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AaSTRACT

This report analyzes and reviews the processes involved

in the rcneration of modulations in short wave structure by

internal waves. TIIe emphasis is on field conditions where,

in generalýJ, there is wind blciring, a mean current with verti-

cal str.ctur,., lon,' an.J s" hor' waves at different directions

to thl- .Aternal wave and possibly surface films. The appli-

cabil-.ty cr otherwise, of theoretical analyses and laboratory

exrer.ments 11-o field situations is discussed, the problem

being the .variety of interacting phenomena found tunder natural

conditions. At the end of each main section of the report a
summary is giv-en of the principal conclusions of that section.

In Section 2, the mean distribution in the vertical of

,.he horizontal current is discussed. in the top iD w milli-

meters there is a surface wind drift, generally about 3 per-

cent of the wind speed. Below this, the current profile is

highly variable in time and in location, but is essentially

horizcntal, witi a much greater horizontal length scale than

vertical scale. Resnonse tines are estimated. Section 3

considers the variat.iOn in surface current produced byr internal

waves in t-h: ,orse, . f cuch a mean c-urrent distribution. It

is shown Iat, for a given int-ernal wave, the variations are

amplified by a curf'ace curreýnt in the sn-me direction as the

internal wave propa.ation, reduced if' opposed.

T-he formatior- of surface films in the presence of internal

waves, c!urrents, winis, surfna:e waves, etc., is discussed in

Section anld iimiits are• , -.yn for conditions uanaer which

s.at.ra.d fi!:r sh.lUld be focund.
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Scction 5 reviews known results concerning the direct in-

teraction between a surface current distribution and surface

waves and considers their applicability to field situations.

Except in very unusual circumstances (very fast internal wavcs,

surface current in the opposite direction) the wave lengths in-

volved in direct resonance are so short that energy input from

the wind will r--:k this process - resonance is not considered

to be a significant process in generating short wave modulations.

Longer, faster surface a.waves, whose time constant for energy-

input from the wind is much greater, also experience modulations'

Sin th11 ir propagation through an internal 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

in Section 6 and estimates are made of the modulations in short

wave energy density resulting from this indirect interaction

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

tion 6.1:.

N1
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1. INTRODUCTICM AND OUTLINE

An understanding of the processes involved in the produc-

tion of surface effects by internal gravity waves or other sub-

surface disturbances is essential for reliable prediction, but

this understanding has remained elusive. A variety of physical

phenomena are potentially involved - non-resonant coupling

between short surface waves and the moving disturbance pattern;

resonant interactions which are more selective in their occur-

rence but, under idealized conditions at least, potentially

stronger; indirect coupling between short -waves and the moving

pattern, either via lon-,cr waves or swell or via sub-surface

wind-induced currents; modulations 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 rate and energy density of short waves. Under

natural conditions some or all of these may occur in varying

combinations; what is demonstrable in the laboratory under

carefully controlled conditions and justified theoretically by

"a correctly argued analysis may be overwhelmed in the field by

"a quite different process where there is a wide range of per-

turbations cf many kinds. Certainly some of the early observa-

tions of LaFond (1962) on the occurrence and movements of

slicks pointed rather definitely to an association with in-

ternal waves, but under other sets of natural conditions, other

balances obtain and the associations are no longer clear.

, /
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The aim of this report is to summarize what we know about

the processes that occur near the sea surface that may be

relevant to these questions and tO evaluate their interplay

"and their combined consequences insofar as they produce an

observable variation in surface properties as a result of a

sub-surface disturbance. What theoretical models do we have

that offer guidance to observation in the laboratory and in

the field? What physical processes are responsible for the

phenomena already observed in the laboratory? 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 is 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 excellent work already done into

context and 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 blowing for a substantial time, sub-surface wind-induced

currents are present also. Waves exist over a continuous range

of scales that can extend from capillaries to long swells; in

an active wind-generated sea, waves are breaking sporadically,

sometimes entraining air and forming a visible white cap but

sometimes on such a small scale that no air entrainment takes

place. Generally evaporation produces a cooled surface 'skin';
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when wave breaking occurs this skin is locally and abruptly

disrupted so that the local surface temperature, measured

radiometricall-r, is also disrupted abruptly. Surface films,

usually of organic origin, are present almost ubiquitiously.

Superimpose on all this a very small amplitude, large-scale

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

sequent large scale modulations?

These phenomena will be considered in turn with what we

know about their self- and mutual interactions. First is the

wind-induced drift, both in the thin surface layer and on a

larger scale that may extend to depths of many meters. What

are the response times of these to changes in surface stress?

Secondly, how do they respond to variations in the underlying

current, whether steady currents or the moving orbital current

patterns of internal waves? Third are the surface films, their

properties 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 is the

back reaction on the waves themselves, either 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-

duced by near-surface current distributions, either by resonance

(with maybe 'blockage') or non-resonance. What influence does

the wind have on these modulations? What effect does the wind

drift in the thin surfp:e layer have on wave propagation and
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the occurrence of these modulations? Fifth, what about wave

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

wind-induced surface layer and that the short wave energy den-

sity that can be maintained against breaking depends on the

combined influence of longer waves and the thin surface layer.

In all of these questions, the aim is to draw together the

results from theory, from the laboratory and from the field to

try to develop 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 generation of the sub-

surface disturbance that produces them. We will assume that,

*by one means or another, we have a disturbance at a given depth;

what are its surface manifestations? But these are enough

questions, and it is time to look for answers.

?V

V
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2. MAN VELOCITY STRUCTURE ABOVE THE THERMOCLIVE

-2.1 The Surface Drift

When the wind blows over the surface of the sea, the stress

in the air or the water is communicated by the Reynolds stresses
associated with the almost invariably turbulent motion. In the

j absence of wave breaking, however, the tangential stress across

the interface must be con-j_:unicated from the air to the water by

molecular viscosity, since tne Reynolds stress at the interface

vanishes. This requires a suostantial velocity gradient at the

surface in both the air and the water:

dU 0
- [2.1]dz

where r is the tangential stress at the interface 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 -p7u increases rapidly and soon

dominates so that the mean velocity gradient reduces rather

abruptly. This viscous sublayer is well knoi-n in aerodynamics;

over a smooth plate its thickness is approximately lOv(P/re)2

and the velocity at its outer edge relative to the plate is~1
about 10(r/p)C =-IOu, where u, is the friction velocity of the

air flow. Even a smooth water surface is mobile in the sense

that tanricntial motions are possible so that the build up of

the Reynolds strcss above and below the air-water interface

would be cxDected to be more rapid and the viscous sublayer

consequently thinner than over a flat plate. Nevertheless on
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dimensional grounds, the scaling is the .same; the thickness

of this layer in the air is of order Va/U * and the velocity

scale is u*, where va is the viscosity of the air. The stress

T is continuous across the interface so that the velocity scale
0

in the water motion

J = o Pa u. 3.4 x 10-2 ua[2.2A w Pw]" .

where pa and pw represent the air and water densities respec-

tively. The thickness of the viscous sublayer is proportional

to v w/w. Relative to the spaed of the interface itself, the

velocity profiles in the air and the water have an anti-symmetry

but with different length and velocity scales. The ratio 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,4  3.41 percent. Consequently, the speed q of the

water at the interface relative to the water below (where the

mean velocity profile is quite flat) is predicted to be about

3 percent of the air speed as usually measured at, say, 10

meters where again the mean profile is relatively flat.

In summary, then, we would expect on these grounds a thin

wind-drift layer occupying the top few millimeters of the water

surface across which the velocity difference is of the order 3

percent of the wind speed. The existence of this layer has only

a minor influence on the propagation speed of waves whos:: wave-

length is large compared with the layer depth (Phillips, 1973),
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since the dispersion relation is the result of an integral

balance over the whole wave motion. However, as will be seen

later, it does influence very strongly the condition for wave

breaking that intimately involves the motion right at the water

surface. If the waves do break; the viscous sublayer is dis-

rupted locally an3 must be re-established by the surface stress.

The time to accomplish this can be estimated by equating the

impulse (force times time) supplied per unit area by the surface

wind stress to the momentum (water density times depth times

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

vw

au Te w.

so that the re-establishment time

T [2.3]

For wind speeds of 10 knots or greater this characteristic time

is very short, a fraction of a second, and only in very light

winds (of order 2 knots) is the re-establishment time of the

order 1 second or greater.

However, for small chantes in surface stress or in u*, the

response time for readjust.nt... may be substantially greater.

If u* increases to u * + the readjustment time is

Pwvw
Tr VWaU*OU [2. ]

rI ,a u ,u
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or greater than [2.3] by a factor (uV26u0.) Consequently in

a non-breaking wave, when the tangential wind stress at the

crests is greater by a few percent (Brooke Benjamin, 1959) than

I in the trou-ghs, the rcspcnse of the thin surface layer to the

stress variation is neg.1-ible for waves of one second period

or less, provided the wind speed is not more than about 15 or

20 knots. On the other hand, Equation [2.31 shows that if the

sublayer is disrupted entirely, it is essentially re-established

very quickly by the wind stress.

Measurements of the surface wind drift in the field were

mtade some years ago by Keultg.n (1951); he reported a surface

drift of approximately 3.3 percent of 1he wind speed. Wu (1968)

in a careful laboratory study measured not only the surface

drift but, by using spherical floats of different sizes, was

able to confirm the sharp sub-surface velocity gradient and its

variation with wind speed. Figure 1 shows his measurements of

dU/dz as a function of U 2, the souare of the centerline wind

speed in his tunnel, which is very closely proportional to the

surface stress. Over most of the range the two are proper-

. .tional, confirming that the viscous balance of Equation [ 2.1]

is indeed relevant.* When, at the highest wind speeds, the

Incidentally, the mean viscous stress in the wind drift layer
can be estimated from the best fit line of Figure 1 to be
0.8 x 103 PaUoI in the absence of wave breaking, somewhat

greater than Wu estimates for the total stress fro-m his air
flow measurements. Since there is also momentum flux to the
waves, it should be less the reason for this discrepancy is
unknown.
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waves were breaking, the mean velocity gradient was reduced

primarily as a result of the sporadic patches of vigorous

turbulence and the locally increased Reynolds stresses. Wu's

results for the surface drift ai'e shown in Figure 2, together

with others obtained by Phillip6 and Banner (1974) in a dif-

ferent laboratory. These observations and experiments certainly

confirm the existence of this wind-drift lay r, both in the

laboratory and the field, the mlgnitude of t ý9 surface drift q

being about 3 to 4 percent of the wind speed as indeed the simple

theory predicts.

2.2 Sub-Surface Currents

The wind also generat.s sub-surface currents on a larger

scale of c-urse. 'Phe vertical gradient of Reynolds stress is

balanced by the horizontal acceleration of the fluid and/or by

the Coriolis acceleration. in the open sea, With a gradually

deveiopin-r wind over a large area, the mcan horizontal current

distribution can approach the classical. Ekman spiral, with a

depth scale of the. order w/f (perhaps 100 m ters or so), where

Q2 is the vertical component of the carth's rotation. The con-

ditions necessary for this, however, are extreme and are not

generally to be expected. The vertical profile of mean hori-

zontal current in the mixed layer over depths from 1 meter, say,

to the certainly d-pends on the past history in

space and time of winds in the vicinity, on whether or not the

point of ini-erest is near a shoreline, a current system or a

detacheJ edly, and must be expected to be highly variable.

Curiouzly enourh, few detaile].. field measurements of this kind
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seem to have been taken except for a limited number In par-

ticular current systems like the Pacific Equatorial System
-Montgomery and Stroup, 1962). Experiments such as .MCE

"concentrate on creater depths and have sparse coverage in
Sthis range.- ie':erthlezss it is probably a safe assertion

that there is no reason to expect that the vertical profile of

horizontal current in the mixed layer is either zero, uniform

"or a classfcal Ekman spireI; we must allow for considerable

variability.

Suppose, then: that there is a current distribution in

the mixed layer in which the Reynold; stress gradients are

"balanced by the mean acceleration and by Coriolis accelerations.

Sunpose now.r that the flow field is disturbed by an internal

wavy or other perturbation in the neighborhood of the thermo-

cline. Both the distribution of Reynolds stresses and of mean

current wLll be perturbeJ; if the perturbation is instantaneous,

the alt.red Reynolds stresses have no time to react back on

the meýan flow. L:ut the perturbation is not instantaneous and

the qus-'ticn arises: Under what conditions will the perturba-

tion In 1eynolds stress tnfluence the induced perturbation in

the current?

rhe question can be posed analytically as follow.is: We

take a frame of reference moving ttt the internal wave train

as in Figure 3 and define phase aver~geid que•n '-ties < > as

averag:s alo;ý the y-direction, parallel to thte internal wave

crests. Thn mean velocity field defined in this way is U(x,z),

V(xz), W(x,s-) and the total velocity, including turbulent and
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surface w.,ave fluctuations is U(xz) + u(x,y,z,t), etc. The
upper mixed layer above the thermocline at a depth z = -d is
generally cf almost uniform density and the time scale of the
internal waves of concern arc short cc':pared with one penJulum
.dy, so that in this region, Corioliz and buoyancy effects can
reascr.ably ½ n:-leetea. Thc mormentum equations in the x- and
z-directicns are:

Su> + <•-• < 'x

2 I

whence, by 2ross-diffeŽrentiation

S - ---- <uw > - (<u 2 > + <.,2>) [2.61

who r

[2.71

is the mean vorti city in the flow. The right hand side of
[2.6- r ..pr ...nt the. in-..n.. on the flow of the perturbations
in RFynol,'. z-rec.; that result from the internal wave induced
d.sturbanz. In the ahsence of the internal wave but with the
horizontal curront I rtre,, W t= (z), = 0, <u.> = ccnst and
<G 2 >, <,-> funtionz of z 'a]eone; f-1i terms vanish identically.
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The Reynolds stress perturbations cannot be estimated

precisely from analytical considerations. It has been argued

in the context of air flow over surface waves (Lighthill, 1962;

Phillips, 1968) that provided U in this frame of reference does

not vanish at some level (i.e. provided the mean flcwi in this

frame does not reverse. in which case we have a critical layer)

the marritude of these terms is negligible compared with, say,

the rt.'st term of (2.6]. In this circumstance, the streamlines

of the mean flow are the same as they would be if the f'low were

non-turbulent (though not, of course, irrotational because of

the mean shear) and the variations in surface velocity could be

calculated ig-noring the of2Ls of the-turbulence.

SoMe experime:ntal results shed light on this question.

The same Equation r2.61 is relevant to the air flow over sur-

face w;:aves where also there is shear, turbulence and an imposed

wave nerturbation. Laboratory mea'surements of the rate of de-

creanc w.iith height of the wave indluccd fluctuations have been

made by KIi.aki and EIsu (1938). In those measurements, there

is a critical or matched layer (where the wind speed U equals

the wave speed c) quite close to the water surface so that the

amplitude and phase relations are distorted between the sur-

face profile and the induced air flowi disturbance. In the

region above the critical layer hoeasver, K-araki and flsu found

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

in qua•rature (as they arc in an inviscid, non-turbulent flow).

Furthermore, the decrease of the amplitude of the perturbations

with height is reasonably consistent (Figure 4) with the

Lapproximation for the perturbation stream function

Li~th!!-:ie:;aproxm:tie fr te v•"•, "
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-kz[.8
09~((z) C) 0-r2.8

which is valid away from the critical layer In a non-turbulent

flew

Th;esc results su;stthat insofar as the wJave-induced

flu.-tutiacns ar.2 conccrn-:J, the turbulence maintained and

gencrate*J by the mean flow has no substantial influence, at

least inl th3 air flow,- over .-.,ves. Is the same true for a cur-.

rtent distribution in theý upp~er oýcean moving, relative to an in-

ternal wav-3 field suzp art-ne]by the thermocl-Ine below? The

prinzipaJ. d-ynzm-ce. difference betw..een the two cases concerns

the ratio of t*.;o timae sc-ales - thte read~justm~ent time T a of the

turbulence to a per-1urbation, relative to the time that a parcel

of fluid taken to move fro.m. one wovo crest to the next,

X/[~z)- c] w-.herc- N is; the wave lnt.If this ratio is larg'e

* in both situations, then the turbulonce has little opportunity

to adjuSt to -a local tlist'urbance and its structure is modified

only sliihttly. If it is small, then thle turbulence is approatch-

in.-culiru~~t the lozcally disturbed mean field at all

The readUztrtent, timne of the turbulence can, very plausibly,

be idleitifi%ýd aith theD integ-ral t!Lrneý scalc of' the energy-con-

tainingri eddies in a frame: of rceý-,ren-e moving with the me-an flocw

thiS is the arpurozoriatce me2asure, of the- t"zr.-uory"t of the- turbulrýnt

enor.s-/tic (and RPey-no_1-s streýSs) structurc. Thecrec in ýw goodýt

evi-dcnc (Davies-_. Pishe-;r an' iParrutt, l9%)that in siiear flowa
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this time scale is proportional to and of the order of (0U/ýz)

the inverse of the local mean shear, so that the ratio of the

turbulent adjustment time to the time of passage over one wave
N length is

u(z) - (2.91
~X (aU/Ziz)

This ratio, of course, varies in each flom but representative
V values are of interest. In air flow over waves in the laboratory,

such as in Karak, and!:sou's experiments, above the critical layer

T(z) - C '- 5 in/scc, ? 0.5 'm and &T/,)z ' 50 sec"I, decreasing

with height. With there figures -i' 0.2 (increasing with

height) so that in this region the turbulence is adjustngr

reasonably rapidly to the disturbed flow. One would therefore

expect larrr "-;riatic.ns in Re3mnolds stress variations <uw>,

u2 >, etc., than w.hen >> 1, but in spite of this, the wave-

induced perturbations seem not to be influenced subs'tantially

(c.f. Figure 4). In th. ocean, with a veilcity difference U - C

betwcn the internal waves and the water near the surface of

0.5 r./see, an internal uavc wavelength of 200 m and a mean cur-
-2 -!

rent Shear of 10, 0.251 Representative oceanic values

of -.v are aprarently of the same order as laboratory values; we

conclude tentativcly that the perturbations to the current in-

duced by the internal waves can be calculated negle..ctin- the in-

"fluence of the turbulence to an accuracy exemplified by the com-

parison of Fifgure h
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2.3 Sum.mavry

Tha oc-ýan above the ther!-ozlirne will have mcan motions on

at le ast two, ditnct riealez:

1. Very neaýr the surface, In the top rev.r millimeters,

there is a wind Jrift of about- 3-11 percent of the wind speed-

laborat~oiy -UnJ il asrmentso are consistent :ihtheoretical

oX!ezttiC~.It is Udi,.ruptm-d lo2all-y by wave broakn.1U, but, is

roesabit;Jra idly by the -..Ind. it resporndo loss rapidly

to SmralJ. cL21 -.-rind stresrs and wiltend to be au~urnenteci.2

semewbat ner waLve crests by th:e aaaitiornal. wind stress (thourh,I

as Z-.wil -'2 later, olther --a-ialw'-fntrcto ~fets

a rc us ually ,j 2-1a it)lu

2. Cn aF.r~e dec:t'h sclof' the ordýer of tens, of'
rntr,; z, th -cPi:-crta *ur "n isJikeýly to be variable: with,-

depth and h,<"ar ftb* ristcr--.tin ftscur'i:cirbu

tion rrcaduce'1 iby an !:-a,.:,~lu-:! -,o cic'rdon th-: curront dis-

trilt.2t~ion 'tOl ut ~tcnot strcon-lly de2,,-ndc:nt on the: ambient
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3. THE VARIATIONS IV SURFACE VfLOCITY RESULTING
FROM INTERNAL WAVES

We are interdzted in the variations in-the velocity die-

tribution near the ocean surface that are atociated with in

ternal waves. Ho:;3ver, the small scal 1 configuration and

properties of the surface are coupled to longer waves that are

influenced 1y the-variations in the phased averaged velocity

to depths of, say, 10 m. Consequently, we need to estimate the• F
variations in horizontal current near the surface (in this

tense) that are iniuned by Internal waves, but we are not here

concerned with the variations a. greater depths.

3.1 1he Trrots'tion'l Soluticn

When there is no mean currm..t, or the current is uniform

with depth, the solution is cl .. entary and well known. If

d is the depth t"o the top of the thermocline (the bottom of

the mixed layer) anl a the amplitude of the wave disturbance

there, then in a sinusoidal wave train (or a group with more

than two or t,4ree w..aves) the velocity induced at the surface is

in the direction t- wave propagation and is of ihe form

(Phillips, 1905, p. 167)

-an
Cos (km-nt) (3.11%9 sinh kd

wnhen the at depth d is C a cos (kx-nt).
T:he internal wave zpeed C denends on the wave length, the

structure- of the thennocline an" the mode number of the inter-

nal wave, but [3.11 remains valid for the velocity in the mixed
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layer. For a sharp thermocline in deep water, for the lowest

mode,

Sc=n 1 [ 3.21
h d"k p kk/l + c cAt d))

For internal waves that are long compared with the thermocline

depth d, kd << 1 and

.gd [3.31

Characteristically, for a thermocline depth of 50 m and a

density jump 5p/p - 10l C 0.7 m/sec for internal wave

lengths of abo-ut 200 m or more; sm.aller for shorter wave lengths.

The magnitude of the orbital velocity differences induced by the

internal wave near the surface is 2an; if the wave amplitude is

5 m then (with the figures above) this difference is only 0.2

m/sec for a 200 m internal wave, decreasing in Inverse propor-

tion as the internal wave length ?\ increases. The maximum

strain rate near the surface is ank = 3 x 10 sec for a 200 m
.. -2

wave; this is proportional to -.

Fluid velocities associated vrith surface wind-g,- .erated

waves arc usually larger than the value calculated above and

(on account of the smaller scales of surface waves) the strain

rates are =-ry much larg r. Clearly, the motions induced by the

internal waves are generally a •,ery smFll perturbation (but of

relatively large scale) on an active and noisy beckground; the
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possibility of detecting the signal.depends on (a) whether the

velocity variations indued near the surface by the internal

wave can, under certain natural conditions, be augmentcd and

(b) the existence of onte- or more indicators (or dynamical pro-..

cesses) that arc sufficiently responsivw to these variations.

3.2 Internctioný with ýurf'tc. Currents

The expression [3.1] holds only in the absence of any ver-

tical variation in the m--in horizontal current. When there is

structure In the current, the ourrace velocity variations pro-

duced by internal waves can be modified substantially as the

follOdinr- analysis demots.

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

duced perturbations appear to be substa.ntLally unaffected by

Sthe turbulence rrovi;ldod there is no critical layer where the

component of the maan current vel.ocity, in the direction of

propagation of the internal wawv is equal to the internal wave

zpeed. Under these circumstances, [2.6] reduces to

U La+ [3.4]

--for-thT-chponomHit odf p5iie-se aveýragsed vorticfty (the mean plus

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

propagation. Since P = U! W//vc, this equation is

" " -) ):w

50
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or, after a little manipulation and use of the incompressibility

condition ýU/ýx + ýW/3z = 0 (note 6/6y = 0),

3z ý- +z - T-Tx =3 o [3.5)

Integrate this equation vertically from the top of the disturbed

thermocline at z = -d(x) to the surface:

*AU0 d" - f . !u d= [3

. - d i -d~ j -- •X i.~

and compare the order of magnitudc of these terms.

In the frame of reference moving with the waves, the mean

velocity U is of the order C in magnitude and the variations in

it are of order Ca/?,. By the incompressibility condition, for

internal waves appreciably longer than the thermocline depth d,

W - C (a/?ý)(d/N). Now the third term contains the quantity

dU/dz which is either of order Ca/?d or dominated by the ambient

mean shear at the depth -d. in order to refer the mean surfacle

current to the current speel (if any) at the thermocline, we

will need to choose d at a level where the mean shear is small

so that the difference is clearly defined; the second alterna-

tive is therefore excluded. Consequently the orders of magni-

tude arc:

'''
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Relative Order

ist two terms C2a/A21 i

Third term 0 2 (a/) 2 (d/A)\2 .l/ (a/V)(d/X) 2

Fourth term C2 (a/A)(d/A) 2 i/A (d/N)2

Now a/A << I (generally less than 0.2) and in many cases of

interest d/A < 0.3 approximately. In the long wave length limit

as (d/^) 2  0, Equation [3.6] reduces simply to

ýx •X • -d
or

UT0 -2 d const w.r.t. x. [3.7]

It can also be shown, by taking the component of the vorticity

equation in the direction of wave propagation that the surface

current transverse to the direction of wave propagation is un-

affeeted by the internal waves:

v0 const. [3.81

The detailed calculation can be extracted from Phillips and

Banner (1974).

Note that the expression [3.7] is valid only in the long

wave length domain, when (A/a)2 » 1. The case of shorter

wave lengths can be considered numerically by integration of

Equation [3.4] but this work is not yet complete. Note also

that [3.7], relating the variations in surface current to the

/

/

S/t
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velocities at the thermocline depth, does not involve the de-

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

grated form of the vorticity conservation equation; to this

order in (a/d) the vorticity is simply the mean shear whose

integral is the velocity difference across the layer.

3.3 Surface Current Modulations

The velocities U and U' are taken in a frame of reference0O -d

moving with the internal wave, so that if u(x) represents the
i

orbital velocity at the thermocline and Us(x) the surface cur-

rent (relative to the datum against which C is measured), then

[3.7] becomes

[Us(X) - C] 2 - [u(x) - C]2  const [3.9]

Now in a periodic internal wave, u(x) = 0 at the phase of the

wave where the thermocline displacement vanishes and 4f U is

the surfar-e current at this phase point, then

[U s(X)- C] - [u(x) - c]2  [U -cl - C2

and

U (.x) C- [(C-u(x)) 2 - Us (2C - Us)] [3.10]

the negative sign being chosen since U - C < 0 when there is no
s

critical layer. Note that when the surface current vanishes,

Us = 0 and [3.10] reduce.s to Us(x) = u(x), the long wave length

limit for internal :%,aves in an irrotational flow. Since
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u = - (C a/d) cos X for long internal waves, where X is the

phase of the wave, X 0 corresponding to an internal wave

"crest, (3.10] can be written

IJ = - (( + (a/d) cOS X)2 - r(2-r)V (3.11

C

where r = Us/C. If Us and therefore r are positive, i.e. when

the mean surface current has a component in the same direction

as that of the internal wave propagation, the modulations in

surface current are greater than in a purely irrotational wave.

Us(x) is greatest (in the positive x-direction) when cO x = -I,

above the internal wave troughs.

Figure 5 shows some representative distributions of surface

current with respect to phase of the internal wave for various

values of r when (a/d) = 0.1. Note that the amplitude of the

modulations in surface current increases for a fixed a/d es the

mean surface current increases; when r = U s/C = 0.5641 (for

a/d = 0.1) 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 s/C the water here is in

fact surging ahead faster than the wave and, in a frame of

reference moving with toe wave, there is a closed eddy in the

mean flow near the surface. The detailed calculation becomes

unreliable under 'hese circumstances (Reynolds stress varia-

tions being important) but the pattern of mean streamlines be-

comz s qualitatively as in Figure 6. When U /C is substantially

5_
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greater than 1, there is a submerged critical layer, with

energy exchange between the current and the internal waves.

The magnitude of the modulations in surface current as

functions of r and a/d is shown in Figure 7; the amplifying

efftct of a surface current moving with the internal waves is

evident. The curves for various values of a/d terminate at

the point. where the velocity of the water at the surface above

the internal wave trough is equal to the phase speed of the

wave. As Figure 5 shows, the forward surging motion is both

more localized and mere int-ense than the backwards surge over

the internal wave crests.

Similar information is given in Figure 8. Here, for

example, an internal wave w..ith amplitude a 0.075 d in a sur-

face current with mean spcel 0.'18 C has surface current modu-

lations that of an irretational wave with the same amp-

litude and speed, the velocity difference at the surface being

0.3 C betw0;een points over the internal wave trough and crest.

Points that lie in the upper right, outside the contours,

identify conditions in which a closed eddy exists at the sur-

face with fluid over the troui;h surging ahead faster than the

wave profile.

When the surface current is inclined to the direction of

propargaticn of the intern-i w,.ave, the component of the current

normal to thne prcoagaticn 1irection is not affected (Phillips

and Banncr, 1i7-). In a frame of reference moving with the

-w..aves, the .eattern of surfc'e streamlines is as show;n in the

upper part of Firire 9, for th'n.e- case (Us)x/C 0.5, a/d = 0.1
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with an angle of 1150 between the surface current and the

propagation direction of the waves. When (US ) x/C becomes

larger (or the wave amplitude aid increases) the flow reverses

in the detached eddy ani as indicated qualitatively in Fig-

ure 9b, a divcrgonce line an] a convergence line appears. The

latter (which will be seen later is significant for slick

formation) lies between an internal wave crest and the fol-

lowing trough. As tle x-compcnent of U increases, the two

lines senarate towards adjacent crests until, at a greater

value of U s/C > 1, they coalesce at the crest and disappear -

at all phases of the internal wave, the surface current is then

overtaking the wave. Figure 10 illustrates the various domains

of behavior; the rig:ht-hand branch being rather unreliable

since a critical layer is then developing and the essentially

non-turoulent calculation here becomes unreliable.

3-4 Sum"n' ry

* 1. The modulations in surface current produced by

internal waves are amnlificd when a mean surface current is

moving in the direction of internal -. 'erronaration, suppressed

when moving a-ainst.

2. The amplification ratin becomes large when the

component of mean current speed along C, Us, is close to the

propagatinn speed C of" the internal w.-aves and the internaýl wave

slope is small.
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3- When U /C is near unity, the surface current re-
S

verses direction relative to the internal wave pattern, eveit

for internal waves of sinall slope. This formhs convergence lines
between a crest and the fcllo,:i.ng trough for slicks and other

surface material. Above the internal wave trouah, the water

near the surface move f'aster than the internal wave pattern.
!I. Thes• effects are str-crest when the internal

wave length ic much grerater than the thermocline depth. Cal-

culations for cases when the two are comparable are presently

being done.
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4. SURFACE FILMS

4.1 General Properties

Surface films are very widespread on the ocean surface,

whether as dispersed or saturated monolayers or thicker films,

and seem generally to be of biological origin. Anyone who has

worked with precise wave experiments in the laboratory can at-
test to the difficulty of getting rid of surface films, even

on "1clean" chlorinated and filtered water. A general account

of the phenoc-na of surface films is Given by Davies and Rideal

(19063). The thickness of a monolayer is of the order 10-7 cm;

/ it has a surface viscosity of 10- to 1 c.g.s. units (gm sec )

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

Conservation equations can be written for the surface film

as fo~lot:s. If v is the film velocity over the surface, -y the

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

f () = [4.1]6t

or

dy0[4]'Y+ 7y 0dt

where the divergence is, of course, on the surface. The momentum

equation for the film is

d (Y v) r -5pf + av 2 v + F [4.3]

dt
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where pf pf(-y) is the film pressure, 4 the surface viscosity

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

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

or the film in the ,ýe1r.ynr fluij. Since F fay be of the

order 1 dyne/cm2 while -y 10-7 gm cm2 the acceleration terms

in [L.3) are neg-iiible and the stress balance is, in essence,

static:

ýp..L~ F' 0 1.4

The quantity -P,/ý-y Is relatei to the two-dimonsional compreSsi-

bil-ity mrocuus c - (Davies nnd Rideal, p. 265)

For a very disperse film, c - p•. - 0 and a- 0 as -y 0.s 2 -i -i
For tightly packed monolayers, c 1 102 dynes em for liquid

films and c s-i i03 for fatty ac-is. Other figures and ex-
perientlal r..sults are given in the book cited.

In the ocean, dispersed films are not usually visiblc to

the eye w..hile conce:-ntr-.ted films can be seen generally by their

influence on short wave brea'ing (as will be dicoussed later).

Films sho.in -int.rference coloring are .:,ueh thicker than

monolayers -- generally oil spills.
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* 4.2 Influence of Short Waves on Average Film Density

The most vigorous motions at the ocean surface result from

"surface waves, but the length scale of this motion is small

"compared with internal wave lengths of interest. Accordingly,

let M(x,t) represent the film velocity averaged over several

wave lengths of the short surface wave field, and v'(x,t) repre-

sent th-e fluctuations about this average produced by imall scale

surface waves. Similarly, let P(x,t) and y'(x,t) represent the

mean and fluctuating parts of the film density.

"Equation (4.1], when locally averaged in this way, becomez

+ v-(F v + ) -6

Since the root mean square wave-induced velocity (v is

generally large compared with V, the influence of the secon&

term on the mean film density must be estimated.

Consider a wave moving across the surface where there is

a diffuse film of density y0. If the wave profile is

( = a cos (k.x - nt) -

then the surface velocity in deep water is

V = an cos (k-x - nt) [4.7]

- ¾
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where 4is a unit vector in the direction of k and the fre-
I

quency n (gk)'2. In a frame of reference moving with speed

c I-(g/k)-' of the wave

v an coskx - u[.81

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

The conservation Zcjuaticn [4.2.1 becomes

y- a n c o5 k x 0

since in this fra-e of refcrence, the motion is steady. Thus

- (an coskx - c] const r- 0 c [4.9]

Now for surface waves c >> an, so that

San 
coskx - . l + an coskx + 0 2

O C O c

and the convariance between the fluctuations y' and v'

S  oa nv/[.10]

With a spectrum of short wT)s' :(n), essentially uni-directional

' IV n',.(n)in[• l ]

r' [4.12'j
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where V is the effective surface film flux velocity induced
w

by the waves - in fact, the Stokes drift. In a saturated

spectrum,4(n) M 2gn-5 , n >n

V g/n 4.131

where n (rad/sec) is the frequency of the spectral peak and

,8 - 1.1 x 10 . The drift velocity Vw is thus approximately

1 percent of the speed of the highest waves. The'mnean local

film density i' is therefore governed by

6- + .r( + ̂ )j o [t4.141

4.3 Variaticns in Av-ra•e Film Density Produced by internal
Waves

In a dispersed film, c and a are both small and [4.4]

reduces to F q; the local wind stress at the upper surface

of the film balances the drag of the water below. The film

simply moves with the free surface at a velocity that is the

vector'sum of the 'surfa-e' current M. discussed in Section 3,
the Stokes irift V and microscale surface wind drift g the

last of which is in the direction of the wind stress with

magnitude apprcxitmtely 3 or 4 percent of the wind speed U
0

The conservation equation for the mean film density (4.14] is

therefore

t + 7-rOF +yv + q)] = 0 [4.151
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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

+ -r(Us + q + Vw C)x 0 t4.161

involving the comp.nents of the velocities in the x-direction.

In a very long internal wave train a steady state may be set

up in which

3x IFUS+ q + Vw "C)x 0 (4.17]

so that the average local film density varies inversely with

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

observed as we move with the internal wave. If at some phase

of the wave

us(x) + q +vw - C 0o 4.181

the soluticn fails; fr c 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 shoe.n simply. From [4.16]

1 •r us(x)
+ t+ (Us C + q Vw) 1 f4.191-- s 3x = x [.9
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since C and q are constant; we neglect the variation in V on

the ground that it is dominated by the longest waves (c.f. 4.13).

Thus .

D r
* t f in -- (4.201

.Dt " a x0 (

where D/Dt r-epresents the derivative following the motion of
the film and I' is the Initial film density. If at some phase

0

of the wave [4l.171 is satisfied, a convergence line exists in

which 3U < 0; material points of the film will move towards
5

this line and (from 4.20) the film density increases exponentially

t
P(t) -r 0 exp f s(t)dt

where st) is the convergence - U/Ax experienced by the material

point. As t increases, s(t) - s(O), the convergence at the con-

vergence line and

r(t) -- r exp [s(O)t]. [4.2110

The film density therefore increases exponentially with time

-... until it saturates, even if the initial film is very disperse --

the lower the initial film density the longer the film will take

to saturate and the narrower the ultimate saturated region, ex-

cept at the leading ede., of an internal wave group where material

will continue to be collected.
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The development of concentrated slicks is therefore de-

pendent on [4.18] being satisfied at some phase of the internal

wave. The condition is illustrated in Figure 11. If Vw + q = 0

(say if the wind is blowing alcng the crests of the internal

waves) slicks are formed for values of a/d and.Us/C that cor-

respond to points inside the bowl-shaped curve. If there is no

mean surface current component in the direction of wave travel,

the amplification effect on the surface speed modulations dis-

appears and slicks are formed only inside the V-shaped region

shown. in any event, for slicks to be associated with internal

"waves, it is necessary 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 cornoonent 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

they will be seen increases with the ratio of internal wave am-

plitude to thermocline depth.

If the averare density of surface film is very low, the

material gathb-ed at the convergence lines will lie in a thin

strip and may be dispersed again by breaking waves incident on

this region. The influence of saturated or nearly saturated

slicks on short Wiave breaking will be considered in Section 6 of

this report. Their influence on the damping of unbroken waves

is well knowen (See, for examrle, Phillips, 1.968, p. 37). The

suppression of short wave breaking together with the increased

attenuation of capillary waves gives the surface of an extended
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saturated slick a glassy (or oily?) appearance. LaFond*s (1962)

early observations on the associations between internal waves

and moving slicks were concerned with extended saturated slicks,

easily visible by eye. The associations between the two phe-

"nomena are clear in hus observations, though his simple explana-

tion is untenable.

If the condition [4.18] is not satisfied, that is, if the

oceanic conlitions are represented by points outside the domains

of Figure 11, variations in film density will be generated by

internal waves, but whether or not a slick is formed depends

upon the average ambient dansity of the surface film. For,

from [t.17] the local mean film density P(x) is given by

r(x) [Ux(x) + q + V- = C (s + q + vw C] [4.221

If U + q + Vw - C > 0, the maximum film density will occur

when U is least, above the internal wave crest (see Figure 5).

On the other hand, if U + q + V - C < 0, the internal wave

is overtaking the surface material everywhere and the maximum

film density will occur where U is greatest, above an internal

wave trough., We see later that if the local mean surface film

is unsaturated (not tightly packed, but fairly close to it)

variations in wŽ'tn film density can have a 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 sum'of

the surface current, the wind drif i(about 3 percent of the wind

velocity) and the wave drift about 1 percent of the speed of

the highest waves) has a component in the direction of wave,

travel that is of the same order as (though not necessarily

very close to) the speed of the internal wave. The range of

conditions under which visible slicks will be seen increases

with the ratio of internal wave amplitude to thermocline depth.

The convergence line associated with the slick lies between an

internal wave crest and the following through, if U + q + Vw < C;
S

between a trough and the following crest if U + q - Vw > C.
S
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5. ENERGY MODULATIONS IN A SURFACE WAVE TRAIN

PRODUCED BY DIRCT INTERACTION

The direct Intvraction between surface waves and much longer

internal waves produces modulations 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

the field in this way depends on whether other effects With a

shorter time scale than the surface-internal wave interaction

will not, or will overnhelm this process. V-ere are two ways of

considering the dynamics of the simple direct interaction; they

are complimentary and each u'eful in appropriate :ircumstances.

It can be considered from the point of view of a wave train on a

slowly varying current or from the view.point of resonant inter-

actions among internal and surface waves.

5.1 Waves on a Slowly ;arvniT Current

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

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

jE + (U+ J+s•vu - [5.11

where c is the local group lelocity and S the radiation stress

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

the form

sQ [5.2]
0 00

where the I-direction 's that of the local wave propagation. The

pattern of wave-nixrbers is given by the kinematic equation

N
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; ak
+ V (a + k -U) 0 [5.33

where a = a(k) is the intrinsic frequency; for surface waves

a = (gk)½. The derivation of these equations is given by

Phillips (1968).

"When a pattern of internal waves (either a continuous train

or a steady pulse) is propagating with speed C beneath the sur-

face, a distribution of surface current of the form U (X-Ct) is
s

set up (with mean Us) and this interacts with the surface waves.

In the absence of effects such as wind input, such as wave break-

ing or attenuation (which will be considered later) the distri-

bution of surface wave energy can be found by integration of

[5.11 and [5.31. In some circu-mstances, if we move with the

internal waves, a steady state disturbance of surface wave

energy is established and solutions for U 0, no surface cur-
s

rent, have been given by Phillips (1971) and Gargett and Hughes

(1972). These results are generalized below. When the internal

and surface waves are collincar, the distribution of local sur-

face wave intrinsic speed c (g/k) 2 is givwn by the solution

to the quadratic

-2 c + Us(X) -C-- = [ 5 .4 ]
o c +U - c

0 0
where c0 is the speed at the point where U =U • Consequently

0 S S
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c + 4(u- (1(x)-Cite + U -~

)" 2(c0 + US -C)

-. The alternative root is eliminated since as U U c - c
S S 0

The distribition of energy density in the surface wave is

E(x) o s + 0
co(Us -C+c 0 ) £5.61

E_• Z (x). (U(x) - C + -IFcx)) (5-61

Note the singularity in this solution if

5 s(X) + lc(x) - C 0 [5.71

when the energy flux velocity U + (1/2)c of the surface wave is

Just equal to the nhase speed of the internal waves. At this

point the surface wave speed can be shown (Fhillips, 1971) to

become complex and waves can no longer propagate past this noint.

This is the phenomenon of blockage - surface wave energy tends

to accumulate at particular phase points of the internal wave,

and the way that it accumulates can be described by an unsteady

analysis based on [5.13. The modulations in surface velocity

required to produce blockage are illustrated in Figure 12. Note

that, at the points w,,here the curve touches the horizontal axis,

a very small perturbation in a un'form current will produce

"blockage" - this is the phenomenon of resonance with internal

and surface waves of small slope, described by Lewis, Lake and

1KO (1974) for Us = 0 (no mean surface current). TiNe condition

for resonance is that
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-U + Ic -C= o [5.81
S 0

For a surface current in the direction of travel of the wave,

resonance occurv at a shorter wave length then 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 centirmeters or less, resonance or blockage in

the presence of wind under natural conditions is probably not a

significant dynanical process being overwhelmed by other effects

such as wind energy input and wave breaking.

5.2 Non-Resonance M.odulations in Longer Waves

Longer waves or swell that move considerably faster than

the internal waves may not suffer blockage or undergo resonance,

but they are modulated by the internal wave, particularly when

a surface current is involved. It will be found later that im-

portant effectz can result from these rccdulations by further

interaction with short breaking waves.

Consider first the case when the surface current, surface

wave and internal wave are all collinear. From [5.4] for dif-

ferential increments ýU in surface current

26c - 3c + U
S0. co0 +Us c

so that
c

00[59]
c + 2U - 2C

0 S
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and from £5.6]

Ec (U (x) + jc(x) - const

LR + 6U s+ ½tc_: E e OU +½ -
c Vs + c

With the aid of [5.93 and after a little algebra, it is found

that

S6U 3 i+
r3F -4 -- s +7;T e° 1 + 2y) j[.o

(510

where
U -CY S

c
0

-TFor long surface waves travelling much faster than the internal

waves, jyj << 1 and the modulations in energy density are

approximately

UE ( [5.111
0

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

ternal wave motion, the surface current and the surface wave are

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

lowing diagram

SZ
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U,

VSu -_ ,, . . *0S d"_.t #

Sut ee I VC

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

[af . {o + k • (U - c)) 0

/

or

- f(gk) 2 + k[Us(X) cos 9 + V sin e - C cos 8]) 0 [5.121

and from n x k 0, we have

- (k sin 9) 0 [5.13]

Accordingly, the variations in wave pattern are given by

½C 5k + 5k {[Us(x) - C] cos e + V Sin 6) + bU k cos 8

- k (Us(x) - C) sin 9 - vS cos b] se 0

. .S : .
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and

6k sin B + tO k cos 6 a 0

Solving, .the variation in wave number magnitude is given by

6k os e 5 145k T i C- s

and he variation in direction by

Ssin 9 • [5.15]

involving only the component of surface current in the x-direction.

Since 6c/c° ± -{(k/k), this reduces to [5.9) when 0.- 0.

The energy density distribution is given by

*-- [Ec (-C + U + 1c cos e)f l 0 [5.163

(This generalization of [5.6] is obtained most readily from

Bretherton and Garrett's action conservation principle.) Thus

variaýions are given by

6 EU + U j(c) cos 6 - c sin e 6eS~6E 6c+s0

-+ 1 cos -C + Us

From this, and with the aid of [5.14] and [5.153 it is found

after some algebra that

5Us
-) sj 1 cos 2S + y(2 + Cos 0) [517]

E cJ (co:; + 2y) (1 + 2y)

'/

S o.~
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where y a (Us - C/c). When 6 = 0, this reduces to £5.10). For

long surface wave travelling much faster than either the internal

waves or the surface current, y << I and

5U bU
-2 + cos ) s cos 6 s £5.18]

E cos 8 c c

The simplicity of this generalization of [5.11] is rather sur-

prising. These results will be used later.

5.3 Resonance

Three wave trains of snmall slope can undergo resonant in-

teractions, exchInging sub.::t'ntial amounts of energy amongst

themselves if their wave-numbers ki and frequcncies ni simul-

taneously obey the relations

ý2 b
[5.19]

n, - n 2  n.

Suppose the wave trains 1 and 2 represent surface waves of

almost the sa•me wavelength, so that k1 = k2 + ýk, and let the

wave train 3 represent an internal wave. With a surface current

Us, assumed constant, the freql.encies n2 - 12 + k2 - U ,

n. =o2 + bG + (k2 + Fk) • U , so that the conditions [5.13]- S

become

5k +t- k3

5a+/ s .D2
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where, as before, a represents the intrinsic frequency. From

the first of t5.2-0 resonance can occur only if the difference

"between the wave numbers of the surface waves, 6k, is equal to

the wave-number of the internal wave. Furthermore, from the

second equation, if 6k r 16kj k It3

§6k• s n36k• 5k .. . ka .. . -------. .

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

Cg(k) + U cos =C [5.21]

where • is the angle between the surface current and the internal

waves. From the theory 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 will develop modulations or groups

that grow in time. This is the phenomenon of resonance that has

been investigated in this context by Lewis et al. (1974) for the

case t 0.

It is important to realize that resonance and blockage are

. .. .two different ways-of describing the same physical 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 order as C,

the speed of the internal wave. On the other hand, there is no

restriction on the relative wave lengths involved. The analysis

of Section 5.1 demands that the surface wave length be short
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compared with the internal wave length but imposes no restric-

tion on the magnitude of the variation in U . It is not intrin-

sically a steady state approach. When (a) 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 (sometimes true, sometimes not under natural

"conditions), the two approaches overlap: the condition [5.21]

for resonance is identical to [5.7] for blockage (note that in

/ / [5.71 only the case ¢ 0 is considered).

. 'The important work by Lewis et al. (1974) has (a) provided

a detailed analysis for the resonance when Us 0, calculating

the interaction coefficients and (b) verified by laboratory

measurements the accuracy of the theory, showing that under

resonant conditions the modulations in energy density initially

develop such that

8E
. 5kiu t (5.22]

where u is the maximum orbital velocity of the internal wave
o

and k. its wave number and finally (c) as in other resonant in-

teraction experiments (e.g. McGoldrick, Phillips, Huang and

Hodgson, 1966) the width of the resonance band decreases as the

interaction time increases, provided the internal wave slope is

small. 'hen (Us - js)/C is not negligibly small, the "band

width" of the response is not small (see Figure 12).

5.4 Rescnance and Plockane in the Field

The work of Gargett and Hughes, Phillips, Lewis, Lake and

Ko has established a good theoretical foundation for these



HYDRONAUTICS, Incorporated

-48-

phenomena (if not a complete one in all respects) and the ex-

periments of Lewis et al. have shown that the resonance phenom-

enon can be reproduced in the laboratory. Gargett and Hughes

described some suggestive field phenomena, but qualitatively

only. Zonation of small scale waves in the field has also been

established under some conditions (Perry and Schimke, 1965):

can this be attributed directly to resonance or blockage?

Consider first of all the wave lengths involved. The phase

speed of internal waves in the ocean is of the order I m/sec at

most; the estimate of Section 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 the table below for various values of the surface

current:

TABLE I

C 0.75 0.50 0.25 m/sec.

U Cos 4' 0.75 - -0.15 (3.33) -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. 35 (1.1) 0.60 (1.7) 0.15 (3.33)

-0.25 2.4o (.83) 1.35 (1.1) 9.60 (1.7)

-0.50 3.75 (.67) 2.4o (.83) 1.35 (1.1)

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

Wavelengths, in meters, and frequencies, bracketed, in hz of
surface waves that Dre resonant with internal waves with phase
speed C (m/sec.) in the presence of surface drift UI (m/sec.) at
an angle c to the direction of motion of the internal waves. The
positive direction is taken in the direction of motion of the
internal waves: negative wavelengths indicate surface waves
moving in the opposite direction.
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Recall also that for short surface waves their amplitude in an

actively wind generated wave field is determined by their con-

dition for local stability - increased energy input will result

not in increased amn!itude but in increased wave breaking. (For

wave components near the spectral peak, non-linear conservative

energy exchanges are also important (Hasselmann et al., 1973).

An energy loss will, however, result in a decreased amplitude

provided the local rate of loss of energy resulting from the

interaction exceeds the rate of energy input from the wind.

If these short wave components are already saturated by the

wind in the absence of an internal wave disturbance, under what

conditions will such a disturbance produce modulations? Clearly,

when the wind is unable to regenerate locally the wave energy in

the regions where it is decreasing as a result of the resonant

or blockage interaction. From [5.22] the maximum rate of de-

crease of wave energy is given by

1 dE
1 Edt- -5Uoki [5.23]

where ki is the internal wave number and u is the magnitude of

the surface velocity variations, described in Section 3. Under

the most favorable circumstances for resonance, with a mean sur-

face drift nearly equal to the internal wave speed*, u - C, the0

speed of the internal wave, so that

1 dT

E dt -5ni

*Reson:,nce Lh-eory is then unreliable for such large surface
currents.
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where ni is the radian frequency of the internal wave. A very

high frequency internal wave on the thermocline has a period of

5 minutes or so (this corresponds to the conditions calculated in

Section 3.1) so that ni < 2 x l0-2. Consequently, for the most

favorable conditions for resonance in the ocean,

E < -i0" seC_ [5.24)
Edt

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 centiiheters that influence radar backscatter-

ing measurements, the growth rate for the wind exceeds 10-1 sec-'

except for relatively light winds (u. < 25 cm/sec, U < 5 m/sec

1- 0 knots); if the wind is comparable to, or greater than this

limit, modulations in the short wave lengths will not develop

directly from resonant interactions.

Longer wave lengths, 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 modulations

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 energy input from the wind and

.---- energy dissipation by breakIng and so forth are linear functions

of the wave energy density. 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

----- in energy density are in phase with the surface current as in a

* /single wave train (see equation 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 of these modulaticns 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. The simple equilibrium

range idea is essentially equivalent to zero dissipation when

E < E with breaking and very rapid dissipation when E > Emax max

5.5 Summary

1. Resonance and blockage are clearly established phenom-

ena both theoretically and experimentally, in the laboratory.

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

fined to relatively long wave lengths (1-5 m or so) and may

occur, the optimuL 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

(c) relatively light winds. Such modulations will not be di-

rectly observable using conventional surface-scanning radar.
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3. Except in very light winds, resonant modulations in

short waves (wave lengths of 15 centimeters or less) will be

masked by energy input from the wind, and any modulations that

are observed by radar must be produced by some other, indirect

effect, in which resonance may play a part, but not the sole

part.

4,. Amplitude modulations are produced by non-resonant

interactions between the internal wave and surface waves moving

much more rapidly than the internel wave. Detalied results are

given in Section 5.2. Again, these medulations are not directly

-observable by surface scanning radar but, as will be seen in

Section 6, can prodice variations in small scale surface wave

structures that are.

i
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6. WAVE BREAKING

A breaking wave is defined simply as one in which some fluid

elements near the crest are moving forward faster than the wave

profile. Wave breaking occurs on waves over a considerable range

of scales; at the larger scales, breaking is more vigorous, air

is entrained and the breaking is clearly visible as the formation

of whlt2 csps. Small scale breaking (wave lengths 5-20 cm) is

however widespread in an active wind-generated wave field (Banner

and Phillips,. 1974); air is not usually entrained, the flow being

characterized by the occurrence of surface-stagnation points and

the profile by the appearance of irregular t steps' at the edge

of the small breaking zone.

6.1 Incipient Preaking

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

of waves) can attain without breaking depends strongly on the

wind drift in the upper few millimneters below the air-water inter-

face. If the local surface drift is qo (the value at the mean

water level 0 = 0; very closely the local mean value) and the

phase speed of the wave is c, then the maximum amplitude m that

the wave can have withcut breaking is given by

c I 2 -[6.-]

(Panner and Phillipz, 1974), as illustrated in rigure 14. In

the absence cf surface drift, = c'/= C2 the Stokes vaiue, but

under naturnl conditionZ the moxIn:r~m wave a.iplitude is substan-

tially lezs. -le effect is particularly significant at those
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short wavelengths that are responsible for radar backscattering.

In a wind at 10 r/sec, qo0 - 30 cm/sec. A surface wave length of
140 centimeters has c - 40 cm/sec and a maximum amplitude of only

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

the surface drift varies by an amount Fq, the maximum wave ampli-

tude varies as

Cm q [6-21

m a

so that for wave speeds only slightly greater than q0, even small

increases in q will produce substantial reductions in

If the local wave amplitude is 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 is suspected, but not knowm with cer-

tainty, that there is a hysteresis involved in breaking; waves

that begin to break may continue to do so until their amplitude

is significantly less than [6.11. The onset of breaking in a
particular wave crest is generally quite abrupt; 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 from sinusoidal. The breaking region

ahead of the crest has an irregular area of high slope where the
water is falling forward; in terms of the Fourier components,

many higher harmonics are generated. The high frequency unsteady

A -

.7
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motion in the small tumbling region 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 is saturated or close

to saturated has a very strong influence on wave breaking. Com-

pression of the slick "3 resisted by the gradient of the film

pressvur.• •see Section 4), so that thQ forward surge near the

short wave . .t that leads to breaking is resisted and breaking

is delayed, Energy dissipation is, of course, augmented even

without breaklnZ, though it 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. No longer are small scale capillary wavelets generated

by the breeking and the attenuation rate is generally sufficient

to prevent direct generation from the wind.

6.2 The u, .re..-i.n of .hcrt : by $%,.-ell 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 associated with the

x waves. "h., waves are propagating generally in the same direc-

tion as the drift, the drift is augmented in the vicinity of the

wave crest. The wave breaks when the augmentation is such that

• the surface speed at the wave crest exceeds the phase speed of

the wave, but the a..plification is present even in non-breaking

waves. The maximuum value of the surface drift at a long wave

crest is given by Phillips and B3anner (1974) as
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q (C- u) - u)' q ( - q) [.3]

where C is the long wave speed, u its orbital speed at the sur-

face (- C ak where a = long wave amplitude, I = wave-number) and

"a is the value of the surface drift at points where 0 * 0 on the
-o

mean water level, or approximately the average value of the sur-

face drift over the whole surface. For wave periods greater than

about 2 seconds (X > 10 m) variations in wind strese may influence

the distribution (see Section 2 of this report); the effect should

be calcul~ted numerically but it is expected that the increased

wind stress at the wave crests may even augment further the in-

creased drift there produced by the dynamics of the strained

surface layer. The neglect of this further effect should repre-

sent anunder-estimate of the effects on short waves.

When short waves are being overtaken by a longtr one, near

the long wave crest the short waves experience an augmented wind

drift qo, so that the maximum height that they can have at in-

cipient breaking is reduced in accordance with equation [6.1].

In fact, in an active w1nd with continuing energy supplied to

the short waves, they can be expected to actually break on a

small scale as they approach the long wave crest and the local

mean drift o increases so that [6.1] becomes more stringent.
*0

Once the long wave crest has passed they may be regenerated by

the wind but only to break at the next long wave crest when the

increased drift agaIn limits the amplitude. Accordingly, the

prestence of longer waves and wind drift reduces the amplitude

N-

• °½> >
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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 average

energy density in a short wave field, constantly regenerated by

the wind, is proportional to (in fact, roughly equal to) the

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

breaking at the long wave crest, Phillips and Banner (1974) were

able to account quantitatively for reductions In short wave energy

density produced by long waves in a variety of experimental sit-

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

consistent with the theoretical predictions (see Figure 17)

.though experimental verification is still rather sparse.

For short waves superimposed on long ones, the maximum

amplitude at incipient breaking is given by

Cmax (2g')= (cc q) [6.41

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

.:, ( 1 ak) 1 -ak)2 2o - ½5
• C• C

where q is the overall average surface drift and ak the long

wave slope. c is the short wave speed at the long wave crest
c

(also modified by the straining of the long wave from its un-

disturbed value co):

Cc C(1 - ak) [6.6]
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and g' Is the apparent gravitational acceleration experienced by

the short wave

S..' S g(l alk). (6.71

6.3 Short Wave Modulations Associated with Internal Waves

Assume that internal wnves produce a distribution cf surface .

current whose variations may or may not be augmented by ý,mean

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) represent these waves

initially as a train of long waves moving much'faster than the

internal wave superimposed on which are short wavelets (say in

*/the 2-10 cm range). The characteristic growth 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 tht direct

effect of wind re-generation can be neglected during these time

intervals. On the other hand, the growth time for the short

waves is small; they are generally saturated and if theit anpli-

tude iS severely restricted at a long wave crest, they will

rapidly be regenerated once the crest is passed. The quantita- 1

tive form of these assumptions is considered later.

Since the response time of the wind-drift layer (in the

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

drift, averaged over an area small compared with an internal

"wave length but large co.mpared with a long surface wave length

is, in essence, constant. The direct straining of the surface

wind-drift layer by the internal wave is too slow and of too
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small a magnitude (by several orders) to modify the structure of

the wind drift layer directly. The short time scales appropriate

to this layer indicate that, so far as the internal waves are

concerned, the surface drift layer is everywhere in local equi-

librium with the wind and shorter waves.

The long waves prcopagate relatively rapidly through the

variable current pattern produced by the internal waves. They

are not resonant and they are not blocked, but (relatively small)

modulations in long wave amplitude are produced as described in

Section 5. The long waves are smallest when the surface drift

component in the direction of internal wave travel is largest

(see Eq. 5.18) if 0 < 7/2. Tihe small mOdulations in long wave

slope produce modulations in the maximum values of surface drift

at the long wave crests, where it is augmented by the convergence

in the long waves. An important point is that the surface drift

generated at the long wave crest is dependent on, and a substan-

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

in surface speed at the different long wave crests are a (fairly

'I - 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 substantial fraction of

their own speed; in the previous section it was shown that the

maximum amplitude the short waves can 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 modulations in the short wave energy

density, with maxima where the long waves are smallest, that is,
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when the surface current in the direction of wave propagation

is greatest. Minima will occur when the current is least or in

the reverse direction,.

These statements will now be put into more quantitative form.

The variation in (root mean square) amplitude of the long waves

(no resonance) is given by [5.17) as

( 5) I + cos 2P - y(2 + cos e £6.83
S c . (cos 6 2y)(l"- 2y)

and the variation in wave-number by [5.143 as
/

it ( ....)....~ f6.9]

where y -)/c being the component of the mean sur-
z V Us

face current (in the top few meters) in the direction of the long

waves. The slope variation is accordingly

a L 4 coso - y(2 + 5 cos [6.1o3/ ~ak = ,c! (cos', a 2y)(1' 2y) ••

Modulations in long wave slope when 56U/C = 0.2 are shown in

Figure 13 as a function of C /C. The resonance point is when
-t

Ct/C / 2; we are concerned with considerably longer waves such
that C /C > 2. The slope modulations, opposed in phase to the

surface current, decrease as C IC increases; a characteristic
magnitude is 0.2 or 20%.

Now from .6.53, taking differential increments, the modula-
tions in surface' wind drift at the crests of the long waves are
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given as a fraction of the long wave speed by

= (ak) IFl ak)2 - (2 ~2) (1-ak)- 1 [6.11]

Note that q the average surface wind drift is essentially con-

* stant with respect to phase of the internal wave on account of

the short response time of the wind drift layer - see Section 2.

Note also that In the field, qo/C. << 1, the average surface

wind drift is small compared with the long wave speed. The ex-

pression [6.11] is illustrated in Figure 19 for various values

"of qo/Ct.

Consider now, the short wavelets, constantly regenerated by

the wind, riding on these long ones. The maximum amplitude they

can have against breaking is given by [6.4], i.e.

= (2g')2- (c -q)

where g' = g(l - ak) is the apparent gravity acting on the short

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

the local wave speed of the short waves and q is the local sur-

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

ential increments, the variations are given by

\r 0

.ma - + 2- -=( - 2o(k c 2C5q
Sg= c-0 l-ak (c-q)(l--ak) c -q C

max *0 t,

• ct'k) 2 Co t2 ll •a
-- ) .... [6.123

S...... . -akcO-qj Co-q CV
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In this expression, t(ak) and 6q are both directly proportional

to 56.1 according to £6.111 and [6.101; in the calculations below,

6Us is taken as 0.2C (a rather low value: see Figure 5) so that

for other values of the ratio, the modulations can be found by

simple multiplication.

Since the modulations in short wave energy density 6E/E *

2(6 max)/Cmax they are given by

•= 2ak (Uis. is F ± Fig. 191
E(1-ak) (c.-a) c c-q

where (Fig. 18], [Fig. 19] represent the ordinates for appro-

priate conditions from these curves. Note that when q %- co, the

amplitude of the proportional modulations becomes indefinitely

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 show.m in Figures 20 through 27. In interpreting

these figures, several points should be kept in mind.

1. In each case, the ordinate represents the amplitude of

the modulations in. short wave energy density over a period of the

internal wave.

2. The short waves considered here are freely travelling

waves under the influence of wind, not the Fourier harmonics of

longer waves whose basic wave length is a multiple of the wave

length given. For freely travelling short waves of a given wave

length, there is a cut-off produced by the wind drift, while

longer waves, with harmonics of the same wave-number can still

prop•a•ate.

Ix
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3. Calculated variations of AE/E larger than some limit of

order 1 can no longer be regarded as perturbations nd the num-

erical calculations are inaccurate. 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.

4. All calculations *re for surface current variations

* whose anplitu~e is 0.2 timTn the internal wave speed. For other

values, the curves should be increased or decreased in linear

proportton.

5. Under natural conditions, the wind wave spectrum is

generally narrow and sharply peaked. Ine complex surface wave

field is here simplified to a long wave, together with super-

imposed local short waves limited by breaking.

Figure 20, 21 and 22 give LE/E for 2.5, 10 and 20 centimeter

waves as a function of wind speed for the case of no. mean surface

current, long wave slope 0.,2, for various values of the wave

length of the longest wavesl. The bracketed pairs of curves show

the influence of variations in internal wave speed from 30 to PO

cm/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 6E/E again for 2.5, 10 and 20 centi-

meter waves as a function of the slope of the longest waves,

again with no mean surface current and with the wind!speed of

7.5 in/sec (15 knots). Note the much greater response of shorter

waves.
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Figure 26 gives AE/E for the three short wave lengths as a

fuction of mean surface current referred to the internal wave

speed (though with a constant value of 0.2 for the variations in

surface current to internal wave speed, that are produced by the

internal waves). The longer wave has I m wavelength, internal

wave speed *- cm/sec and again a 7.5 m/sec (15 knot) wind.

-igure 27 gives thc dIrectional dependence of the response

as a function of angle B between the long sur e waves and the

internal wave. There is some directional weakening, but the

response is surprisingly broad band.

The general trends of the calculations are indicated below.

6.4 Summary

1. The response of 2.5 cm waves is larger than that of 10

or 20 cm waves by a factor of order 3 (at low wind speeds,

U - 2 m/sec, or 4 knots) to 10 or much more at higher wind speeds

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

2. The phase of the short .. ve minimuzm corresponds to the

internal wave phase where the current has its maximum adverse

value with respect to the longer waves in the surface wave field

S(abcve the crests if the two are concurrent). The maximum occurs

betw.-ten this point an& the following internal wave trough.

3. Orders of nagnItude of variations with the various

parnn:eters er •', follows:



HYDRONAUTICS, Inc orpora ted

-65-

od v

MOQ0 04J 0.10 0 .0 0$4 .0 CO I 43ýk
0

0 $ 0
14

0

0

0 4)

Cd0

43 0

0#

C)d

0 C 14
CU 0

S-4 'H1JL
=0s-4C:C

ZE-4 P, C4 H) H) 4 0 40

0~~( 0 0CD 0 # 07:~-4 4) to C) v) Cu 44a $4 $ O$ $4 $4 Cu $40 l
4)4 o (D U~ UO C Q W 0CL cc IV Ci 4-3 C4 43 d

>43> 
0 $ý4

CO v a 43 4- ) 0 C - : 4 rjZ c4'D >. r- 4-) k4)C0 ý: r-E C a r- t' CVOH
vi .C q Ct 0- 0 0 0 C4$4~ ~ 43i C)0 ' CO - 43 3



HYDRONAUTICS, Incorporated

-66-

7. EPILOGUE

This work has sought to evaluate the predominant influences

of internal waves on short surface waves under natural condi-

tions where a variety of physical procerses occur in combination.

The strongest and most widespread effect appears to arise from a

relatively smallI modulation to long waves that run through the

interz.! wave-inducsd motion, these modulations having a some-

times very strong influence on the maximum height that short

waves can maintain against energy loss by breaking while under

the continued influence of the wind. The results are summarized

in Section 6.4. Modulations in short wave energy density and

in density of short wave breaking and surface stirring are im-

portant. Since the present report is already long enough, these

qucstions will be considered in a Sequel.
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FIGURE 1 - THE VELOCITY GRADIENT AT THE WATER SURFACE AS A FUNCTION
SOF THE SQUARE OF THE CENTERLINE SPEED. The linearity confirms
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 wove train.
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FIGURE 4 - THE AMPLITUDE OF WAVE-INDUCED FLUCTUATIONS AS
A FUNCTION OF HEIGHT. The line represents amplitudes
calculated from the Lighthil I-Miles approximation.
(After Koraki and Hsu, 19.68)
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FIGURE 5 - DISTRIBUTIONS OF SURFACE CURRENT, WITH RESPECT TO PHASE
OF AN 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 a reg-
ion of closed mean circulation develops. r = 0 corresponds to the
classic irrotational case.
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FIGURE 6 -QUALITATIVE PATTERN OF MEAN STREAMLINE WHEN Us/c -i



IHYDRONAUTICS, INCORPORATED

5- 1
: .C/d 0.051

aid 0~

4-

E: 4.20
OJO

a" 3"/

2--- .0.20

.4:"/

-0.5 0 0.5 1.0

-- Mean Surface Current
"Internal, Wave Speed

FIGURE 7 - THE AMPLIFICATION IN SURFACE CURRENT MODULATIONS
RESULTING FROM THE EXISTENCE OF A MEAN CURRENT.
Above the broken line, fluid at the surface above the internal
wave troughs moves forwcrd faster than the w•ve itself and a
closed eddy forms.
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FIGURE 8 -CONTC, IRS OF THE.MPLIFICATION FACTOR OF SURFACE CURRENT
' MODULA"*IONS (solid curves, identified by numnbers in circles) AS A

+.r+" 'FUNCTION OF a/d AND Us/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 STREAM-LINES OBSERVED MOVING WITH THE
INTERNAL WAVE. As U1s/C becomes of order of unity, a
detached eddy forms, with both a divergence and a conv-
ergence l ine, as in the bottom diagram.



..÷

i •i
HYDRONAUTICS, INCORPOi.ATEO

0.3:
In frame moving with wave-

Re mver flow
g I 1

i

"E I
I

0.2 Franre at rest
(Us )max > C
above troughs

a /

{" I
S0.1 /

Us< Ci Us > C
everywhere / everywhere

01 1 1. -J\ I I I IN./•,• ! , I
-~~~~ .- 1..... ..... ....... 1.0 2.0

r (Us)/
\/

S.................... FIGURE 10 -PARAMETER RANGES WliERE REVERSE FLOW OCCURS.
The broken I.ine is of low accuracy.zI

• . /



//

0.3

0 I. .
us q I

I

FIGREI TE CNDTINSFO FRAIONO AUAESLCKINGEEALY ISERE SRFCEMAEIA. lIk
will -b fomdudrcni tin htcrepn opit

0.2id th bow 5fV ,o nieteVsae
regionI if th ufc urn a ishs nenlwv

ampitde d throlnedp



HYDRONAUTICS, INCORPORATED

0.6-
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FIGURE 12 -BLOCKAGE CONDITIONS FOR SURFACE WAVES OF SPEED co WITH
INTERNAL WAVES CF SPEED C AND A SURFACE DRIFT, WHOSE
MEAN VALUE IS U5s AND WHOSE-MINIMUM IN THE PRESENCE OF
OF INTERNAL WAVES IS Us Note that when the variations in sur-
face current. Us - Us - 0, blockage is reduced to a single point:

CUs (A) 0 the resonance condition (5.8).
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FIGURE 14 -THE MAXIMUM ELEVATION ABOVE MEAN WATER LEVEL THAT CAN
BE ATTAINED WITHOUT WAVE WBAKING, AS A FUNCTION OF THE SUR-
FACE DRIFT q AT 0.
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FIGURE 15 -STREAK LINES IN A SMALL SCALE BREAK ING WAWA.
For ideniflcfktion, see Figure 16..
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FIGURE 16 -. AN IDENTIFICATION C%_F FIGURE 15.
The undfisturbed water depth is 15 cm i
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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-
;Cl calculation, with no adjustable constants.
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4 -FIGURE 18 - RELATIVE MODULATIONS IN LONG WAVE SLOPE PRODUCED BY
INTERNAL WAVES WITH 8Ux /C = 0.2. The modulation amplitude

--- --- is linear in this factor. The effect of mean surface current is shown;
it is significant here (for given modulations in current) only for small
values of C/C 1r
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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)
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FIGURE 20 - PROPORTIONAL MODULATIONS IN ENERGY DENSITY OF SHORTIV. BREAKING WAVES ASA FUNCTION OF WIND SPEED. Short wave-
length - 2.5 cm, surface current = 0, long wave slope = 0.2. Thefour pairs of curves, bracketed, are for long wavelengths of 1 meter,
3 meters, 10 meters, and 30 meters, the left-hand member of eachpair being for an internal wave speed of 40 cm/sec, the other for
30 cm/sec.
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FIGURE 21 -PROPORTIONAL MODULATIONS IN ENERGY DENSITY Of SHORT
BREAKING WAVES ASA FUNCTION OF WIND _rEED. Short wave-
lengh lc , surface current =0, long wove slope =0.2. The
four pairs of curves, bracketed, are for long wavelengths of 1 meter,
3 meters, 10 meters, and 30 meters, the l eft-hand member of each
pair being for an internal wave speed of 40 cm/sec1 the other for
30 cm/sec.
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FIGURE 23 -FRACTIONAL MODULATIONS IN 2.5 crn WAVE ENERGY DENSITY,PRODUCED BY LOCAL BREAKING, AS A FUNCTION OF LONG WAVESLOPE. No surface current, wind speed= 7.5 rn/sec. Wavelengths of thelong waves, I 4 eter, 3 meters, 30 meters, and 100 meters.
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FIGURE 24 FRACTIONAL MODULATIONS IN 10cm 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
/ long waves, I meter, 3 meters, 30 meters, and 100 meters.

- " - ';-- -- 'r-,"-.: --"- - • 0r . 8"- ''. ,- " " " ' ''

0.-6



H Y~DRONAUTI CS, INCORPORATED

10

8

4

02 -/1

30

0.18

0.0 0.1 0.2 0.3 0.4 0.5

ok =long wave slope

FIGURE 25 -FRACTIONAL MODULATIONS IN 20 cm WAVE ENERGY DENSITY,
PRODUCED BY LOCAL BREAKING, AS A RJNCTION OF LONG WAVESLOPE. No surface current, wind speed= 7.5 rn/sec. Wavelengths of the
long waves, 1 meter, 3 rrters', 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 = I m, internal wcve speed = 30 cm/sec, wind speed=
7.5 m/cc. Bable Co
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FIGURE 27 -THE DIRECTIONAL 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 magnitude of the
modulations is reduced only by about one-half.
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