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ABSTRACT

"This répbrt énalyzes and reﬁiews the processes‘invblved
in the gereration of mcdulations in short wave structure by
intérnalywaves. Tne emphasis is:on field conditicns‘where;
in generzl, there is wind vleving, a mean current with V"rtl‘
cal structy r:,.long and short waves at different directions
te the inlornal wave and possibly surface films. The appli-

cability cr otherwize of theoretical analyses and 1aboratory
experiments Lo field situations is discussed, the problem
the variety of interacting phénomena found under natural
conditions. At the end of each main section of the report a
summary is given ef the principal conclusions of that section.
“on 2, the mzan distributicon in the vertical of
the horizontal current is dissussed. In the top few milli-
meters there'i; a surface wind drift, generally abcut 3 per-
cent of the wind spe=2d. Below this, the current prefile is
hishly varizoble in time and in location, but isvessentially
horizental, with a muach greater hofizontal length scale than
vertical scals. _Reﬁponse tines are estimated. Section 3
considers the variaticon in curface cﬁrrent produced by internal

waves in the presconce of such 2 veaﬂ current distribution. It

is shown that, for a given Internal wave, the wvariations are
amnlified by 2 curface curront in the some directicn as the

T‘° formation of surface f£ilms in the presence of internal
waves, currents, winds, surfazce waves, etc., 1ls discusced in
Section 't and limizs are glven for conditieons unaer which

saturatsad f1ilas should be found.
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Szction S‘reviews known results concerning the direct in-

teraction betwzen a surface current distribution and surface

. wavss and considers their applicability ta‘field situations.

‘Exccgt in very unusuzl circumstances (very fast int ernal waves,

surface current in the QppOSit° azraction} the wave }ﬂngths in-
volved in direct resonance are so hort that energy input from

the wind ‘will m-.sk this process -re$onance is not considered

to be a significant process in gnnaratin¢ short wave moau}atlcns‘

Longer, faster surface waves, whese time constant for energy -

~input from the wind is much greater, glso experience modulations

in their propagation through an internzl wave field, though to
a considerably smaller extent. However, these modulations do |
influence strongly the Structure that short waves can maintain

against breaking. The process of wave breaking is considered

oo

in Section 6 and estimatses are mads of the modulations in short
wave encrgy density resulting from this indirect interaction

in the presence of wind. The results are summarized in Sec-

tion 6.%4.
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1. INTRODUCTION AVD OUTLINL

An understandinn of the proccsses involved in the produc~
tion of surface effectf by internal gravity waves or ot ther sub-
" surface,disturoancvo is sential for rellab;e prodlction, but

 this uhdérsﬁanding‘has remalned elu51ve. A variety of physical
- phenomena are'pdtentially involved -~ non-resonant coupling
betwezn short surface waves and the moving disturbance pattern;
resonant 1nteractlono which are more selective in their ocecur-
rence but, der idealized condltLona at least, potentially
stronger; indirect coupling between short -waves and the moving
patiern, either via longzr waves or cwell or via sub-surface
wind«induced currsnts; modulztions in the pattern or intensity
of small scale wave breaking again either directly or enhanced
by an intermediary such as surface wind drift; modulations in
the density of surface material with consequent variations in
energy loss rat2 and energy density of short waves. Under
naturzl conditions some or all of these may occur in varying
comvinations; what is demonstrable in the laboratory under
carefully controlled conditions and justified theoretically by
a correctly arnuad analysis may be overwhelmed in the field by
a quite dlfforen* process where there is a wide range of per-
turbatlong cf mJnJ kinds. Certainly éome of the early observa-
tions of LaFond (1962) on the occurrzsnce and movements of
yyslicks pointed rather definitely to an aséociation with in-
ternal waves, but uhder other sets of natural conditions, other

balances obtain and the associations are no longer clear.

e e N S R
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The aim of this report is to summarize what #e know about
the processes that occur near the sea surface that may be
relevant ic‘thése queétians and to evaluaté(their‘interpiay
and théirlccmhined csnséquences insofar as they pfcéuée an
obgervable vafiatisn in surféCe préperties as a result of a
sub-surface disturbance. What theoretical ﬁcéels 40 we have.
that offer gﬁidance to cobservation in the léhsratéfy zgnd in
the fleld? %hatyghysical processes are résgonsihle for the

‘phenomena already observed in the labcratory?' Which of these

are relevant in the field and what are the optimum conditions
for detectability in the field — which property of what pro-
vides modulations under the widest range of conditions and
what 1s the best way of measuring it? This is the range of
questions to which this report is addressed in the hope that
it will place much of the e#éellent work aireaéy done into
c¢ontext ané indicate directions where future work may be most
fruitful. -

The wind is generally blowing over the ocean. The sur-
face drag produces a thin surface drift layer and, if it has
been blcwing;for a subétantiai time, sub;surface‘winé-inéaced
currents are‘present also. Waves exist over a continuous range
of scales that can extend from cagillaéies to long swells; in
an active win&-geﬁerated séa3 waves are bresking spcfaéically,
sometimes entraining air and forming a visible white cap bdut

sometimes on such & small scale that no air entraihment takes

place. Generally evaporation produces a cooled surface ‘'skin';

i
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whén_wave breaking océurs this skin is locally and abruptly

'~ disrupted so that the local surface‘temperature, measured
'radiometricallv, is also disrupted aerptly. Surface films,

usuzally of ofganic origin, are present almost ubiquitilously.
Superimpose on all this a very small amplitude, large-scale

disturbance generated by an internal wave — what are the con-

sequent lzrge scale modulations?

'These phenomena will be considered in turn with what we
know about their self- and mutual interactions. First 1s the
wind-induced drift, both in the thin'surfacé layer and on &
larger scale that may extend-to depths of many meters. What
are the response times of these to changes in suvrface stress?
Secondly, how do they respond to variations in the underlying
current, whether steady currents or the moving orbital'cﬁrrent
patterns of internai waves? Third are the surface films, their
propertiés and the variations in film density induced by sur-
face motion, whether produced by surface waves or internal
waves, possibly augmented by wind-drift currents. What 1is the
back reaction on the waves themselves, elther to variations in
the damping of short components or to an influence of the
density on the vigor of wave breaking? Fourth, we consider
the possible modulations in surface wave energy density pro-
duceéd by near-surface currént distributions, either by resonance
(with maybe 'blockage') or non-resonance. What influence does
the &Egéﬁhave on these modulations? What effect does the wind

drift in the thin surfeze layer have on wave propagation and

PRIV A
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the occurrence of these modulations? Fifth, whai about wave

breaking? We show that this is influenced strongly by the thin

wind-induced surface layefkané‘that the short wave energy dene 1

sity that can be maintained against breékingféépénﬁé on the

ecﬁbined influence of longer waves and the thin surface layer.

In all of these questions, the aim is to draw together the
results from theefy, fram>thé laboratory and frém the fleld to
try to develcp a consistent picture or to pinpoint where in- .
consistencies lie. The emphasis will be on the surface effects
themselves, rather than on the mode of gereration of the sub-f
surface disturbance that produces them. We will assume that;
by one mezns or another, We have a disturbance at a given depth;
what are its surface manifestations? But these are enocugh

qaesticns,iand‘it is time to look for answers.
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2. MEAN VELOCITY STRUCTURE ABOVE THE THERMOCLINE

“2.1"The”Surfacé Drift

" When the‘wind blows over the Sﬁrfaée of the sea, the stress
in the air or the water is communicated by the Reynolds stresses
éssociated with the almost invariably turbulent motion. In the
absence  of wave breaking, however, the tangential strecss across
the interface must be communicated from the air to the water by.
molecular viscosity, since tne Reynolds stress at the interface
vanishes. This requires a suvstantial velocity gradient at the

surface in both the air and the water:

du _ Yo ’ '
el E; [2.1)]

where Ts is the tangential stress at the inteirface and p and v
are the density and .kinematic viscosity of either the air or
water. With increasing-distance on either side of the inter-
face, the Reynolds stress --puW 1increases rapidly and soon
dominates so that the mean velocity gradient reduces rather
abruptly. This viscous sublayer is well known in aerodynamics;
over a smocth plate its thickness is approximately 10v(p/ro)%
and the velocity at its outer =dge relative to the plate is
about lo(ro/p)% =-10u,, where u, is the friction velocity of the
air flow. Even a smooth water surface is mobile in the sense
that tangcntiél motions are possible so that the build up of
the Reynolds stross abeve and below the air-water interface
would be expocted to bz more rapid and the viscous sublayer

conscquenily thinner than over a flat plate. Nevertheless on
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dimensional grounés;‘thﬁ sealing is the‘31ﬁe; the thickness

of this layer in the air is of order v fu and’the velocity

fscale is u,_, vhere A is the vis coeity of the air. The stres
ia continuous across the infer?aee so that the velacitf %cale

in the water mctlan , : , T o ; G

K %) [l e
— = 3.4 0 ' .2
Ma \?w} ‘Pw s 3 * u% ; 221

where 9a‘an§ Py represent the air and watcr densities respec-
tively. The thickness of the viscous sublayer is prcportional
tc‘vw/ﬁ*, Relative to the ;paed of the interface itself, the
velocity profiles in the air and the water have an anti-symmetry
but witﬁ different length and velociiy scales. The ratic of

the length scales may be uncertain if the flow is aerodynamically
rough, but the ratio of the velocity scales in water to air is
simply w /u, = 3.4 percent. Conscquently, the speed g of the

. water at the interface relative to the water belew (where the
mean velocity profile is’'quite flat} is'§redicte§ to Le about

3 percent of the air spned as usually measurcd at, Saygﬂl§ﬁw,,wkwmw;MWﬂwmj

77&é€é§§q§ﬁére gazn the mean proflle is relatively flat.

In summary, then, we would expeét on these grognds a thin
wind-drift layer occupying the top few millimeters of the water
snrfacé aéross which the velocity diffcrence is of the order 3
percent of the wind snee&; The existence of this iayer‘has enly
a minor influence on the propagation op od of wéves whoes» wave-

lencth is large compared with the layer depth (Fhillips, 1973),
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since the‘dispersionirclafion is the result of an Intecgral
balance over the whole wéve motion.' Howevcr, as will be'seen '
later, it does influénéé'ééryvstrongiy the condition for wave
breaking that intimately involves the motion right at the water
surfaca. If the waves do break, the viscous sublayer is dis-
rupted loczlly and must be redestablished'by the surface stress.
The time‘to accomplish this can be estimated by equating the
impulse (force times timé) supplied per unit area by the surface
wind stress to the momenium (water dengity times depth times

velocity) that has to be acquired by the layer. Thus,
2‘ ————

so that the re-establishment time

PV - ’ .
Te ~ W w . [2.3]

2
P U«

For wind speeds of 10 knots or greatcr this characteristic time
is very short, a fraction of a second, and only in very light
winds (of order 2 knots) is the rc-cstablishment time of the

order 1 second or greater.

.However, for small chanses in surfacer stress or in u,, the
response time for readjusiment may be substantially greater.
If u, increzses to u, + bu,, the readjustment time is.
Py Vig

T~ g ’ [2.4]
r zpau*ﬁu* :
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or greater than {? 3] by é factor (u*/QSQ*) Con”ﬁquantly in"
a non-breaking wave, when tnn tangential wind stress at the
crests is greater by a few percent (Brooke Benjamln, 1959) than
in the troushs, the rcspcnub‘ef the thin surface layer to the
stress variaticn is nsgﬁiglble for waves of one second period
-or less, provided the wind speeé is not more than about 15 or
éG knors. On the other hand Fquatlon {2 3] shows that if the
sublayer is disrupted entirely, it is esssnuiaily re-established
very gquickiy hy the wind strc,o.

Measurements of the eurface wind drift in tha fleld were

| made some years ago by keul**'n (1931), he repcrtﬂd a surface
drift of apgroximately 3.3 percent of the w1né speed. 4§u (1958)
in a careful iéboratcry study measured not only the surface
drift but, by using spherical floats of different sizes, was
able to confirm the sharp subesurface velocity gradient and its
variation wiih wind spced. Figure 1 shows his measurcments of
dU/dz as a function of U 2, the square of the éenterline‘wind
speed in his tunncl, whinh 15 very closely proportional to the
surface streszs. Over most of the range the two arc propor-
~tional, confirming that the viscous balance of Equation [2.1]

" is indeed rolevant. When, at the highest wind speeds, the

*Iﬂcideﬂtally, the m=san viscous streszs in the wind drift layer
can ba estimated from ths vest it line of Figure 1 to be

0.8 x 1073 pU,° in the absence of wave breaking, somewhat
greater than Wu estinztes for tne total stress from his air
flow measurements. Since there is also momentum flux to the
wavas, it should be less ~ the reascn for this discrepancy is
unknown.
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waves werc breaking, the mean velocity gradient was reduced‘
primarily as a result of the sporadic patches of vigorous
___turbulence and the locally increcased Reynolds stresses. Wu's
results for‘the surface drift are shown in Figure 2, together
with others obt2ined by Phillips and Banner (1974) in a dif-
ferent labcratory. These observations and experiments certainly
confirm the existence of this wind-dfift layer, both in the
laboratory and the field, the mggnitude of tle' surface drift q
being abouﬁ 3 to &4 perceht of the wind speed as indeed the simple

theory predicts.

2.2 Sub<«Surfaca Currentc

]

The wind also gencsrates sub-surface currents on a larger
scale of crurse. The vertical gradient of Reynolds stress ics
balanccd‘by the herizontal acceleration of the fluid and/or by
the Coriolis acceleration. In the open sea, with a gradually
develeping wind over a large arca, the mcan hoarizontal current
distribution can approzch the classical Ekman spiral, with a
depth scale o the ordsr w _/Q (perhaps 100 m%pers or so), where
Q is the verticzl compcnent of the carih's rdtation.‘ The con=-
ditions nccéssary for thils, howover, are extreme and are not
générally to be esxpectad. The vertical profile of mean hori-
zontal current in the mixed laycr over depths from 1 meter, say,
te the thermocline certainly dszpends cn the past history in
space and timz of winds in the vicinity, on whether or not the

-point of interzst 1s near a shoreline, a current system or a
detach=3d efﬂy,‘and must be expactad to be highly variable.

s

Curiously eonourh, few detailedl field measurements of this kind
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scem to have been taken ckcept for a limited number in par‘
ticular current :;J@ems like the Pacific ¢ qu*torzal System '
£ T\"t

fMontgsomery and Stroup, 1952). ‘Sxpariments such as ¥

concenirate on greater depths and h«va gparse coverage in

“this range Re?erthﬁlefs‘ it is probably a safe assertion

P ]

that thare is no rezsen to Qh?G“t that 'th; vertical profile of’

harizonzai currvnf in the mixed lay r is either zero, uniform

or a classgcal Exman spirel; we must zllow for considerable

variability.

Surpoa e, then, that there is a current distribution in
the mixed layer in which the Rzymclds stress gradients ars
balanccd by the mean acceleratlion and by Corioclis accelcrations.
Supposc ncy that the flow Tield is sturbed by an internﬁl
wave or othar pariturbation in the neighborhcod of the thermo-
cline. Both the distribution of Reynolds stresses and of mean

s instantancous,

’—.J
h—‘;
ot
o
D
o
[}
s
(MQ-
o
]
oy
A
ct
fode
™
o}
',-Jl

current will o2 periurbed;
the alieraed Psyno33, stresses have no time to react back on
the menon Tlow. Ul the perturbatioﬁ is not instantaneags and
the guzsticn aricas: Under what ccniitions‘wili the perturba-
tl)ﬂ in Reynolé. :tze s inflgencckthg‘ind' 24 pﬁrturout*on in

the currnn‘?

The quasticon can be posed analytically zs follows: We

take a ramo of reference moving with tha internzl wave train
as in Pigure 3 and d=fine phase averzzed gusnt ties < > as

averan:s alons the y-=direction, parallel to the internnl wave

1 3

crests. Tho mean velocity ficld defined in this way is Ulx,z),

V{x,z), ¥(x,z) and the total veclocity, including turbulent and
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surface wave fluctuations is U(x;z) + ﬁ(x,y,z,t), etc. The

-d is

generally cf almost uniform density and the time scale of the =

upper mixzed laysr abeve the thermecline at a depth z =

internal wazves of concern are short ccorpared with one pendulum
dzy, s¢ thzt in this region, Coriolis znd buoyancy effects can
reascnably te niglastal. ” The momsntum eyuations in the x- and

z~directicnsz

are;

;U AU L3 ag . D L L 2> )
v ox Ut r g un> Sz “wr> = pox '
[2.5]
U & + 7 E‘.l + _3... ca > +.‘-§* <> = . 1 §_<_E,>_
ox Tt T S oz P oz

whehce, by cross«differentiation

\
AL AN 32 3E 32
U --;Z ERRA SR AL g bt i <u ]> - > (<u2> + <WZ>) {2‘6]
QX Nz }_2 E\Z?" AXAZ

wna

Ini

[2.7]

right hand side of

znts the influsnce on the flow of the perturbaticns
P
furazecs that result from the internal wave induced

I
by
23
*

= fynctions of

o« & me o .
siructure,

U= u(z), W =

]

he absonce of the internal wave but wiih the
0, <uw> = cecnst and

z alonz; 211 terms vanich identically.

-
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The Reynolds stress gerturhaticns cannct be‘estimated

preciccly from analytical considerations. It has been argued

“in the context of air flow cver surface waves (Lighthill; 1962;

Phil;ips?‘19§8} that provided U in this frame of refercnce docs
not vanish at some level (i.e. provided the moan flcw in this
frame écas not revers2, in which case we have a critical layer)
the mé::ituﬁe of these terms is nogligible camgéréé with; say, |
the 1i.’st term of [2.6]. In this éircumstance, the streamlines
of the mean flow arc the same as they would be if the rlow were
non~turbulent {theugh not, of course, irrotational becauses of
the mean shear) and the variations in surface velocity could be

czlculatad iznoring the afTacts of the-turbulence.

resulis shed 1ight on thizs guestion.

] is relsvant to the air flow over sur-
face waves where alsc there is shear, turbulence and an imposcd
wave perturbation. Laboratory measursments of the rate of de«
ereaso withyheight of the wave induced fluctuations have been
made by Korakl and Hsu (1958). In those measurements, there
is a eritical cr‘matcheﬁ'layer (whore the wind speed U equals
the wave speed ¢) quite clcse to the water surface so that the
arplitude and phaseo ralations are disterted betﬁcehvthe sur-
face profile and the induced air flow disturbance. In the
region above the eritical layor however, Karaki and !su found

that the (U,¥) perturbations are, within experimental accuracy,

“in quadraturs (as they are in an inviscid, non-turbulent flow).

Furtharmore, the decrease of the amplitude of the porturbations
with height is reasonably consistent (Figure 4) with the
b

Lighth

v

ok

1l-iiles approximation for the porturbation stream function
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¥~ (T(z) - o) 7R [2.8]

which is valid away frecm the critical laycr in a non-turbulent
1 54

e e

&

Thase results sumeaet that insofar as the wave-induced
fluctuaticns are concarnai, the turbulence maintained and
gencratad by the mean flow has no substantial influehce, at
léast in th2 air flow over waves. Is the same trus for a cur-.

rent distributicn in the uprer occan nmoving relative to an in-

ternnl wava fiold surported by the thermocline below? The
prinzipal dynamical Jifference between the two cases concerns

the ratic of two timz scales - the readjustiment time Ta of the
turbvlznce to a perturbation, relative to the time that a parcel
of fluidltakes tc movs from one wuve crest to the next,

R/[ﬁ(z) - ¢] where A

in both situations, then the turbulence has 1ittle opportunity

[N
L/

the wave length. I this ratio 1s large

to adjust to a local disturbance and its structure is modified
only slichtly. If it is sm2ll, theon the turbulence ic approach-

ing ejguilibrium wiih the locally disturbed mean field at all

.The readjusimant time of the turbulence can, very plau51b1y
be identiricd with the integral tim> scalc of the ensrgy-con-
taininz e&dics in 2 frame of refoerence moving with the mean flow -
this is the appropriate moasura of the "memory" of thz turbulent
cnorﬁetic (and Reynolds stross) structure. There is - ow good

isher and 2arvatt, 1953) that in shear flow
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this tims scale is proportional to and of the créer of (éﬁfaz}
the inverse of the local mean vhoar, sc that the ratia of the

tﬁrd&lﬁnu ad ijust: ment time to the tinﬂ ef passage over one wave -

mien“vh is

Tzﬁzi"‘c : ’ . {24?}
r(Ju/dz) -

This ratio, of ccurse, varies in each flow but representative

valuss are ¢f interest, In air fiov over waves in the labora tcry,'
such as in Karaxl and ‘Heu's experimente, 2bove the critical layer
§(Z} ~ C~ 5 m/sec, A~ G;S m and 8§78z'~ 50 sec“z, decreasing
with heiznt. With these figures, ¥ ~ 0.2 (increasing with
height) so thntrin this rogion the turbulence is adjusting
reascnably ragiily to the disturped flow. One would therz=fore
expoct largsir vnriations in Reynolds strosg variations <uwd,
<u?>, c¢te., ihun when o 3> 1, but in spite of this, the wave-
En&uceﬁ perturhatiéns seem not to be influsnced substantially
(c.f. Figure %). In the ocoan, with a veleclty difference U - C
betwoean the internal waves and the uztor necar the surface of

G. r/sez, an internzl wave wavelenzth of 200 m and a mean cur-

rent shezar of 1072 scc'l, v = 0.25! Ranrc entative

Q

coanic valuss o

of ~ are aprarantly ¢of the same ordar ac laboraicry value S3 ﬁe

- conzlude tenintively that the perturbations to the‘Cﬂrrent in-

duced by ths intornal waves can he oo lcn‘&iad neglzecting the in-

flusnca of the turbulence {0 an accuracy 2x emplified by the com-
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2.3 Sunmmary

Th2 ocnan above the thernmocline will have mean motions on

at least two diztincet scales:

1. Very néar the surface, in the top few millimeters,
there is a wind drirt of about- 3-4 percent of the wind speed -
laboratory and ficld measurcmonts arse consistent with theoretical
expectaticns, It is dicrupted locally by wave breaking, but is
re-~2stablicshcd roapidly by the wind. 1t responds less rapidly

to smz21l chansez in wind strecs and will tend to be augms

semewhat nasr wave crects by tho addic ion°1 wind stress { ;
as w2 will s.o later, other dymamical wavee-interaction cffects
are ucually aominznt).

2. On a lar;or d2pth scale, of the order of tens of
maters, tho horizenial curront 1o 1iKely to be variable with
depin and irregular; ths distoriicns ¢ this current distribu-
tion preducaed oy 2n internal siave 4o danentd on tha current dis
tritution itszlf but are not strcngly donendent on tho ambient

turbulence lcval. , .
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3 THE ¥ARIATIG§S IN SURFACE VELOCITY RESULTING
- FROM INTZRNAL WAVES

We are interested in thﬂ variat*ons in the velecity dis-
tribution ne&r the ocean surface tHat are associated with in-

ternal waves Hewzver, the small scale configuratlen and

properties of the s&rface are coupled ta longer waves that are

s

finfiuen_ef ry theAvarlations in tnerphaaed averaged velocity

. i . - )
to depths cof, %ay, 10 m. Consequently, we need to estimate the
* 1 g .

variaztions in'thorizontal current near thﬂ surface,{in this

gense) that are iniuced by internal Aave ,» but we are not here

concernad with the variations =zt 5reater depths.

3.1 fns Irrotaticonsl Scluticn

When thezre ig no mean currond, cr the current is uniform
with depth, the soclutien is elzmantary(ané well known. :Ef
d is the dopth ,to tha top of ths thermocline (the bottom of
the mixed layer) and a the amnlitude of the wave disturbance
there, then in a sinucciéai wave'tfa*nz(or a group with mcrs

than two or three .asef} ths velocity 1nduced at the aurface is

n the dirscticn of wave pro cpagation and is of the ferm

(thll ips, 1958, p. lﬁ?}

= ———— zos (k) -nt [3.
U = 5inn xa cos (kent) : [3.1]
when the verticsl dicplacemsnt a2t depth d is § = a cos (kx-nt).
The internzl wava fpzed C depends on th= wave length, the

structuras of tns tharmosline and the moﬁa number of the inter-

ey
Lad

nal wave, but 1] remains valid for the velocity in the mixed

PP S oty o A

St

RS P

L

L i, 50,

R\ B s
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layer. For a sharp thermocline in deep water, for the lowes

L [3.2]

k{1 + coth RJ)J

mode,

gbp

For internal waves that ars long compared with the thermocline
depth d, kd << 1 and '

b

C = §‘“;-5'-)--5;(5 | ‘ [3-3]

Characteristically, for a thermocline depth of 50 m and a
o density jump &p/p ~ 10“3, C ~ 0.7 m/sec for internal wave
" lengths of ahout 200 m or more; sméllgr for shorter wave lengths.

The magnituds of the orhital velecity differences induced by the
internal wave near the surfacevis can; il the wave amplitude is
5 m then (with the figurece above) this difference is oniy 0.2
m/sec for a 200 m internal wave, decreasing in inverse propor-
tion as the internal wave length A incresases. The maximum
strain rate near the surface is ank = 3 ¥ 1073 sec™ for a 200 m

wave; this is proportional to »~2.

Fluld velocitizss assoclated with surface wind-g.-arated

waves are usuvally larger than the value calculated above and
(on account of the smaller scales of surface waves) the strain
rates are very much lérger. Clearly, the motions inducad by the
internal waves ars gencrally a very small perturbation {(but of

e

relatively large scale) on an zctive and noisy bazceckground; thes
= 2

{‘i' ) e -
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possibility éf deiceting the ﬁigrai,*»pands on (a) whefhﬂr the
velocity variations induczd near the uurfaca by the internal

wave éan,'nnéer certain natural conditions, be aurientej and‘

(b) the existsnce of one or»mcre'inéicﬁtors«{er dynamiczl pro= """
cesses) that arc sufficisntily responsive to these §ariations.

T
¥

3.2 Interactions wilh Surfluaco Curronic

Tue expreossion [3.1] holis cviy»inrthé‘fbcﬁnce of any ver-
~ticzl variziion in the mean horizontal current. When there is
structure in the current, the surface velocity variations pro-
duced bg internzl waves can be modificed sabé%antially as the

following analysis demonsis-wtas,

In Section 2 of this work, it was showm that the wave. in-

duced parturbations app-oar to be substantially unaffected by

the tuvau}crce provided there is no critical layc? where the
componant of the mean current veloeity in the dirsction of

propacation of the internal wave is equal to the internal wave

speed. Under these circumstances, [2.06] reduces to

_a___? LT AQ . ‘jrv’
Ua 4+ W ag-O . . . «,{3:'{}

s averaged vorticity (thﬁ mean glus

B O

R § or~thz componznt ol 'p

the wave-induced variation) normal to the direction of wave

propagation. Since 0 = 3U/dz - dW/dx%, this eguation is.

N Ayl - y g §
) {}.:\E"_.}._-_‘z_ ok Y 3 ESU N W ) =0
oX faz. oOX YA Wb 5:] ~
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or, after a liﬁtle manipulation and use of the i1ncompressibility
condition JU/dx + M/dz = O (note d/dy = 0), '

N

S g - I P - LU= D [yt _

oz Vax T3 N |3z ~ ax}J{ " |Yxi =0 [3.5]
L ' X

Integrate. this equation vertically from the top of the disturbed
thermocline at z = -d(x) to the surrface:

- IRPTICY TR NP ST R - 1L A« A VAN W Doy .
5% U L 5% iU Ld WS il _é 5% U i dz = 0  [3.6]

and compare the order of maznitude of these terms.

In the frame of reference moving with the waves, .the mean
velocity U is of thne order C in magnitude and the variations in
it are of order Ca/A. By the incompressibility condition, for
internal waves appreclably longer than the thermocline depth 4,
W~ C (a/M)(da/N). Now the third term contains the quantity
dU/dz which is either Qf order Ca/Ad or dominated by the ambient
mean chear at the depth -d. In order to'réfcr the mean surfaca
current té the current spesd {(if any) at the thermocline, we
will need to choose 4 at a level where the mcan shear is small
so that the difference is c¢lzarly defined; the second alterna-
tive 1is thersfore cxcluded. Consequently the orders of magni-
tude arec: | '
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: . , : ; Relative Order
;1 o . ~ 1st two terms C2a/A2 R , 1
Third term c®(a/A)2(d/A)2.1/A (a/2) (a/N)2
Fourth term  C2(a/A)(d/M)2 /A (d/M)2

Now a/A << 1 (genéraliy less than 0.2) and in many cases of
, ' interest d/A < 8.3‘approximate1y. In the long wave length limit
' as (d/7)2 - 0, Equation [3.6] reduces simply to

el -] -0
or o
. B - :

ﬁa? '"g’d = const w.r.tf X. "' {3;?}
It can also be shown, by taking’the component of the vcrtibity
equation in the direction of éave propagation that the surféce
~current transverses to theydirectian of wave propagation is un-

afferted by the internal waves: |
v, = const. : ’ (3.8

The detailed calculation can be extracted from Phillips and
Banner (1974).

Note that the expression [3.7] is valid only in the long
vave 1eﬁgih dorain, when (3/d}® >> 1. The case of shorter |
wave lengths can be considored numerically by integration of
Equation [3.%] but this work is not yet complete. Note also

that [3.7], relating the varjations in surface current to the
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velocities at the thermocline depth, does not involve the de-

 tails of the current structure in between. It is an inte-

- grated fofm of the vortizity conservation équation; to this

order in {k/d) the vorticity is simply the mean shear whose

integral is the velocity difference across the layer.

3.3 Surféée Current Modulations

The %elocities Uo and U;d are taken in a frame of reference
moving with the internal wave, so that if u(x) represents the
orbital vélocity at the thermocline and Us(x) the surface cur-
rent (relative to the datum against which C is measured), then
[3.7] becomas ‘ ’

[U (x) = €] - [u(x) - C]® = const [3.9]
Now in a periodic internal wave, u(x) = O at the phase of the

wave where the thermocline displacement vanishes and if Ug is

the surfare current at this phase point, then

[U,(x) = €1 - [u(x) - C1% = [U, - C]? - C%

and

u (x) = C —.[(C—u(x))e - Uy (2c «lus)]% [3.10]

the negati#e sign being chosen since US -~ € < 0 when there is no
critical 1%yer. Note that when the surface current vénishcs,.
U, =0 andv[3.10] reduces to Us(x) = u(x), the long wave length
limit for internal waves in an irrotational flow. Since
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u= - (C a/d) cés,x for long internal ﬁaveS; where x 1is the

phase of the wave, x = O corrasponding to an internal wave

~crest, [3.10] can be written

U, (x)
c

=1 - i(i; + (a/d) cos x)* - reen)t ‘{3-33

where r = U_/C. If U, and therefore r are pésitive} i.e. when
the mean surface current has a corponent in the same direction
as that of the internal wave propagation, the modulations in ‘
surfaée current are greater than in & purecly irrotational wave.x
Ug (x) is greatest (in the positive x-direction) when cos x = -1,

gbove the internal wave troughs,

Flgure 5 shows sone répresentative distributions of surface
current with respsct to phase of the internal wave for various‘ |
values of r when {a/d) = Q.1. Note that the amplitude of thez
modulations in surface current increases for a fixed a/d zs the
mean surface current increases; when r = BS/C = 0.5641 (for
a/d = S.i) the magnitude of the surface current above the in-

ternal wave trough becomes equal to the phase speed of the

internal wave. For larger values of U /C the water here is in

fact surging ahead facter than the wave and, in a frame of
reference moving with tne wave, there ic a closed eddy in the
mean flow near the surface. The detailed calculation beccmes
unreliable under these clrcumstances (Reynolds stress varia-
tions being important) buﬁ the pattern of mean streamlines be-

com s qualitatively as in Figure 6. Whan SS/C is substantially
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.

greater than 1, there is a submerged critical layer, with

‘energy exchange between the current and the internal waves.

functions of r and a/d 1s shown in Filgure 7; the amplifying
effect of a surface current moving with the internal waves is
evident., The curves for various valués of a/d terminate at
the point. where the velocity of the water at the surface above
the internal wave trouzgh is equal to the phase speed of the
wave. As Figure 5 shows, the forward surging motion is both
more localizzd and mcre intense than the backwards surge over

the internal wzve crests.

- Similar information is given in Figure 8. Here, for
example, aﬁ internal wave with amplitude a = 0.075 4 in a sur-
face current with mean spced 0.48 C has surfacs current modu-
lations twice that of an irrctation2l wave with the same amp-

litude 2and spszed, the velocity difference at the surfacc being

o
L]
w
Q
o
0
o

ween points over the internal wave trough and crest.
Points that 1lie in the upper right, outside the contours,

jdentify ccnditions in which a closed eddy exists at the sur-

face"qithmfluid over4theVtrough surging ahead faster than the

wave ovrofile,

When the surface current is inclined to the direction of
propazation of the internn:l wave, the component of the current
normz2l to the prcpagaticn direction is not affected (Phillips
end Sennz2r, 137+). In a Trame of reference moving with the
waves, the rpattern cf surfaes streamlines is as shown in the

upper part of Fisura Q ror thz case (US)X/C = 0.5, a/d = 0.1
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with an angle of 350 between the surface current and the
propagation direction of the waves. When (stifc becomns
larger (or the wave amplitude a/d incrcases} the flow reverses
in the detached eddy end as indicated gcaiitatively in Pic-
ure 8b, a divsrgence‘liné ani & converzonce line appears. The
latter (which will b2 seen later 1s significant for slick
formaticn) lies hctween‘an’internalrwaQercrest and the fol-
louing treuch.,  As the x-compcnant of ﬂs 1ncreaseé, the two
lines separate tosards adjacent creste until, at a greater
valgg‘of QSKC > 1, they coanlasce at the crest and disappear -
at all phas

-

a2s of the internal wave, the surface current is thén
overtaking the wave., Figure 10 illustrates ﬁhe variocus domains
of hehaviér; the rishti-hand branch being vather unreliable
since a critical layer is thon developing and the essentially

non-turodulent czleculatlon here becomss unreliable.
3.4 Summary

1. The modulations in surface current produced by

internal waves ares amnlifisd when a mean surface currant is

*

moving in the dirsction of internal wnve vronarniion, suppressed

EN
L

wnan moving

i

.
azain

2. The amplification ratisz becomes large when the
component of mean current speed alonz C, US,~is close to the

propagation spzed.C-of tho intsrnal waves and the internal wave
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3. When US/C is near unity, the surface current re-
verses direction relatlve to the internal wave pattern, even

for internal waves of small slope. This forms convergence lines

between a crest and the fcllowing trough for slicks and other

surface materizl, Above the internal wave trough, the water

near the surface moves {astar than the internal wave pattern.

h, ThcsF afrects are strcugest when the internal
wave length ic much greater than the thermocline depth. Cal-
culations for cases when the two are comparable are presently

being don=o.
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: 4, SURFACE FILMS

4.1 Goneral Properties

whether as dispersed or saturated monolayers or thicker‘films,r

and scem generally to be of biological origin. Anyone who has
-, ;; worked with precise wave experiments in the laboratory can at-
g;,:' él | test to the difficulty of getting rid of surface fllims, even
R on "clezn" chlcrinated’and filtered water. A general account
of the phenomana of surface films is given by Daviés agé Rideal
(1953). The thickness of a monolayer is of the order 13'? cm;

f', : it has a surface viscosity of 16‘3_tc 1 c.g‘s.'units (gm SEc‘l}

T,
kS

and its corproesibility is very non-linear with film density.

; Conservation egquations c¢an be written for the surface film
as {ollows. If ¥ 1s the film velocity over the surface, v the

film density (mass/area), then by mass conservation

| Dyy. (=0 [4.1)
- or
) §1’+ v vev = 0 ' [4 2}
dt T : :

wherz the divergenze is, of course, on the surface. The momentum

~equation for the film is

% (vy) = - 9pp +u7%y + F | [4.3]

" Surface films are very widespread on the ocean surface,
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where pfvz pf(w) is thg film pressure, 4 the surface viscosity

and F the drag force per unit area resﬁlting»from (a) the wind

stress at the top and (b) the lower stress from any relative motion

- of the film in *he underlying flui Since F may be of the

order 1 dine/cm® while Y ~ 10 gm cm2 the acceleration terms
in [%.3] are nozligible and the stress balance is, in essence,
static:

s

f R | t '

oy UY R AVTY 4 F=0 [4.4]

The quantity BCq/ is relatei to the iwo-dimencional compressi-
bility mecdulus ¢ ‘1 (Davies znd Ridesl, p. 265)

. -1
For a very disperse filn, Cg ~ =P 0 and i -~ 0 as y — O.

For tightly packad monolayers, c “1 L 107 dynes cn™t ror liquid

films and ¢ ~ 10 3 for fat aclds. Other figures and ex-

s
perimental results are given in the book cited.

In the ocezan, dispsrssd films are not usually visible to
the eye while ccncentrated £ilms can be seen generally by their

influence on short wave breaking (as will be diccussed later).

Films showino intarferencs coloring are much thicker than
monolayars - generally oil spills.

b amarm b 3 e e o

¢ =y Bpf/av ' - [%.5]

I
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y,2 Infiaenﬂe of Short Waves on Average Film Bengigg

The most vigarous matiens at the eeean urface result from

surface waves, but the length scale thig motion is small

mgare& wiin internal wave lengths of intereét. Aeésrdingly}
‘et y(x,t) repfesent the film velocity averaged over several
wave lengths of the short Surface~&ave fieié, and y'(x,t) repre-
sent theo fluctuatiéns about this averéae produced by tmall scaze
surface waves. Similarly, let I'(x,t) and v'(x,t) represpnt the
mean and fluﬁtuatln* parts of the film den51ty,

Equatisn {%.1], when locally averageﬁ in this way, becomes

gi + v.(rv + 77 = ris 6]

Since the root mean square wave~§ﬁduced velocity (v¥)= is

generally large comparsd with V, the influence of the second

term on the mean film density musi be estimated.

Consider a wave moving across the surface where there is

e diffuse film of density v . If the wave profile is
L =acos (k-x - nt)
then the surface velocity in deep water is

= 4 an cos (k<X - nt) ; [4.7

PRI WIS DS Rl S SR

. : ERPNU il it D AT it
e s e A AR ¢ e i
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where f 1s a unit vector in the directlon of k and the'fre—
1
quency n = (gk)2. In a frame of reference moving with speed

c = L(e/k)

e

of the wave

v = an coskx -~ ¢

(4.8}

where the x-direction is taken in the dircction of wave travel.

The conservaticn Zguazticen [L.1] becomes

‘a@; (y[an coskx =« C]} = 0
A J

since in this frams of reference, the motion is steady. Thus

v [an ceskx - ¢] = const = - foc [4.9]

Now Tor surface wavses ¢ D> an, so that

. -1 | 2\
an n “\
v =TI 1 - = coskx « T 1+ 28 coskx + 0 (22 )
O c (o] C ) C i }
-~
and the convariance bhetwaeon the fluctuations ' and v!
EVARTAREPS éfoézna/: [4.10]

.

e
With a spectrum of short wases [{n), essentially uni-directionzl

r
yrvt o= E? n?;{n)dn rho11]
= FOVW , s&y [4.12]
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where ?& is the effective surface filmkflux velocity induced

by the waves = in fact, the Stokes drift.  §n'a‘saturateé

5 .
n>n
*4 33‘

Vespsmg (w3

f

where»na (rad/s=c) is the frequency of the spectral peak and

"B~ 1.1 x 1072, The drift veloeity v, is thus approximately

1 percent of tha speéﬁ of the highest waves. Tﬁe*mean local X

film density I' is thereforzs governsd by

-g—-g + 7 {r(;g + ;gw)\{ =0 : [4.14]

-~

4.3 variaticns in Averare Film Density Produced by Internal .
Waves '

In a dispersed film, csﬁi and 4 are both small and [4.4] ¢
reduces to F = C; the lccal wind stress at the upper surface |
of the film bzliances the drag of the water below. The film
simply moves with the free surface at a velocity that is the }
véctorisum of the t'surface? currentkgé discussed in Section 3,11
the Stokes drift E& and microscals surface wind’drifé q the

h is in the direction of the wind stress with
marnitude appreximately 3 or 4 pereent of the wind Spesd gef
The conservation 2gquation for the mean film densityV{&;ik} is

therafors

Ls v iy +y, + )] =0 (4.15)
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Take coordinates with x in the direction of wave propagation

and moving with the speed C of the internal waves, in which
frame [4%.15] becomes

§g+§;ﬁwsquv¢~c&]=o (4.16]

involving the corronsnts of the velocities in the x-direction.
In & very long internal wave train a steady state may be set

up .in which

P '
a [F(Us +a+V, - c)x} =0 o an
so that the average local film density varies inversely with

the x-component of the surface velocity inéluding the wind drift

observad as we mova with the internal wave. If at some rhase

" of the wave

Us(x) +q+V, ~C=0 [4.18]

the solution fails; I' — w and the film is clearly no longer

diffuse,.

The development of patches of high film concentration
when a pulse of internal waves enters a region of diffuse film

can be shown simply. From [4.16]

ar aUs(x)

m—ide 3T - -
X ox

w1l

1 37
F-a—€+(US~C+q+V)

o [(4.19]
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since C and q are constant; we neglect thg yariaﬁisn in V,.on
the ground that it is dominated by the iengest,waves,(c‘ff 4.13).
Thus | ' ; o : B

u_ -

- where D/Dt raprasents thé derivative following thé motion of

the film and I'  1is the Initial film density. If at some phase
of the wave [%.17] 1s satisfied, a convergence lin2 exists in

which aﬂs/éx < 03 material points of the film will mova towards

this line and (from %.20) the film density increzses exponentially

t

F{t‘}'-u FG exp [ s(t)dt |

where s{i) is the convergsncs « 3U/3x experienced by the material

point. As t increases, s(t) u»s{Q},Athe convergence at the con-
vergence linsz and '
?(t}-*‘PO exp [s(0)t]. ‘ [4.21)

The film denzity therefore increasses exponentially with time

the lower the initial film density ths longar the film will take

to saturate znd th2 narrower the ultimate saturated region, ex-

" cept at the leading edre.of an internal wave group where material

will continu=s to be collscted.

e
e et e T

until it saturates, even if the initisl film is very-disperse = —— = =
3

AT N

A R g )
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The development of concentrated slicks is therefore de-

pendent on [4.18] being satisfied at some phase of the 1nterﬁa1” -
peutelt Y im.2td bes _ d ne ,

wave. The condition is illustrated in Figure 11. If'Vw +q=20
(say if the wind is blowing c2lcng the crests of the internal
waves) slicks are formed for values of a/d andAUS/C that cor-
respond to points inside the bowl-shaped curve. If there is no
mean surface current component in the direction cf wave travél,
the amplificaticn effect on the surface speed modulations dis-
appears and slicks are formad only inside the V-shaped region
‘'shown, In any event, for slicks to be associated with internzl
waves, it ié necéssary that the vector sum of the average cur-
rent, the wind drift (about 3 percent of the wind velocity) and
‘the wave drift (about 1 percent of the'speed of the highest waves)
have a component in the direction of internal wave travel that
.is‘of‘the same order as (though not necessarily close to) the
speed of the internal waves. The range of conditions under which
fhey will be se=n increases with the ratio of internal wave am-

plitude to thermocline depth.

If the average density of surface film is very low, the.
material gathered at the convargence lines will lie in a thih
strip and may be disperzed again by breaking waves incident on
this region. The influencs of saturated or nearly saturated
slicks on chort wave‘breaking 71ill ve considered in Secticn 6 of
this report. Their influcence on the damping of unbroken waves
~is .well kxnown {cae, for examrle, Phillipe, 1968, p. 37). The
suppression of short wave breaking together with the increased

at’enuation of capillary waves gives the surface of an extended
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saturated slick a glassy (or oily!) agpea?ahce. LaFéné*s (1962)

early ebservations on the associations betwecn internal waves
and moving s}icks were concerned with extendsﬁ saturated s?icksg
easily visihle‘hy eye. The associations betiween the two phe-
nomena arg clear in hfs observations, théugh his simplerexpiana—"

tion is untenable.

T¢ the condition [4.18] is not catisfied, that is, if the
ocesanic ccniitisﬁs are represehted by peints outside the domains
of Fipgure 11, variations in filim density will be genérats& by
internal waves, but whether or not a slick is formed depends
upon the average amblenf dancity o} the surface film. For,
from [%.17] the local mecan film density I'(x) is given by

- I(x) {&g(x) +aq+V, - cj =T (ﬁg +q+V, =Cl | [4.22)

Ir T, +q+V, ~-C>0, the maximum £ilm density will occur
when S is leact, above the internal wave crest (see Figure 5).
On the other hand, if U +q+V, -~ C<O, the internal wave
is overtaking the =urfaca materlal everywhere and the meximum .

film density will occur whersa US is greatest, above an internal -

wave trouch. Wz see later that if the local mean surface f£ilm

is unsaturated [not tightly packed, tut fairly close to it)
variations in m>n film density ¢an have a2 significant effect

on wave breaking.
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4.4 Summary

1. Internal waves modulate the density of naturally

occurring surface films; this in turn can influence the break-

ing of small-scale waves (see Section 6.2) even when the average
film density is such that no slick.is visible.

2. Visible slicks are f rmed when the vector sumébf
the surface current, she wind driflt(about 3 percent of the wind
velocity) and the wave drift about 1 percent of the speed of

the highest waves) haé a component in the .direction of wavet
travel that is of the same order as (though not necessarily

very close to) the speed o* tne internal wave. The range of
conditions under which visible slicks will be seen increases
with the ratio of internal wave amplifude to thermocline depth.
The convergencsa line associated with’the slick lies between an
internal wave crest and the following through, if Us+ q+ Vw < C;

between a trough and the following crest if ﬁ; + g ~ Vw > C.
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5, ENERGY IGEULATIGNS N A sugyacs WAVE TRAIN
' PRGDUCED BY DIR“CT INTERQCTIGN

The direct interaction hntween surrace waves and much Ionger

internal waves preduceo mcduiations in energy density of the sur-

face waves that can certainly be observed under ideal conditions

in the laboratory. Whether or not modulations are generated in

f,rtﬁé field in this way éepénés on whether other effects with a

shortér ‘time scale than the surface-internsl wave irteraction
will not, or will overvhelm this process, T“ere are two ways af
considering the dynanicsyaf,the simple direct interaction; they
are cemplimentéry and each useful in appropriate :ircumstances.
It can be considercd from the point of view of = wave train on a
slowly varying current or from the viewpoint of rescnént inter-

actions among internal and surface waves.

5.1 VWaves on a Slowly Vazryirz Current

he energy density E of a wave train in a slowly varying

current U(x,t) is specified by the equation

3E o ‘ .
3t + v {E{E + Egi} +v£ vy ’s [5.17

where Eg is the local group velocity and S the radiation stress

tensor (integrated Reynolds stress), whicn in deep water takes

the form

28 0
S = ( « [5.2]
~ 0o o0

where the l-dircection is that of the local wave propagation. The

oy

pattern of wave-nurbers is ”ivbn by the kinematic equation
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3k ‘ '
T+V(0+k U =0 | {5-3]

where o = o(k) is the intrinsic frequency; for surface waves
o = (gk)®. The derivation of these equations is given by
Phillips (1968). .

When a2 pattern of internal waves (either a continuous train
or 2 steady pulse) 1s propagating with speed C bencath the sur-
face, a distribution of surface current of the form Us(x-Ct) is
set up (with mean Us) and this interacts with the surface waves.
In the asbsence of effects such as wind input, such as wave break-
ing or attenuation (which will be considered lzter) the distri-
bution of surface wave energy can be found by integration of
[5.1] and [5.3]. 1In some circumstances, if we move with the
interﬁal waves, a steady state disturbance of surface wave
energy i; established and soluticns for ﬁs = 0, po surface cur-
rent, have been given by Phillips (1971) and Gargett and Hughes
(1972). These results are generalized below. When the internal
and surface waves are collinecer, th? distribution of local sur-

face wave intrinsic speed ¢ = (g/k)? is given by the solution

to the guadratic

2 c+U (X) -C
e | [5-4]

o c_ +U =-C
(o] S

where Cq is the speed at the point where Us = ﬁs' Conseqguently
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e(x) _ e, + {cz - &{ﬁs(x) - S}{ce + 3;’-‘¢)}%

R . o
2(e  + U, - C)

The alternative root is eliminated since as U, - 3%, c-ec..

The distribution of energy density in the surface wave is

E(x) e ’{Et -C+3c) |
éz) )} C(x)‘?35(§3 -C+ §:(X)J '{S'é}

Note the singularity in this solution if
Us{x) + 3c(x) ~C =0 ‘ [5.7]

when the energy flux velocity U_ +k{1/2)ckaf the surface wave is
just equal to the phace speed c; the internal waves. At this
point the surface wave speed can be shown (Fnillips, 1971) to
become complex and waves can no longer prcpagate past this noint.
This is the phenomenon of blockage — surface wave energy iends
to accumulate at particular phase points of the internal wave,
and the way that it accumulétes can be described by an unsteady
analysis based on [5.1]. The modulations in surface velocity
required to produce blockage are illusirated in Figure‘lz. Note
that, at the poeints where the curve touchos the horizontairaxis,
a very smzll perturbation in a una.form current will produce
"blockage" — this is the phenomenon of resonance with internal
and surface waves of small slope, described by Lewils, Lake and
Ko (197%) for U_ = O (no mean surface current). The eonéit%sn

for resonance is that

K N I —  hwW15 {5.5] |
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U - = ) . q.
. U, + %co cC=0 [=.8]
‘ For & surface current in the direction of travel of the wave,
\_ ‘ resonance occurs at a shorter wave length thsn in the absence of

a current; if it is in the opposite direction, resonant surface
waves are longer. It will be seen later that at short wave
lengths, about 15 centimeters or less, resonarce or blockage in
the pfesence of wind under naturzl conditioncs is probably not a
significant dynaiiical process being overwhelmed by other effects

such as wind encrgy input and wave breaking.

5.2 Non-Resonance Modulations in longer Waves

Longer waves or swell that move considerably faster than
the internal waves may not suffer blcckage or undergo resonance,
J“‘\ ' but they gzg'modulatcd by the internal wave, particularly when
a surface current is involved. It will be found later that im-
portant effects can result from these mcdulations by further

interaction with short breaking waves.

Consider first the case when the surface current, surface
wave and internal wave are all collineezr. - From [5.4] for dif- -

ferentizl ircrements 88U in surface currcnt

28c _ fc + §U
_ co c +U_ =-C
0 s
so that
co
be = e — FU (5.9]
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. and from [5.6]

;H$§%{3s£i} +_%§fx) *kG} ?iéénst, o

. ’ 2
: U+ %c -C

With the aid of [5.9] and after a little algebra, it is found

that
: .3
: 65U l+zy
BF s /. 2
E CO, (1 + 2y) j . |
where _
: _ U, -¢
y ==
o

 *Fsr long surface waves travelling much faster than the internal

waves, |y| << 1 and the modulations in energy density are
apprcximateiy‘

50
8E 8 ;
T~ ! <. [5.11]

These results can be generalized to situations in ﬁhieh the in-

‘ternal wave moticn, the surface current and the surface wave are

not all collinear. Consider the geometry specified by the fcol-

lowing diagram
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Taking a reference frame moving in the x-direction with the in-
ternal wave (as before) the kinematics_of the surface wave are
specified by [5.3] as

- . - )
3x {o + x (Hs =0

or

1
g% {(gk)? + k[US(x) cos § + V_sin 8 - C cos 8]} = 0 [5.127
and from v x k = 0, we have

39; (k sin 8) = 0  [5.13]

Accordingly, the variations in wave pattern are given by

3c Bk + Bk {[Us(x) - C] cos 8 + v sin 8} + U, k cos 8

- k [(Us(x) - C)sing8 -V _cos 8] 88 = 0
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and . t
8k sin 8 + 88 k cos § = O
Solving, -the varistion in kav? number magnitude is glven by
ok _ Los 6 .. i
k " "Te+u -¢°s - [5a]
i ) . B ) .
and the variation in direction by
i ) % ‘
! ;
‘ sin 3 ;

1

involving cnly ‘the component ef surfaee current in the xnéirecticn,'
Since ge/e = - 1(tk/k), this reduces to [5.9] when s = 0.

The energy dens ity éistributicn is given by
j%r{Ec (-C + U +3c cos 8)} = 0 -~ [5.16]

(This generalization of [5.67] is obtained most readily from
Bretherton and Garrett's action censervation principle } Thus

var1a¥isns are given by

4 58U+ 3(6c) cos 8 - 3c sin 9 69
24 24 S : — =0
E c 4c cos § - C + U,

From this, and with the aid of [5.1%] and [5.15] it is found

after some algebra that

8E

22 e D

E

5Us}l + €OS 25 v(2 + cos 8) [5.27]
(coz 8 + 2y) (L + 2y) )

c
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where y = (U, - C/c). When @ = 0, thls reduces to [5.10]. For

long surface wave travellling much faster than either the internal
waves or the surface current, y << 1 and

) 65U
tE | (1 + cos 2§ 2 s . v
E cos § = -4 cos ev'c [5‘18]

The simplicity of this gencralization of [5 ll] is rather sur-
prising. These results will be used later.. '

5.3 Resonance

Three wave trains of sm211 slope can undergo resonant in-
teractions, exchanging subziantial amounts of energy amongst
themselves 1if their wave-numbers ki and frequecncies n, simul-

i
taneocusly obey the relations

K, -k, =k,

ot e

(5.19]

Suppose the wave trains 1 and 2'repre5ent surfece waves of
almost the same wavelength, so that E} = E? + 63, and let the
wave train 3 represent an internal wave. With a surface current
Ugs assumed constant, the frequencies n; = oz + k; - Hs"‘

n, =0z + 60+ (k; + £k) - U, so that the conditions [5.13]

become

B0 + &k + U, = m  [5.20]
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where, as before, o represents the intrinsic frequency. From
“the first of [5.20] rescnance can occur anly 1f the difference
between the wave numbers of the surface waves, §k, is equal to
the wave-number of the internal wave. “Furthermore, from the
second equation, 1f 6k = |6k| = ky , ' |

6o Bk - gs M

Bk T T ok K,

or, in terms of the group velocity of the surface waves,

¢ (k} +U,cosg=C - [5 21]

where z is the aﬂgle between the surface current anﬁ the internas
waveg. From the ghecry of resonant interactions, if initially
the energy resides in one of the surface wave trains (say 1) and
the internal wave (3), the amplitude of the other surface wave
train (2) at a neighboring wave number will grow = the initially
uniform surface wave train willidevelop mndulations or groups
that grow in time. This 1s the phenomenon of resonance that has
been investigated in this context by Lewis et al. (19?3} fer the

l
case E = O, , B

It is important to realize that resonance and blockage are

““two different ways af’éescrihing the same phyuical effect, but
each description has its own limitations. The idea of resonance
assumes small amplitude waves and small disturbances — it cannot
cope with surface velocity variations of the same srﬁér as C,
the speed of the internzl wave. "COn the other hand, there 1is no
restriction on the relative wave lengths involved. The analysis

of Sec¢tion 5.1 demands that the surface wave length be short

o
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compared with the internal wave length but imposes no restric-
tion on the magnitude of the variation 1n Us' Jt 1s not intrine

sically a steady state approach. When (&) the surface wave

length is indeed much less than the internal wave length (true

under oceanic conditions) and (b) the variation in surface cur-
rent is very small (scmetimes true, sométimes not under natural
conditions), the two apprcaches overlap: the condition [5.21]
for resonance 1s identical to [5.7] for blockage (note that in

(5. 7] only the case ¢ = 0 is considered).

The important work by Lewls et al. (1974) has (a) provided
& detailed analysis for the resonaﬁce when US = 0, calculating
the interaction coefficients and (b) verified by laboratory
measurements the accuracy of the theory, showing that under
resonant conditions the modulaticns in energy density initially
dévelop such that

£eskut [5.22]

where uD is the maximum orbital velcclty of the internal wave
and ki its wave number and finally (c) as in other resonant in-
teraction experiments (e.g. McGoldrick, Phillips, Huang and
Hodgsbn, 1956) the width of the resonance band decreases as.the
interaction time increases, provided the internal wave slope is
small. “hen (US - ﬁs)/C is not’negligibly small, the "band

width" of the response is rot small (see Figure 12).

.% Rescnance and Rlockags in the Field

N

The work ofAGargett and Hughes, Phillips, Lewis, Lake and
Ko has establiched a gocd theoretical foundation for these
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phenomena (if not a complete one in all fespects} and the ex-
perlments of Lewis et al. have shown that the resonance phenom-
enon can be reproduced in the‘iabcratéry, Gsrgett and Hughes
described some suggestive field‘ﬁhehémené, but qualitatively
only. Zonation cfksmazl scale waveé‘iﬁ thé fiel&lhas also %éen
established under some conditions {Pérry and Schimke, 1965):
can this be attributed &irecfiyita rescnanée/er hlécﬁage?

Consider first of all the wavé‘lengths involved. The phase
speeé of internel waves in the ocean is of the order 1 m/sec at
most; the estimate of Séctisn 3.1 gives 0.7 m/sec. The wave
‘length in meters and frequencies in cycles per second (in
brackets) of surface waves resonant with internal waves are

given in thé table below for various values of the surface

current:
 TABIE 1
c = 0.75 0.50  0.25 m/sec.
Us cos ¢ = 0.75 . -0.15 f3.33}' -0.60 {1.7)
0.50  0.15 (3.33) = - ~0.15 (3.33)
0.25 0.60 (1.7)  0.15 (3.33) - -
0 1.3 (1.1) . 0.60 (1.7} . -.0.15 (2.33) -

- -0.25 2.%0 (.83)  1.35 (1.1) = 0.60 (1.7)
-0.50 - 3.75 (.67) 2.40 (.83) 1.35 (1.1)

-0.75 5.4 (.55) 3.75 (.67) 2.40 (.83)
(m/sec)

Wavelengths, in meters, and frequencies, hracketed, in hz of
surface waves that zre resonant with internal waves with phase
speed C (m/sec.) in the presence of surlace drift U_ (m/sec.) 2t
an znzle ¢ to the dircction of motion of the internal waves. The
positive direction is taken in the dircction of motion of the
internal waves; ncgative wavelengths indicate surface waves
moving in the opposite direction.
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Fecall also that for short surface waves their amplitude in an
hctively wind generated wave fleld is determined by their con-

ditlion for local stability — increased energy input will result

not in increased amplitude but in increased wave breaking., (For

ﬁave comrponents near the spectral peak, non-linear conservative
energy exchanges are also important (Hasselmann et al., 1973).
An energy loss will, however, result iIn a decrcased amplitude
provided the local rate of loss of energy resulting from the

interaction exceeds the rate of energy input trum the wind.

If these short wave components are already saturated by the
wind in the absence of an internal wave dlsturbance, under what
conditions will such a disturbance produce modulations? C(Clearly,
when the wind is unable to regenerate locally the wave energy in
the regions where it 1s decreszsing as a result of the resonant
or blockage interaction. From [5.22] the maximum rate of de-

crease of wave energy 1s given by

1 dE

— v— O o k "‘3

T ac . Y (5-23]
where ki is the Internal wave number and uO 1s the magnitude of
the surface velocity variations, described in Section 3. Under
the most favorable circumstances for resonance, with a mean sur-
face drift nsarly equal to the internal wave speed*, u, - C, the

speed of the internal wave, so that

#Resconence thzory i1s then unreliable for such large surface
currents.

e 4
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, 1s the radian frequency of the internal wave. A very

high frequency internal wave on the thermocline has & period ef"
5 minutes or so (thils corresponds to the ccnditisnsycaleﬁl&teé,im
Section 3.1) so that n, < 2 x 10-*. Consequently, for the most

i
favorable conditions for resonance in the ocean,

3] ot
n1m.‘
or| b

< ~10"! sec™? [5.24]

The information available on the rate of energy input from

 the wind has been reviewed; recent relevant measurements:have

" been made by Wu (1973). Contours of the growth rate of surface

waves in wind are shown in Figure 13. For surface wave lengths
less than about 15 centimeters that influence radar backscatter-
ing measurements, the growth rate for the wind exceeds 10~! sec-?
except for relativeiy light winds (h* < 25’cm/sec, U < 5 m/sec

« 10 knots); if the wind is comparable to, or greater than this
1imit, modulations in the short wave lengths will not develop

directly from resonant interactions.

Longer wave iengths, whose growth rates under the influence

_of the wind are slower, may develop modulations, either resonant

or non-resonant, but these will not be observable directly using
surface scanning radar with wave lengths in the C, X or P bands.
Nevertheless, it will be seen in Section 6 that such'moéulations
may in turn influence much shorter components which are directly

observable in this way.

Wave-wave interactions will also serve to make more uniform

the distribution of surface wave energy in the face of internal
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wave modifications. These have been considered by Zachariasen
(1973) under the assumption that cnergy input from the wind and

._.energy dissipation by breaking and so forth are linear functions

of the wave enérgyjdensity. It is difficult to draw from this
analysis any simple conclusions except that (1) if the inter-

actions are weak, under non-resonant conditions the perturbations

—~1in energy density are in phase with the surface current as in a

single wave train (see eguation 5.12); (2) under resonant con-

ditions there will be perturbations in energy density in phase

with the'rate,of surface strain rather than the surface current,

as the simple (no wind, no interaction) theory indicates. The

occurrence cof these mbdulaticns in the theory is, however, a
consequence of the "softness" of the dissipation function assumed
(linear in energy density E)}; it is more likely that the rate of
dissipation increases more rapidly with E than linearly and this
would tend to suppress the modulations. Thé simple equilibrium

rangrs idea 1s essentially equivalent to zero dissipation when

. . : . 1 i .
E < Emax with break;ng»and Very{rapid dissipation when E > Emax
i

5.5 Summary

1. Resonance and blockage are clearly established phenom-

ena both theoretically and expefimentally, in the laboratory.

~

2. In the field, significant resonance effects are con-

* fined to relativelyvlong wave lengths (1-5 m or so) and may

occur, the optimum conditions being (a) relatively large internal

wave speeds in the direction of surface wave travel (b) a sur-
face current opposed to the direction of surface wave travel and
(¢) relatively light winds. Such modulstions will not be di-

rectly observable using conventional surface-~scanning radar.
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3. Except iﬁ very light winds, reScnantkmcéulatiéns in
~short waves {wave lengths of 15 centimeéers ér'less),will be
masked by cnergy input from the wind, and any modulations that
are ovserved by radar must be produced by ssme'ather, indirect
effect, in which resonance may play a paft, but‘nat the sole

part.

RIS Am;litadé modulations are ?roduéedkbfwﬁén;fesonantv
interactions betweer. the internzl wave and surface waves moving
much more repidly than the internsl wave. Eetailéé results are
glven in Section 5.2. Again, thesé mcdulations are not directly
- observable by surface scanning radar but, as will be seen in
Seetion 6, can precdace variations in small scale surface wave

structurss that are.
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6. WAVE BREAKING

A breaking wave is defined simply as one in which some fluild
elements near the crest are moving forward faster than the wave
profile. UWave breaking occurs on waves over a considerable range

of scales; at the larger scales, breaking 1s more vigorous, air

'is entrained and the breaking 1s clearly visible as the formation

of whit> caps. Small scale breaking (wave lengths 5-20 cm) 1s
however widespread in an active wind-gensrated wave field (Banner
and Phillips, 1974); air is not usually éntrained, the flow being
characterized by the occurrence of surface-stagnation points and
the profile by the appeéranqe ol irregular 'sieps' at *he edge

of the small breaking zone.

6.1 Incioient Preskirg

The maximum amplitude that a wave train (or a local group

. of waves) can attain without brezsking depeﬁds strongly on the

wind érift in thé'upper few millimsters below the alir-water inter-
face. 1If the local surface drift is q (the value at the mean
water level ¢ = 0; very clcsely the local mean value) and the

phase speed of the wave is ¢, then the maximum amplitude gm‘that

the wave can have withcut breaking is given by

Cp = g;‘ (1 - ?62) -6

(Banner and Phillips, 1974), as illustrated iIn Figurz 14. 1In

the absence cof surface drift, gq = ¢2/.g the Stokes vaiue, but

under nzatur2l corditicnz the nmasxinum wave amplitude is substan-~

tially less. “he effect is particularly significant at those
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short wg#elengths that are responsible for radar backscattéring,
In a wind of 10 m/sec, a, ~ 30 cm/sec. A surface wave length of

~io égpﬁiggtsrs,has ¢ = 40 em/sec and 2 maximum amplitude of only

0.03 times the Stokes limit. If the locally averaged value of

the surface érift varies by an emount fg, the maximum wave'ampli—,

tude varies ss

§Cm
¢, ©-aq,

ée that for wave speeds only slightly greater than q,s even small

increasez in g will produce substantial reductions in im‘

If the local wave amplitude 1s forced to exceed the limit-

[6.1], water at the crest tumbles forward, the wave breaks, losing

- energy until the local energy density is sufficiently reduced

that breaking ceas:>. It 1is suspected, but not known with cer-
tainty, that there is a hysteresis irvolved in breaking; waves
that bogiﬂ to break4may céntinue to.do so until their amplitude
is significently less than [6.1]. The onset of breaking in a

particular wave creczt 1s generally quite zbrupt; there is a non-

linear feedback process resulting from the compression of the

vortical layer that rapidly augments the forward surface surge

as the breaking conditicn is approached.

Once waves on a small scale begin to break, as in Figure 16,

"the wave profile is far Irom sinusoidal. The breaking region

ahead of the erezt has an irregular arez of high slope where the

water is falling forwzrd; in terms of the Fourier components,

mzny higher harmonics are genersted. The high fregquency unsteady

- 2R - (6.21
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motion in the small tumbling reglon also generates many capillary
components with wave lengths of a few millimeters that may not
be excited directly by the wind.

The presence of a surface slick that 1s saturated or close
to saturated has 2 very strong influence on wave bfeaking. Com-
pression of the slick 75 resisted by the gradient of the fllm
pressur. [see Secticn 4), so that the forward surge near the
short wave éﬁest,that leads io breaking is resisted and breaking
is delayed. Fnergy dissipatlion 1s, of course, augmented even
without breaking, thouch 1t seems to be the inhibition of short
wave breaking that gives the dramatic difference in surface
appearance between a concentrated slick and a surrounding cleaner
surface. o longer are small scale capillary wavelets generated
by the brecking and the zattenuation rate is generally suffiéient

to prevent direct generation from the wind.

6.2 The Supnracsicon of Chert Weves by Swoll in the Presence of

Wind Drift

The surface wind drift is not uniform in the presence of a
wave field because of the surface straining assoclated with the
wéves. Wwhen waves are propagating gecnerally in the same direc-
tion asrthe drift, the drift is augmented in the vicinity of the
wave crest. The wave breaks when the zugmentation is such that
the surface speed 2t the wave crest exceeds the phase speed of
the wave, but the zamplification is prcsent even in non-breaking
waves. The maximumn value of the surface drift at a long wave

crest is given by Phillips znd Banner (197%) as
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q=(c, -u) - {(3& - u)? ,..;%‘ (zc, - qa}}% N G )

"where'cé‘is the long ﬁéve‘éﬁéeé,Vﬁfiﬁéjoébitai speed at the sur-

face (= ctak vhere & = long wave amplitude, k = wave-number) and

e, 1s the value of the surface drift at points wherelg = 0on the - |
mean water level, or approximately the average value of the sur-
face ériftysﬁer the whole surface. For wave perlods greater than
atout 2 secends (X > 10 m) variations in wind stress méy influence
the distribuiion (see Secticn 2 of this report); the effect should
be calculszted ﬁuréricaiiy‘hut‘it is expected that the increzsed ‘
wind stress at the wave crests may even augment further the in-
creaSed‘drift there produced by the dynamics of the straineé '
surface lay,r. The neglect of this further effect should repre-

sent an unaer-cst;*aue cf tbe effects on short waves.

v ?hea‘shcrt waves are éezng overtaken by a lcnger one, heér
the icng wave crest the short waves exgerienée an augmented wind
‘ﬁrift Q. s¢ that the maximuwr height that they can have at in-
cipient breaking is reduced in accordancs with equation [6.1].
In fTact, in &n active wind gith continuing energy supplied to
the short waves, they~c§n be expocted to actually brezk on &
small scale as they approach the long wave crest and the local
mean drift a, increases so that [6.1] becomes more stringent.

nce the long wave crest has passed they may be regenerated by
the wind but only to broezk at the next long wave crest when the
increased drift 2zair linits the am§litﬂdé. Accérdingly, the

presunce of longer waves and wind drift reduces the amplitude
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of short waves, the amount of the reduction being dependent on
the long wave speed and slope. By assuming that the ave}age
energy density in & short wave field, constantly regenerated by

‘ the'wind, 1s proportional to (in fact, roughly equal to) the

energy density when the short waves are at the point of irncipient

breaking at the long wave e¢rest, Phillips and Banner (1974) were

able to account gquantitatively for reductions in short wave energy

“densiiy produced by long Wa?es in a variety of experimental sit-

‘uations., Early measurements by Mitsuyasu (1966) were also very

consistent with the theoreﬁical predictions (se2 Figure 17)

~though experimental verification is still rather sparse.

For short waves superimposed on long ones, the maximum
amplitudz at incipient breaking 1s given by
= (2gtY=1 (o . q)2 ) ’
Cprax = (28")7% (e - a)® (6.%]
where q represents the locally averaged surface drift [6.3] in-

duced by the long wave at its crest. This can be expressed
alternatively as

| q ' ‘ 2 o % :

where qo is the overall average surface drift and ak the long
wave slcpe. . is the short wave speed at the long wave crest
(also modified by the straining of the long wave from its un-

disturbed value co):

ce = ¢ (1~ ak) [6.6]
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and gt is the agparent gra?itaticnal acceleration experieﬁceé by
the short wave

) ;W,MM f,M%;w.ﬁ: ;g}' gs’,~g(i - k). ’;’ ‘ N o [6.7]

6.3 Short Wave Modulations Assoclated with Internal Waves

i

Assume that internal waves produce a distribution gf surface =

 €ur£ent whose variations mgy or may not be fugmenteé by gmean
surface current as in Section 3 of this report. Assume 'that the
wind is blowing in some direction generating waves over a range
of scales; let us (rather simplistically) %epresent these waves
initially as a train of long wavés moving mﬁch‘faster than the
internal wave superimposed on which are short wavelets (say in

the £-10 ¢m range). The characteristic grcwth time for the long

“waves is taken to be large (much larger than the time to propa-

gate from one internal wave crest to the next) so that thé direct
effect éf wind re-generation can be neglected éuring these time
intervais, On the other hand, the grcwth time for the shsrt
aneé is small; they are generally saturated and if thei# ampli-
,§u&e is severecly restricted at a long wave crest, they will

rapidly be regenerated once the crest is passed. Thé quantita- .

“tive form of these assumptions is considered later.

Since the res@onse time of the wind-drift layer (in the

tpper few milimeters) is short (see Section 2) the mean wind

 drift, averagsd over an area small compared with an internal

wave length but large corpared with a long surface wave length
is, in essence, constant. The direct straining of the surface

wind-drift layer by the irnternal wave is too slow and of too
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small a magnitude (by several orders) to modify the sfructure of
the wind drift layer directly. The short time scales appropriate
‘to this layer indicate that, so far as the internal waves are

kconvcekrned the surface drift layer is everywhere in 106&1 equi-“”"" e

‘librium with the wind and shorter waves.

 The long waves prckagaue relatively rapidly through the

variable current pnttern produced by the internal waves. They
are not resonant and they are not blocked, but (relatively small)
modulations in long wave amplitude are produced asAdescrioed in
Section 5. The long waves are smallest when the surface drift
component in‘the‘direétion éf internal wave %‘ravel is largest
(see Eq. 5.18) if 8 < w/2. TThe small modulations in long wave

- slope produce modulations in the maximgm values of surface drift
at the long wave crests, where 1t is augmented by the convergence
in the long waves. An important point is thatbthé surface drift
generated at the long wave crest is dependent on, and a substan-

tial fraction of the long wave cpeed, so that the modulations

in surface speed at the different long wave crests are a (fairly
small) frection of the long wave speed. However, they are a

substantial fraction of the short wave speed. Short waves at

' different phases of the internal wave experience surface drifts
at the long wave crests that vary by a substantialyfraction of
their own speed; in the previous section it was shown that the
' maximum amplitude the short waves ¢an have against breaking and

in the presence of a regenerating wind, depends sensitively on

the value of the drift q as a fraction of their phase speed c.
Consequently, there will be modulaticns in the short wave eneray

density, with maxina where the leng waves are smallest, that 1s,
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when the surface current in thevﬁirectian of wave propagation
is greatest. Ninima will occur when the current is least or in
the reverse direction. | |

These stat enents will now be put iats more quantitative form,
The variation in (rcot mean square) amplitude of the long waves -
(no resonance) is given by [5.17] as

ga _ _ 5U 1l + cos 26 - v{e + cos 8) ‘{6 81
a G& (cos 6 - 2y)(1 - &y) :
and the variation in wave-number by [5;1#}.35
U : o |
bk ; 2 cos 5 ) :
?“(%} T -2y 9]

where y = ~(§ - ’}/CL’ 3 being the component of the mean sur- ‘
face curreﬁt (in the top few meters) in the direction of Lhe lorng

waves. The slope variation is accordingly

6(ak) _ _ §ﬁx 4 cos® § - y(2 + 5 cos »8) o {6 10]
ak C, (cos 8 - 2y)(1 - 2y) )

Modulations in long wave slcpe when an /C = 8 2 are shown in

“ Figure 18 as a function of C /C. ‘The resonance pcint is when
C XC 2; we are concerned Wlth considerably longer waves such
that C /C > 2. The slcpe modulations, opposed in phase to the
surface current, decreace as C fC increases; a characteristic

magnitude is 0.2 or 20%.

Now from {6‘5], taking differential increments, the modula-

tions in surface wind drift at‘thé crests of the long waves are
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given as a fraction of the long wave speed by

- e et »
.gﬂ = glak) { |(1 - ak)® - =2 |2 ~ 2| (1 - 2k) -2 [6.11]
v - - C, }”!C£ T e

" Note thaf‘qb, the average surface wind’drift iskessentially eon-
stant with respect to phase of the internal wave on account of
‘the short response ‘ime of the wird drift layer — see Section 2.
Note'also'tha in the field,'qo/CL << 1, the avarage‘surface ‘
wind drirt_is snall compared with the long wave speed. The ex-
pression [6.11] is fllustrated in Figure 19 for various values
of qo/CL‘ ’ | |

Consider now the short aneiets,'constantly regenerated by
the wind, fiding on these long oneé. The maximum amplitude they
can have zgainst breaking is given by [6.4], 1.e. -

Cpax = (28")7F (¢ - a)?
 where g' = g(l - ak) is the apparent gravity acting on the short

waves as they ride over the long wave crest, ¢ = e, (1 - ak) is

the loecal wave speed of the short waves 2nd q is the local sur-

face wind drift at the long wave crest. Again taking differ-

ential increments, the variations are given by

5C ax - . fgt, 5 te-ta f(ak) . 2 tak) ¢ € CL jaled
r - ! c-a -ak _ (c~a)(l-2K) ¢ -gq C
‘max T 1-a ( )( K) 0q 4
g ¢ 2 C
r:l{ ,\ R
R I ST G <} [6.12]
:k %f 04 C,
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In this expressicn; t{ak) and 6q aré both directly proportional
to 6U_ according to [6.11] and [6.10]; in the calculations below,
58 is taken as 0.2C (e rather low value: see Figure 5) so that
fer other vslues of the ratio, the modulations can be found by
simple mult ipliCFticn.l o o |

Since the mséniatiens in shsrt wave energy density 5EKE
2(6¢,,,)/C,

C max they are given by

c_+q 2¢C

- ’ ; : 2] , 4 . »
= -22k {Fig. ;8} (1=ak) (CQ‘Q} + R {rig. 19} [6.13]

AE-
E

where {Fig. 18}, {Fig. 19} re?resent the ordinates for appro-
priate conditions from these curves. Note that when q = c o’ the
amplitude of the propcrtionsi medulations becomes inéefinitely
large, the short waves being erased from at least part of the

longer wave cycle,

" The results of some detailed calculations based on these
expressions are shown in Figures 20 through 27. In interpreting

these figures, severai‘paints should be kept in mind.

1. In éach case, the cfélnate represents the amplitude of
the modvlations in saart wave erergy denszty over a period of the o

internal wave.

2. The short waves considered here are freely travslling
waves un&er the influence of wind, not the Fouriler harmonics of
longer waves whose basic wave length 1s & multiple of the wave
length given. For freely travellinﬁ short waves of a glven wave
length, there is a cut-off produced by the wing érift, whlze
longer waves, with harmonics of the same wave-number can still

propagste.
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L 3fcha1culated variations of AE/E larger than [some limit of
| ofdcr'i°cén no longer be regarded as perturbations Lnd the num-
o erical calculations are inaccufate. Indicated modulations great~
er ‘than this simply indicate a very large response.] \ Values of
AE/E less than 10% ‘may possibly be regarded as insignificant and

are not plotted. : .1

>“4; All calculations are for surface current variations
whose amplitulle is 0.2 tim?é the internal wave opeed For other
values, the curves should be increased or decreasediin‘linear

|
i
|

proportion,

5.  Under natural conditions, the wingd wave Spectrum is
genorally narrow and sharply peaked 1he complex surface wave
field 1s here simplified to a long wave, together with super-

}imposed local short waves limited by breaking. |

. Figure 40, 21 and 22 give AE/E for 2.5, 10 and:EO centimeter
waves as a function of wind speed for the case of ro. mean surface
current, long wave s10pelow2, for various values of'ihe wave
length of the longest wavesL. The bracketed pairs of curves show
the influence of variations in internal wave speed from 30 tc h0
em/sec. Note the cut»off in these curves when the surface wi.‘ '

drift is sufficient to suppress freely travelling waves (qo = c).

Figures 23, 24, 25 give AE/E again for 2.5, 10 and 20 centi-
" meter waves as a functicn of the slope of the longest waves,
agaln with no mean surface current and with the w1ndlspeed of

7.5 m/sec (15 krots). ©Note the much greater rESpOnSé of shorter

waves.
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Figure 26 gives §E/E for the three short wave lengths as a
fuction of mean surface current referre& to the internal wave
speed (though with a constant value of 0.2 for the variations in
surface current tskinternai wave speedgythat are preédced>§y the
internal waves). The longer wave has 1 m wavelength, internal
wave speed 20 cxfsec and egain a 7.5 m/see (15 knct) wind.

Figure 27 éi:eg the recticna% éepenéence of the response

a3 a function of zngle § between the Iong sur§§ge waves and the

internel wave. There is some directienal weakening, but the

response 1is surpriQirgly broad band.

The general trends of the calculaticns are indicateé below.
6.4 Summary

1. The response of 2.5 em waves 1is larger than that of 10
or 20 cm waves by 2 factor of order 3 (at low wind speeds,
U ~ 2 m/sec, or L knots) to 10 or much more at higher wind speeds

(greater than 7.5 m/sec, 15 knots).

2. The phzse of the short . wve minimum corresponds to the
interrnal wave phsse where‘the‘current has its maximum adverse
value with respect to the longer waves in the’s&rfaae wave field
(ab“iﬁ the crestis if the two zre csnéurrent)‘ The maximum occurs

betwsen this point end the folleowing internzl wave trough.

3. Orésrs of rmagnitude of variations with the various
v

ter

s+

para arz ag fcllious:
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N | - o 7. EPILOGUE.
This work has ssught to evaiuate the predsminant influences
“of internal waves on short surface waveg unéer netural condi«
f« { - tions where a varlety of physical §racef5ﬂs oceur in cambination;
' ' The strongest and most widespread effect appears to arise from a
relatively small modulation to icng wavés that run throﬁgh the
intern«l wave-inducz2d motion, these modulations having a some-
times very strong influence on the maximum height that short
waves can maintain againstfenergy loss by breaking while under
g' the ccntinueé influence of the wind. The results are summarized
‘ in Section 6.&. Modulations in short wave energy density and
_in density of short wave breaking and surface stirring are im-
portant. Sznce the przsent report is already lcng enough, these

questions will be considered in a sequel.
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FIGURE 1 - THE VELOCITY GRADIENT AT THE WATER SURFACE AS A FUNCTION
OF THE SQUARE OF THE CENTERLINE SPEED. The linearity confimms

that the shear stress is supported predominantly by molecular viscosity.
(After Wu, 1968)
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FIGURE 3 - A DEFINITION SKETCH. The frame of reference is moving

with the internal wave train.
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FIGURE 4 - THE AMPLITUDE OF WAVE -INDUCED ALUCTUATIONS AS
A FUNCTION OF HEIGHT. The line represents amplitudes
calculated from the Lighthill-Miles approximation.

(After Karaki and Hsu, 1948)
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FIGURE 5 - DISTRIBUTIONS OF SURFACE CURRENT, WITH RESPECT TO PHASE
OF AM INTERNAL WAVE, WITH a/d =0.1. r=U /C, the ratio of
- mean current to internal wave speed. Note that the magnitude of the
modulations increases with r; above r = 0.5641 ‘in this case, fluid
above the wave trough moves faster than the wave profile and o reg~
ion of closed mean circulation develops. r = 0 corresponds to the
classic irrotational case. :
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FIGURE 7 -

THE AMPLIFICATION IN SURFACE CURRENT MODULATIONS
RESULTING FROM THE EXISTENCE OF A MEAN CURRENT.
Above the broken line, fluid ot the surface above the internal
wave troughs moves forwerd faster than the wave itself and o
closed eddy forms.
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FIGURE 8 - CONTC IRS OF THE AMPLIFICATION FACTOR OF SURFACE CURRENT
MODULAIONS (solid curves,identified by nu:nbers in circles) AS A
’ FUNCTION OF a/d AND Ug/C AND OF THE TOTAL AMPLITUDE OF
‘: CURRENT MODULATION DIVIDED BY INTERNAL WAVE SPEED (broken
: curves,identified by numbers in boxes).
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FIGURE 9 - SURFACE STREAMLINES OBSERVED MOVING WITH THE
INTERNAL WAVE. As Ug,/C becomes of order of unity, a
detached eddy forms, with both o divergence and o conv-
ergence line, as in the bottom diagrom.




B
¢ 7

r In frome moving with wave: "
~ Reverse flow I
- 'I .
o |
0.2 ' Fronte ot rest |
“r (Ug Jmax > C |
above troughs |
a/g! + ' /’/
N
0.1} | II
' U< €\ /] VY >¢C
everywhere : / everywhere
. - ‘
| /
Y S S TR R DN P G S B
R ¢ 1.0 2.0
e = (U,)/C
FIGURE 10 - PARAMETER RANGES WHERE RE VERSE FLOW OCCURS.

The broken line is of low accuracy.
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FIGURE 11 - THE CONDITIONS FOR FORMATION OF A SATURATED
SLICK IN GENERALLY DISPERSED SURFACE MATERIAL. Slicks
will be formed under conditions that correspond to points
inside the bowl if V,, + q =0, or inside the V-shoped
region if the surface current vanishes. o = internal weve
emplitude, d = thermocline depth.
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FIGURE 12 - BLOCKAGE CONDITIONS FOR SURFACE WAVES OF SPEED ¢, WITH

INTERNAL WAVES CF SPEED C AND A SURFACE DRIFT,

WHOSE
MEAN VALUE IS U, AND WHOSE MINIMUM IN THE PRESENCE OF

OF INTERNAL WAVES IS Uy . Note that when the variations in sur-
face current Ug— U, ~~ -0, blockage is reduced to a single point:
C-U = (2) ¢, - the resonance condition (5.8).
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FIGURE 14 - THE MAXIMUM ELEVATION { ABOVE MEAN WATER LEVEL THAT CAN

BE ATTAINED WITHOUT WAVE ‘BﬁEAKING AS A FUMNCTION OF THE SUR-

FACE DRIFT q AT { =
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RGURE 15 - STREAK LINES IN A SMALL SCALE EREAKING WAVE.
For identification, see Figure 16, ‘
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FIGURE 16 - AN IDENTIFICATION CF FIGURE 15.
The undisturbed water depth is 15 em: -
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_FIGURE 17 - THE REDUCTION IN ENERGY DENSITY OF ' SMALL-SCALE
BREAKING WAVES PRODUCED BY SUPERIMPOSED LONGER
WAVES AFTER PHILLIPS AND BANNER (1974). The measure-

ments are by Mitsuyasu (1966); the line represents the theoret-
ical calculation, with no adjustable constants.
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FIGURE 18 - RELATIVE MODULATIONS IN LONG WAVE SLOPE PRODUCED BY
. INTERNAL WAVES WITH 8U, /C = 0.2. The modulation emplitude
e g e s s e g linear in this factor. The effect of mean surface current is shown;
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FIGURE 19 - VARIATIONS IN SURFACE DRIFT AS A FRACTION OF INTERNAL

WAVE SPEED, DIVIDED BY MODULATIONS IN LONG WAVE

SLOPE, FOR VARIOUS VALUES OF THE LONG WAVE SLOPE AS

A FUNCTION OF SURFACE DRIFT. See Eq. (6.11).



~"a B o ’ R ‘; &'S |
- 'HYDRONAUTICS, INCORPORATED a

tET

+
l
MM

.
i
{
1
j
]

gie)ﬁs

-y ) ’ g‘s

0.6

0.4

0.2

20 40

{} i§ . m/sec

FIGURE 20 - PROPORTIONAL MODULATIONS IN ENERGY DENSITY OF SHORT

- BREAKING WAVES ASA FUNCTION OF WIND SPEED. Short wave~
g i : length = 2.5 e¢m, surface current = 0, long wave slope = 0.2, The
g four pairs of curves, bracketed, are for long wavelengths of 1 meter,
-3 meters, 10 meters, and 30 meters, the left~hand member of each

pair being for an internal wave speed of 40 cm/sec, the other for

o 30 em/sec. - ~
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FIGURE 22 -~ PROPORTIONAL MODULATIONS IN ENERGY DENSITY CF SHORT

BREAKING WAVES ASA FUNCTION OF WIND SPEED. Short wave=
length = 20 cm , surface cuirent = 0, long wave slope = 0.2, The
four pairs of curves, bracketed, are for long wavelengths of 1 meter,
3 meters, 10 meters, and 30 meters, the left-hand member of each

pair being for an internal wave speed of 40 cm/sec, the other for
30 :m/:ec .
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o FIGURE 23 - FRACTIONAL MODULATIONS IN 2.5 cm WAVE ENERGY DENSITY,
\ PRODUCED BY LOCAL BREAKING, AS A RUNCTION OF LONG WAVE
= SLOPE. No surface current, wind speed=7.5 m/sec. Wovelengths of the
long waves, 1 eter, 3 meters, 30 meters, and 100 meters.
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- FIGURE 24 - FRACTIONAL MODULATIONS IN 10cm WAVE ENERGY DENSITY,
4! PRODUCED BY LOCAL BREAKING, AS A FUNCTION OF LONG WAVE
e SLOPE. No surface current, wind speed =7.5 m/sec. Wavelengths of the
: long waves, | meter, 3 meters, 30 meters, and 100 meters.
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FIGURE 25 - FRACTIONAL MODULATIONS IN 20 cm WAVE ENERGY DENSITY,
PRODUCED BY LOCAL BREAKING, AS A FUNCTION OF LONG WAVE
SLOPE. No surface current, wind speed=7.5 m/sec. Wavelengths of the
fong waves, 1 meter, 3 meters, 30 meters, and 100 meters.
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FIGURE 26 - THE FRACTIONAL MODULATIONS IN ENERGY DENSITY FOR

SHORT WAVELENGTHS OF 2.5, 10, and 20 cm AS A FUNCTION
OF MEAN SURFACE CURRENT, BUT WITH A CONSTANT VALUE

OF 0.2 FOR THE VARIATIONS IN SURFACE CURRENT. Longer :
wavelengths = 1 m, internal weve speed = 30 cm/sec, wind speed=
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FIGURE 27 - THE DlRECTlONAL RESPONSE IN SHORT WAVE ENERGY MODULATIONS
AS A FUNCTION OF ANGLE BETWEEN LONG SURFACE WAVES AND THE
INTERNAL WAVE. When this angle is as large as 60°, *the magmfude of the
_modulations is reduced only by about one-half.
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