cio 1 ~ . ..;u.l.t.'~ic. l i1C .Ud:)3 t.::: 
e ffect of t 1e averec;e bo~t.om c; _, .nr ·( 63 ~~ 1 c, ;,c! f;u .. -.La<.:e sh ___ ar i n his 

b - 2 uh1t., of t h::: d rar.r c o::: f' ficient ( i.e. Cs+b = (T !_ b )/ Pc1U~v.3 ). is 
i s equ VG. l ent to osslunirii t ,.:i.t t 1..! r J.tio Tb/ 18 i :J z-.:ro for 1,urbnl ~mt 
f~o\ . in t h~ i. ... .1.ter . Fi.t1 . ..,e ra ld 1),s._d 11:ts c ~.,L/' 01 t ·-.... ~ r,-· ~ ess1.'~1,.Cio • .1 . o,r-
evcr , Keuleg t oo1~ •b / - = 0 ,25 i n c. ti ti~.:., - ·c• o--i.ly . In vlc·1 o: t is , 

R ~ 

it i s no t clear vhy Fi t::.:,.~rald.' G d::i.t'1 for ::;:::+b s .. c• 1 G.l -, ,~~ c.£1 c:~1-. .; it ,.ri th t ,-.! 

r e:::ultc of Keul cgan a-•1 ood;r:l.n for C~ while FL .ci:; 1 r,~.:;· l ts is l ay a con
sidcrabl l n.rL,..!r \ .J.rlrstic1 of -a.~ .it:11 U , . • It i,, 8 <; dif'ficult to under-

t on why oou.w n found r.,uc a l ; ......... - c?'::!."'~ .'-'in CJ :'.th d'.:!p'~h of t_ ~ w2.ter . At 
present, t _ is cc:ielu:.io:1 cv;--1ot· 1•~ c 1~c~' du· t;1 t · . .: iJnr:i. _;::; of ot 1er in ~ot -
ga tors b ;:! CHU[2 tb r~ir l';.;Ctllts 0. p l •· to one \.,..:.t::r C: l) \ C..:J. , . 

Loca l vo.lue c of th.) drc:.g ( C::; ' :: tr./ r L 1 2 ) c a..'1 s o 
e s oated fro our .at'L Alt ou . 1 cval atici o .::~ tl _ c..,su:-, tion of t _ 
l oc;o.ri tbr.iic profile cer,11.ot be upp i c a., t_ ~ r,o .. ::.n w.m l 'lt~...,I ,'. --c ~1. <t 'e cr::1 

e used (e . g ., Schlichtin3 (1s;60 )). 1.;lat.ion f o r Co ' by thiG r.:.2 t hocl i a : 

C I 
l 

rd (U 2 6) 

w.1erc o* i s t he displ cerr.ent t ic - .co: 

0 l 
u ) C, I 

e i s t he omen. ·um tbic mer::s : 

( ).." 

= l 

u 2 1 U(U - l.)d~ ' 
n 

d . 

d z" i th .:. value of ( z d ) \111cr U 

To ccurr..t e l r ob .a. n v, ~~ G er C f , ~ -,1 

vnlu2s "' 6 .: ' t b..: -~ 1 C: • b ' -. .l - ..l .... 

I:1, 
ed • 

( 6)' 
·ne 

t · 'c.b.:! i t1'·c~~ral s i n r (7) L.' ([ d.c 1ds otrOP" 

( 6 ) 

( 7) 

( 8) 

t ~ olo:::-~ :f Uc 
con r bution of 
y 0) th2 r eG on 
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en,ical p1·ofU c ..,,.1,:re: t ,c! cu ... ._ e.ture ic c:r ·-: ! In our rc2asur1..-,• ;:.1-ts , t ii:; 

i o poorl defi:i.:!d b conc.0 th.: curvl11c 1-0,·t:lo:~ f U( z ') l:i e .., too clo3e to t c 
v t~r for ccur2t.; l!c:n.st...1~,_n vlth t.~ fi>.(!C. :·o~ .. : - T11us , t 1•_; u~::! of Eq . 
(6) "1ith Eq.:; . (7) u.nd (8) can b, ex 2ct.~d ,._o ,.ve only an ord,r of , ,,. itutle 
e stir::2.cc of Cs' . 

In dditj_o.1 to t he problem of uoing tk, e::xi:,~rirnental duta in Eqs . (7-9), 
t be a 1,Jlica:~ic.1 of a d_fini tio::i for prop air eloci t· r.,ttst b e conside ·.:::d . 
Eqs . (7-9) av1 1 to flov o er a solid boc:.1.<1.::;.ry. When t1:,e bow1d .. 1 is rr.ovin 
anr \.Xven arc "'U ,_~rimpor2· on this rnotio~, t ht.. air _, :,..:0d relative to fixed 
c oordintJ.tes r.:..y be EH i ucorrect estif'. 1.t for U z '). T,;o oth=r s ster, s of 

e loc:l.'L1• COOhliI ·.:.tes cn1 2 u sed . '1".ce c.t r ve) oci ty relati ~ to tli~ surface 
drift TP'1Y b~ a b0ttzr G .stemJ_ or a3 Be. jwuiu (1959) he.s otd, Vie rr.otion 
r elrtiv12 to th~ p:ms.., s ~ ::d c rr::i. b~ 1:~tter tht tl,0 fixed s st~lll of 
r e:f'ere sec . J·1troduc dou o ei tb2r c.- c of these reference velocj ties , 1J.ll 
affect the dcfinitioi: • .:; o f c5 * , e , 6 , an c5 

1 • 

In p tc of tb~ee dif icult.tes, it i s usefu ns a first approx rr:'lt on 
t o ai:,pl · Eqs . (7-9) for evEiluatin3 C8 

1
• Calclllnt i ot1::i of t ,;; local drne c o

e fficicm,s besc:d on tlL ata for U( z' ) \..::rt..: rr,'lue, and '"Om~ t ·pi cal rc:::;ults 
f or 6{~ , 0 , .1 Cs I are nhovn i n Table I . 'Ihcsc results i ndicate tbat 
Co ' ecrcases somc:ulnt witb fetch, but t cndn to inc:ccnse vi th '\./ nd s 2cd . 
'Irn ec1 ",!.SC .., itb fetch is t pie 1..l of the var at on j_n C~ ' in t 1c co,1te t 
of a. g.co~, ng boundury l ayer ov •1· solid ttr1 e.ce . 

F (1,eters ) Nomin'1 l Averr,ge 
Air S ee (mps ) 

2.14 5. 2 
I+. 58 
7. 03 

2 .14 7 .7 
4.58 
7 .03 

2. ll~ 11. 6 
4. 58 
7. 03 

u 

TABLE I 

(nps ) 6 ( cm) 

4. 76 7 .12 
5 . 20 14 . 0 
5 .48 17 . 8 

7 .20 13.7 
7 .95 19.6 
8. 80 22 . 8 

10.8 12 7 
12.1 19 .3 
12 . 8 21.6 

6 ~°' ( cm) 

2.00 
2. 80 
4. Ot+ . 

2.97 
Lf . 60 
5 .4 3 

3. 18 
4. 90 
5. 68 

0 (cm ) C I x 103 
s 

0. 682 3.39 
1. 23 2. 65 
2.08 2 .33 

1.44 5.6 6 
2.28 4.32 
2.82 3.31 

l ,lf 0 5.31 
2.35 3.75 
2.74 2 . 50 

Usi11 ~ th:: no:1:!·~"'.l av-.:r2"'·- veloc t · (0.85 Uco rr,caGur8d at l arc~ fetch ).L 
s iw,,_ n or C , .. n0 cc.lcuL. i::cu. b ave.r,\~:;ili_s each net of ircc values of Cs ' 

fo r t e 1,~1- 0ca o Uco i•1 1vb e I. J;s e. co, 1tD-rl30,1 to Goo ,:in'c ldJUlts, the 
t bre~ esti1,i::i.Ls of lJ,1 b · ··Jis r.'.? i., oJ ar.e ploi:::i:.~d EHl trin:; ,::u1ar points in 

lcure 12. ' 1 1'..: n ~ for C,:; b ·· -~.:iO cifi'er'--nt c:..lculntlo::isucr..eC'k 1~aso n.bl 
1211 for tli,? 5 .1 m cLpt 1 or , :i.,-~r . 
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Th_ v ., l oc ty p rof iJ es f or n r ,12r, t a~c\ pr r..~r. ly at 15.2 c in ;ater 
deptL, but t here s 1ould be l ittle c~1,•r,i ~ i a air flov e.t 5 .1 c r.i . 0.1-.... s ' ;e,_~' .J 
bc n r i n mi nd , howe ve r , tl1n. t C::; cn l ct l o.t~c1 1'ro~11 t ;L c1 1tn in Table I r .:::prc·~ ~-t.o 
Ts i n a n o.rr ov sl i c .... n ) erg t be ccntr::r sectic 1 of t h;:: cho.nn~ J.. Str ic t l y 
s ~a. i ng , Goodwi n ' s esti:~'.J.i.1.:r; o f t ., nc·lu c t.2 vari at i c,;i of C

6
' i n t .:! 

y dire ction . F ror:i Fi:,,ir. 5, i t i s c lc, .· t: <J.t t h~ L .:i.r 0 .1 t he ate r s urface 
r: c. r t he u."' i rr,'.l i n t ." c : )sr-sect on-'l.1 l:iGtl'ib1 1tion c,f a i r ve l oc i t " i ll e 
l a r ge r t . nn tha t a t tl" c. n', ·r "cction . Thi:.; s eccou::1v f or t h~ difi"'crence s 
et •2en va l ues of Cs at d :: 15 . 2 c,:1 ~-s ,_ Jt i ,... tt~ d o Goodui n ' s me t hod and t bc 
orr.ent u:n i n eeral t ee .. q " 

v . 'r.'t :r: c1, ..: JA 

Aut.o c one J. : tic,.l r.unctic•::; c..:1 tle F r,~ uc.··y Spec Lra 

The tim2 correlat · ."l'" 'l _. v:_:.,1 d spl n'·c:-:.~n ·.~ o:· t . t,•.:1tcr s u 1~fuce ere 
c, !. .. e.t~d f1u.1 t } _. c':_:itI'l:d d-:: th cz.u:;2 dc1t1 . 'L"' nutocon:. l at i o:'1 func i on 
R(r ) 1s dcf.11·~ d JJS : 

-.< ·r 
f r 
C r. 

(( ~ I RJ'.: 

~ c •~·e r e,.· 
d c ... aft,,:· 

T :: t - t 
2 l 

(lo ) 

(( t ) a re s u rfRce di npl o.cer~nts t e. en a t t _ sa..,,~ oint 
t'rneG , t 1 and t 2 . 'l'he c1verag n~ t n.c ·1 i quc i n Eq . ( 10 ) ·as 
:he r.· ·tho l gi v~n 1n B:..o.c :-.rn~,n ar,d \1-,,,ey ( 1958 ) . 

t'hc f\ ,ncti n:: r:l 1 ) for ,:ave::: i n 1,b c rume l vas f ound to e xbibi t certai n 
' · r es ting fcri.tu r,:s . /\ trpkal cxD..·.p J.e iG s O\, in Fi gure 13 . R(t) •.:as 
g, 1erally found to o sc llate r c 0ula,: Ly a out t he R(T) = 0 l i ne \lltb i n-
c 1 eets i ng t Its runpli tude c ccr0, :;e ch:-i.rply i ni tia ll , bu t 1 t be e : j •:-

f n. irly steo.c a t highe r v o. .u~s o f T , t houg 1 s orr~ti::~s it vari ed s O\:ly 
as if a love r ha r mon i c ~s p resent . 'G'e 't-~mvJ o r of R ( T) suGgcs t s t 1·!t 
t e re i s a t endenc • fo r t he mut u£1 l actioi1 of t he t wo flui ds t o fo r ce a 
early ri ocli c , r ecuJ:>..r di sturbance t o d ·relo on the , :ate r at a g ven 

f e t ch i n t he c 1::nn"'.!; . On the r ~e;u l ar vg_ .· c; ore su "' r im .osed s mall, r andom 
di s tur anc_s \.lh ~ch ur, r e l a t e d to t h8 1!11'C r va lue of R(t ) for s malJ. t. 

This, of cours,:•, j s !' -ecisc: iy t he p 1ys5ca1 p icture which de ve lo " d from 
v:i.sua J. observri.t i cn s ,.,f t he de vc lopinent o f Uk· s ic;i1 i f i cant uave s . 

I t i s ~ 11 l:-no.:·, t 1nt t~,e ru c corre l e.t i.cin of a .:..r ~odic function o 
riocl P i s a10thcr p do1l i 2 f"rL · io.1 ,:i th p.:r i o P and a zero eo.n . ,cnce , 

t he· p riod of t he s i _,.i i f ie 1t <tv s can be es t ir'.w.t e d f rom t he zero croccin :· 
of the a utocorre l a t ion f unc '..: ir, n t l arg va lues of t ,,here t he e f fc ctn , r 

the r c.n 0::1 c om onen , a re err -1 lJ . t s s een i n F' i gure 13, t he c omponent s of 
"noise " t end to do.:np ou t ro.pid.y , s o t tat the per od of t be gn i fic ...... dt 
wv.veG a l s o can c a l cuLJte:d ;-,:.1p1 n:in~<J. t e! ly f rom zero c rossings of P' ) 
over t h~ '>rho l c r an~e c,f T 'l"ypi c a l va lues of 1/P found i n t }:l "· JT'.-

nre l ist:' d h 1 Ta l> lC' : I . 
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'i"/'.BlJ.:: II 

Case C 
e 
I 1/P f 

21 2. 71+ 2. 7 2 .9 1 
79 4. 6? 4. 03 l , . 71+ 

100 5 .6 1 5. 71 5 .65 
11 3 2 .9 1 2 .85 2.76 
169 3 . 21

1 3.31 3 .26 

'l11c ePer op::!ctru ,;2rc ca .c, 1 · t:-} l· Ir~-' --: o::' ~- follo ,-,r • reJ.2.t 0 I, - _, 

◊(f) •1 R(T ) cos2,,ft, t ( 11) 

The sc, , :· = f o- cvcl 1·•.t rz the i ntecrri. J. i n Eq. ( 11 ) fur r, fii.'i. t r· ,_o • i G 
gvenl::, Bla.:•.inr •Tuk(·Y, ( 1953) . Hc··=ver , i ns1,etJc:"t1~· .... ' ... _c:i.:..1i'1.U-
of "h ·· · \.r3, " 1 t ,: , prefcr1 .., d to o itc.h s u it.:;. le c,.,. i,1dou t-:r : . 't. ~p ··in.3 
t .cf,. ·tic.J.11 (r ) 't.y : 

T 
g(t ) = (1 + c c; f - ) , 

ti\ 

(12 ) 

where Tm for our data i r.. 3.5 . 'f'. f d ''3 f v ct 0:-1 f;(t) has t .-= ad-v,:.itc.e;e 
of u p1·e...,sin3 the p ·riod:ic CO'.l:' ::t '1 tJ-,...: autocorr,.; ~i.t on func..;io..:l e 
l e.rP'C l ags it out r 10·, G a.r1y i~ re;ri.c- ~J1on at fJ .ort l o;:;::; . /u E)}WTT' le of 
t he fade, au ocorrelntiou R' ( t) ( : ;!: ) cor.t·es r--1clJ :J to tL cur ·0 f ! ' (, ) 
i s sho~:n i n Figur,c 13. 

The "' C r'Ur.1 er~ r· •i;pon ir:g to t e f .... : d au· oeorrl.!l,1tio ... 1 ' (T ) i n 
Figure 13 iG sr:o•.m ir Fir,ur-=: 1 . n ote t1 .. t the ten<::cncy to, r d p~r odici ty 
il.l t h8 , ,u.VJ t r'lill a l ,') i s i ndiea .;.. d l n t',i.s G ,-ct n.,n . Hir;-[cr lltnwl1ic,-; of 
t .::.. fleq•1~.1c:· fr. for w ie t 1~ energy L., r "'Xii.. m "H' rr us i nd.i ca · d i u t is 
FiQJ.re . I f th~ \.·av · , ·.:re _rfcctly p.:!1·icJ.ic , t b2 i c31::lized sr12ctrt based 
on t he R ( T) en e ·.:ould eve l op as spike;:; o-r· i nfi ni 2 h3i G 1t at n 
r.-r.i ltiples of fm . Ho .:.v::..r , b~e2.usc t be n.1vcs are ot t ruly periodic , an. 
becaucc of t c r...,j1dc. 1 co::ipoL n".:; u 1ieh ex ot i u the s u1.o.l , t .c s 2ct ruti 
n.ctuo.Jl t ,, (CS ,c UI..)Y s 1~'-f:! indicated i n Fir.Ur<;) 14. 

~_plca l vqlues of fm are ,.. ·-0,r.:1 5.tr. corresro·,1dh•3 values f 1/P r d 
ee l >.. i n T t:i. l e II . Bceaucc of t e nc.rrorn:!G0 f t ie 1 c · o~ con ::. · :J·~ 
r.,oct f t .c en'=r r;y i 1 t ;ie 01.2cti a f or , 1,1 Gci.1crc1t8d \J,we::i i n t 1c c' -:r-
tr ::nc t 1~L frcqu--"::!ic, n _,rc ... r3.tc 1y cq_uc. . l s , for pro.c' 1 ,_~ 1 
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pu.r.pof,cs , t ' ,c .;,wen 1n th? cb-~· ,~. rr•y "L:: clnn. cte:d.zcd esscnti .lJ.y b r tbc 
prop2rtics o.SGOciuted with tL2 i:;ir c.:lfie ~t WG.VCS , 

The G. o,rt.1 of W 1v·:s in tbc C,.1DJt.'le l 

Th2 freq .ency sp::ctra ca lculated at different fet.c 1e::; for th~ soir.~ air 
vc l ocit indicJ.t.:! how the c.. es g1·0\1 .• s tb~y rnov,:; do'.,:-1strc[n a.lo:ic tl1c 
c o.nnel . A t -pj cal set of s "".ctrr. for i n .. rcos ln0 fctcl- is £'. ovn in I~i.gure 15 . 
'l'hesc curves b . .1ve been correct-.-,: b r;u tl ,"..C-tins out. t be noicc l evel , and 
have b r>cn S!:iootl,cd by rt mstboj s5.rri 1°.r t.r; t J,lt a.-~r-·cucr:cd by Ilidy 8.Licl Plate 
( 1965 ) . !l'er,r ti-.'= l cn.c:line cd:=;c or tli2 u:.ri..(!r ( c,E i 11 fetch ), t 1e observed 
s ·-ctrum cc:i.tain,:, little ot-J.l en:'.!rGY £-'.d i o r.:i.t' 'r r1,__ As t c \. ~.:vcs 
t ruve l d o..:l.1StI\~:o.n1 , the 1c·1c:ni t··1l1~ of th._ sp~c;~:-... \_1.l 1..~::11·· :Ly fw1.ction i ncr~r1s,:~s , 
t lie pr i mriry pa':s broG.den nt first, tlier. tcni to f ·,:1ri- ··n up vhilc t he alu~s 
of f 1u decrea"e . 

Th.-:- gro .. h,h of ,.-d.Ves n. t1:~ r nc!'~ of hi,z er fre~ t"ndes t en s to be 
li ir.lte 1 ris ini"ii c 0 .l:cd i n Fie;u:r.·,_ ) J . Tbc complet."' , . , :, )J1i:::m fo r r,~strninins 
tl,~• gr, ~-1,h of thr- hiG-' frequency corario,::i.cnts i s not l- ·, -i. Ho,·,_. ,c:, it c· 

co sC:'c:n ',h£tt th~ limitntio.:1 h1 growth, :.n part, cr·--i 1:- '-·· ,_,~;·..:.1t. 1.,f utt:1in 
i nf a 1 . ·•nee ,,_,t,, ..:en P' • ns i n encre-; j nput fro,,: tL:: '• i· • ·d losBcG 1 ..- d, c
s i J :.ti,~ . TLe ,.', ~:sip·1,: on of energy in smal l gr;ivit ·-,::· r' '. l , <":i F.w a ir, 
pr,';11bl_. ;·eln'·•l to tL! nction of vi sco::; it ond su2fdC:C 'v•,· L , . "tr:• 1(:--" 
by ·: i. s ·::; f o. · , ln ;:, ·1•~ G is p roport i c.:nl t o ( al( ) ( L'1rnb ( lS, y- ) ) i l·"' r- · n 
is thf' ·p11t1 • or a, tve . As proposer b LonE,v.et-Hi,:c;i ns (1~,·62[1. ), trc> 
l e,~:; r · .:lt.ir _ _- f'ro-·, st~,fc,ce t cn:::;io~1 cc11 e rcJr·.t~cJ. to the drain or er,---,· y 
f H;-;, : -.-,';e r v· ".s w:ic-n C9.pil1.8.ry ripple:; nre fo1..:2d ri~,r t he c res s of t}•,· 

11-::·ge:· ,~o~.:µm .rite;. Th:s pr.irUcu.l['.r rnec _nism h d:ic~ttes that the energy l ·:, 
:i s pnpor-',.,ton·,l to ( 2/\k\J . Tr.e subscri}Jt c refc1:::; tot~ cnpilla r •. 
en tt~ crest of a J•.rL.r \Bvc . I ~ t ~ i nt·r,ctio~ bet,~en com,on_uts in t: 
W[tVe train is a cecond or igh~r o:rct::r 2ffcct (c,c ,, ~lillips (1953 )), tl -:) 
action of dissi -.itive processes sho· l d bql·mce the i 1-:.1nt of enerr;y from the 
air motion in sue 1 a wcy thnt t he 11-=t c.:iexT':l at cqt libriur;1 j s smaller the 
b ig er the frc<1_ucnc range . This scerr.s to le "U~~.:!Gted i n the behavior of 
t he spectra shO\·n..1 i n Figur~ 15. 

I t i s i ntercstinc to note t 3.t · he ro~ ·h of compc,:,,en .s i n t e lower 
frcquenr.y rans2 , on. f $ 3 . 5 cps i n FiQ.lr~ 15, i s approxim.'.ltely exponential . 
Quali tci.t ive ly, ths tyr~ of grovi.,h h::1.s b __ ;J predict2d i n tbc recent s cari11s 
f low theories of Mj~es ( cee, for cxamp c , Miles ( 1960:). 

c.-, :n:i. ~ ar i ty c;hape of the Spectrum 

An i rnport3.rit fer,turc ,., ,j c 1 ·0 ·1s nlso ex 1ibi ted by r:-,1.ny or the sp2ctra f c,,
t he c rumc l \.1::tves i,...:.s th~ t,. :ic1 .--_y for grovth i n suc11 o. way tbo. t a sJr..iln,. • :f 
s ape i n the spectr.<i.l clr•n·;ii.y f .nction is rnaintain~d . The f requenc r r:pec-· · 
can be cxprensed , th ~o. ( 11' i n norr1all 7.ed form, 9.S : 

( ' : _; 
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~15 

= ;.:( f /f.,) ( 13 ) 

e re ¢ cno s a dim~ri<J o:.i l <:cc que11vity 1 :::,r<.:s2::1t:L ..; o. "u.:·:iv .... rcn.l" 
S 2ctral d~;. . ..;i t r :fuf"I.Ct io::i • 

• >ica.l ro 0r:oot_':.d cp:.ctra , .. ncn ".V-..,; b J 1 r.1:oc t'··--d ,,,, correct ed for 
noi se:: leve l e.f·G~r ~ a 11d. Plc.t·: ( 15,S5 ) · r: plo l, i. ~d n a fon:.1 co '.1.. :c )O:•.cl nj 
t o Eq. ( 12) i n Fir·u t,.: 16. 'Ii r:~ct.ca . 1 izu_·.2 1 r8tn to cl..:finc i;lc_ 

mJJ.arity f lL'"'C~,_,io. V qu i t_ _lJ., 'l,· cc. c.'i\ic .. o:C' l." ~ , F c-. fc,:~ th::sc 
s cc ra a.rl.! s o~. i •1 'i.::blc J1I e.1.c-~.:.: ,.i _i t: _ " , ·; or a , fm vr.r · ¢ 

I n 'c, .. ~i-2.l, t ,._,e f0, 1r. t1·-l- t~- c 1 ·2-.:. a .'..J. foll. .·2·1 i:i qui-:~-- r;· .... U_• -
f actoril ' for t h.; r~ • .... ~ <U < ., 1 ~)3 , c. l fo1· 3 <:'< 12 Jj,.:: 1.. •. r.:; . 

ABLE III 

d(mctcrs ) (1• ,PS ) F(meters ) 2 
f ' ( c.. ::) Case u (1 :i-:1 0 

(r."terc ) 
,., 

l ; .83 4 
163 0 .0254 6. ] () 5 .24 0.131 ~. Ox l0_ 3 
175 0.1 02 10. 7 10.7 .767 2.36 7.9 9x l0 2 
188 0 .10 "1 17. :, 8 .16 1.36 1. 93 2.97:i:J.0_3 
192 0.0503 10. ·; 11. 5 0.5 38 2 .33 5. 53x l0 __ 

3 
208 .0508 9 . l r; 7 .86 0 . 6 ll; 2 .48 8.65xl0_3 
21 2 0.102 10 . 7 5.74 O.l,57 3 .17 4 .15xl0 

Accordin '·o Ph lli1,.-:; ( · 95' 
or saturat io· ,_g 0:1 i n t . · h:1 

) , C" d .E:l1rJ i cr-i-i -~u.0..3 , t~':! CCJ:l librium 

,· . f r~ ,~uL. cy r-.iclc ': tl· ~ Gr 1ctra for ravi ty 
\ Ta co G ould follou th_ r- J n J .1. co.ntr .. ·t, it l s ~en c;ur:f:..!Gt(!d by 
icko ( see , for .cxe; n~c , ~ 11) 

s ould follm1 O l r- (/ 3 ruJc . 
, ( 195Gt )) tr~t ~- h . p· j_ - co.pille.1. sp~c:trt1.lll 

. 1 •: ic,--..h. r1[3u~c 1 ., t h:: iL.i.'.i.CiC:.l cco 
1• t : d to follo.1 t b::! r-5 ru e on.:r appro:.· -s "' ct12. for v,1. es i n the c "'::: 

t.:i. . Jy t ,.o decades in the hi~ 
n~io3 , t here i s a t cndcnc f 

t .1~ -5 . C~ il1ary , ia\c bcl 

~re 
• C" . ..., 

i n 'be fre ucac · s~:ctra. ( 
iGUJ.'e 16, a.ctunll y r co.ch t 
Pt~ar fo r f / fm = 2 . '" to 3J:, ,} , 

i n F'ir,:ur~ .. 7J. , t b~cc t ,~o ex'"· 
to t he r-7 3 r .g • 

r 

.c 

c,1c - 1 ..... ..,:,? . I n th~ i -.:s t frc.cucnc 
r t b:! oncctra to de'\/e l op a. olo ,~ l ess 

:.ou C b ~uin to ' • ..;ar 8. Ot~ f = 13 Cl) 3 

. C£ ~ .:C ' rum -)l'iJ 163 D d 188 ca OliOi:.1 i n 
.: . I-or C',G::? 163 , cepillai- VJ.Ver. :ho..ilcl 
I f . ; • SC 188' f / -S\_1 = 6 . 8 0 7 . 0 • 'J:i:mo ' 
y ( : ~ ~~- '·h. b ::r :i.~ \ .nss of a t rr · ... s iticn 
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Afk:r Hid t':1d P1..t~ ( 196'.J ). 



Unfo .... +t. " >ly tl1e e }· ,-,-1-,·,nc' o -~ t· r-7/3 n:1.)(\ c::-_•,-,•·•)·1,' ..... "> \ "'r 'l"~r,d • .l. V •· • - , S V v • l •• .I. • ~ I .. - <.C ]_,,__ 

g~ .. ncrall · i n t.h~r<:.: r -:sults c..:,.._ ...... u::c tL · l1l_ '·...: ·t fr;:;cJ.",_:1~i s "W~1:tch C <• l 
·uoJ_v~d with EO.!.~ accurac in ti,:: cc.. ... ,.t~·tic ·. ccl·2r: ti_:·d, lie 1:1 r0tL'1d 

1 5 c ::: . · erafore , trc:1 d~.:·-.. cannot "•()\'i.cL ccrc u .. JlV..'.! ev:id.,...:1:c"' for t he 
existence of ru1 e u_librit' J r, ·1.,::;e i n c ,:_1lll3r ,,, i . ..;.v _; . 
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'l'his r;tu. y \i3.8 no., j :t ..: sp"cifi cci.lly to ' ::>-.:_l n.VCG at ~en . Hcver-
t 2J.esn , it i s ,.orch·,~i.:.l. 't.:) ... ,,::! ,,1'2r0 t}, ' d '1. t '-: -.n rc r thJ c:,:::... ,'.:! l \ iaV(;3 

fit inco t 2 0 cralJ. p c'· tr c? ,;-1:ud .!'"._!; ..... t:.. ... , ... . \...S • 

'l'he p 10 .::1•i:;ie::; or t1 ' • V.:t\,(.3 [ :.:.":i: ~ .. __ , ir1 trr-: :~1i::.::: l cr.nily Cell be 
p ace i n 1,_r.,r,~ci:;iv-:: ;,;.; 1: ,c le: '.. ... r cc ... 'r. c ,,:<iUc.•.; by uc.11..:; , . ...: 11 L.0>·~1 
pict .1eo of l :~\ve; b:'1~ ... ~llO/' . J\" ··1 illP,..tr'-... t·,t c. 1 , t ~ c~ -"1..! l f\t'J. }1_,_,~~ b'""~ll 
plott~tl ocl::!ri.:rLicc. l.,,r ire t, " :1,:_:: " c.:.rL·,•:•·:; c,f :ic'.~ (1963), o.n "h0,~,1 
i :F1c.1r0s 17A c:·-..cl B . 1 . l :-:i.~ _ l r/.1. , t· ~ l .. 9:r' ~.:.~.: c: t.,"' r,~n.·f\,·irJ. d ..:vlntio 
i s plo vt~d [':d: ~ t·,_ i,:: j_-i_ ~ (;,".' c .. ·c'1. ':i..:.:! :: r-~.-,r CU) . .:)f} or :iint::i 

~fe· t o ~1 d sr ~L -~c _t~r 
r. 11 0' '3 . ri •• :; val w f. ;'.;d for our d:~' "· c: ,.~.; ... :· id to , . 0 '.n· 
d."".-,. f,:- , . ·8 jn: 'e ,· ~r 1 fit u c.:.:J.. i ntq t· _ 1.c.~tr • 1,::.·- cf r Oii:. 

f c~ .1 c1 th:: f:i.,·.··~ . ,fr .ui-'y, ic;ur~ l 7}3s:.-.,-,, ... ·_. "~i.1.:· "' ·:t. 
ftc-h. t::2il,.our,,~u~~-s,ur''.:-llv<>v0o cou.-.!:::-:·· .t::, ,1,1.~-.· t. · d. 
er·· mrull fet ~~J . 

.., 1 • , : ::re t h::.: va .) (7 i·,., for · 1~ c:,, nncl fit i .tr 
·s • (:1th~ c orr..:. curveo of \ Tiec;::: l ( 1s-;3). 

.l C:: 'L' .J.G iC•1C. grOU'1C'J, t C 

c1 ;e;T; 17a r ) s ould ::! r..:' ·.' d 
le~sth -b h1,., t ~ fctc'1 . ·1~ s 
i n ot<'n a.rd c ia.tio:J. , l e ...., ~· 
f etch . 

~ J:-Of~l 1.,iCO t G-·"'':I'V.t'3d \ '.J.VCO ( cJ. 
• ) r. i•'rot c .... p _r;: ,;it:1 t ~ c Ml actc ri , t c 
·'.)r: _1~1.tio.1 c}10.:; (' • t r1 ly t .' J ul l cd:;i c.1 
-.. r c t...'3.ificcm.t w2..v~. , C.! fi-0q_ucitly v t;1 

Wie e l' s r oults i nc lu : ~ Jt>.'vn t D.~en ov~r o. c,~i;J. ,-'.! y , •ide r n.nc;z of 
ccndi tionc , .oich i ncJ id, • 0 •11 to of co: ~ l ubo_•,,tor· cxr .::rl r.:-~nts an field 
s 1,u ic .J :l l e. o.nd 0:1 t· e ocecn . 

A plot of a _, mu, ... :- c · v:i.luco f o , A , " d f for '::! a.vcG n t = 
8 

m 
CSU C ·1:c_r._ i fJ Ci.o.::.i i n .'J - re 1 a C :; ,: t nvcr2::. cu:.. "L!C CGt ii.3. ·- d f ro;_i 
Hie~, 1' fJ Fio re 6-5 7. '. 11e c.v~rl t..,2 curve :ro t ~· :! corr .... ~a den of t,... 2 a.rel 

cYi o.ticn ( or 0.33 tir ·t: -~ ciL,.lH'icvut , vc ·'; i -lr~ H1; 3) f t>. l o .p_proxi-
0:3.t e J.y c~•!Z t e r::nn (f '\.·_ C: .-;,'l fro:n tis tu<Jy . Furt:acr ... -:on_ , t .:) li nes 
or maxi·:~ end rail ir: i. ;. ,. , : :; e:::iti1n.tcd f :i.01 lTi0.;0 2... 1 0 cor:..c latio-1, cncoin-

'.l~O o.ll o-? our a l u~r.; . j r; i nt::r··::itil. 0 to uo'i:,e , hm-~v0r , t bo.t t '1..:rc i o 
r.: ct_1, "'.tic d ':')Vio.ti c_\ u~ t U( , for t he p:11·orr1~t"'r r,u/U, .. } i 1 Fi<·urc )8. 

'l'hi c i n icakc t hat t he Fr iC:- crlterio:: •/U -::? cc· ,ot b_ t ~ o Jy F',1·2r-.!· • : 

fo r rnoc .. l :.1 3 t ::: rr~c1. di::. e.c ~-,.; of t b~ , a.e:r our;•rc~ . Fu ... ,.;1~-.... 1wor0 , · t i•1 
elem· i"1o>J t b~ d'.lui. j .1 T- ·• n· J r_cl t}1~ p it't"l fo r llis'1 , ,_.,_d v"'loci:~,.r ~ 
'i[}. L'-3 .8 t\: .. d: ,_: • ulo. b::.: rclu :cc.. j •. orr~ l ri. :irn: t .:!1~···· :-.}r 

f!::lit 
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e data for th2 dir.::ncic.1lcss kV•~ le Jg-c of Gi[•lfic · t \;av.::c. :in t .2 
c m:rnc l fit Wi ".! l's orrcl.c.tic. cu ... ·'\,_ sa·::.:ir.i\.'..cto_:iJ::. 'J .. .:::J i c c. t•.;ncLncy, 
bO\:cv'-r, for our poi!\ts to l ie sc_, .!\-~mt ab ·. _ t "h ! cci..ir ::::L· of \Ti c;cl' s lin:! . 

A po oft ~ wl::1d 1., ,1~:.i.;. l ch,:.i f o:r· f 8 i v:l.lc~':-', t· ·~ 1'1E.-,:!J.'11 cur\.! io 
e.rra nu .1::·roac ...!d , Ho.,·.:.vcr, L1 t .JiG ca...;.:: , our cl:t:1 11.. G'i ·:i ··- b::--lmt t·c 
e s c11~1ted corr~ lut.c.1 curv...!, 'Enin i o scT-:\.h"'t 1 i.;1:: Ci:: .. ,, l.:-,:..!v-r , c.n.c.:: 
con: rat v~ly little datri. i s preccnced fo1· ·i.;}:1in V-lu:- ( i11 ·L,·x. r; oi' P ) i n 
Wiee;-21 ' ' PJ.r✓- r . 

ie dirr~ s ton ccs nercr . ~c1.,1'Um eriv~d b Eq. ( 1~) c2n 2 comp~re 
to t c dirr._no ion l crs form cli ccuss<.!d by Br0t.;c,i.1~id-..r ( 196:;3. a.ncl 19 3b ), 
p rovicl c d t J.t it ·1~ c.osurr2d t hc:.t o2 / ':" j r, ppro·:ir- :,.t-~ly e qun.l to 
J. 34 o ,:here e 1 i s t h:-- rrJ.. L:'-.t: va.ln'.:! or t1:~ o:Jctrc-1.l d_n-::lty 
function ( sec , for exn-pl cs , t l :-.! \ ,•_lue;s i n 'i'ablc III). 'l'r.lr. .as :., u de 0 

n d the compar.SOil i c sho\-.':'1 i n Fi ,:me i9 . B1·i.:t::;c' :!ic'_r's <::Gdn,-..t...: for 
t e Iieurr.mt.'1 s~ct:r-.;;n orrecr(.'lin~ tofu 13 · ..:.cJ .. cl f_'\ fu c ~ l r.. ,.,~ 
with o'Jr irr"-'ns onlesc s-,~ctnt:n. For furtbcr co·,1r:.i.rl•;c1 , tYric 1 1.: •~, of· 
Burli- .3 as c ... l cuJ :1ted by Br2· sc i.nc id.8r re sho·.n 1 1.i.:_.:LJ 19. , .. 1 ~-:',: l. 

~x ctcd , t e dir· .nsic-:...le os spectrun for uavc □ at (-:r, cri:irt fetcl. ill t: ..: 
: hanr~ is 112rro _r th"..:l. r}:1~:;'s d.:-.ts. te1cen at F :i 10)0 1..".:!t--;n; c.:cl •..::.• 

1'kum:,1.LJ s ~;ctl-i.1:--· for nearly i nfinit.e fetch. The t hr-::~ d,. ·''l( ''.ll cl i...ct · :
of wm·cs dG' 1op n3 o::i t ~ su face of ·i:.h3 occnn;:; ' or l x:..-c , of cc::., •• , c,_·_•ot 
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