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Abstract.

A theoretical model for the neaurface \elocity profile in the presence of
breaking vaves is presented. Momentum is accumulated byiggpwaves and released
upon wave breaking. In ééct, such a transition is a procesgoiing a time dependent
surface stress acting on the mean current. In the present stugyntonal theory for the
Stokes drift is @panded to fourth order accuyaio wave steepness. It is sho that the
higher order terms lead to an enhancement of thacgiB8toks drift and a slight retarda-
tion of the Stoks wlume flux. Furthermore, the results from thavevtheory are used in
orderto obtainabulk parameterizatioof momentunexchangeduringtheproces®of wave
breaking. The mean currents are then obtained by applicatioraab#ion of the “leel
2.5” turtulence closure theory due to Mellor anaghYada. When compared to the tradi-
tional approach of a constant aagé stress, the mean Eulerian currehilsts a weak
enhancement in the nesurface rgion, compensated by agative shift deeper in the
watercolumn.However, it is foundthattheresultsof CraigandBannerandCraig,arenot
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significantly afected by the present theokyence, this study helps tgm@ain why the
Craig and Banner model agrees well with obaons when a realistic, timeanying sur-

face stress acts on the drift currents.

1. Intr oduction

With the exception of coastalregions with large tidal
amplitudes the circulation of the oceans surfacelayer is
mainly attributed to the wind stress.This stressinduces
motion in the upperoceanon a variety of scalesranging
from turbulenceto wavesandoceancurrents.The effect of
the wind stresson waves can be obsered as increasing
wave amplitudesThis processhaslimitations, sincewaves
with a steepnesdeyond a critical value becomeunstable,
andwave breakingoccurs.The main topics of the present
paperare (1) how wave breakingaffectsthe distribution of
the momentuminput to the oceandueto a stressactingon
the free oceansurface,and (2) how wave breakingaffects
the neassurface properties of tudbence.

For a given stressat the oceans surface, the vertically
integratedmomentumin the oceanis influencedonly by the
momentumsink at the bottom. Obviously, this is alsotrue
when momentumis distributed betweenwave motion and
meancurrents(Weberand Melsom 1993a).However, the
presenceof waves and wave breaking may significantly
affect the vertical distribution of momentumandits tempo-
ral evolution (Melsom 1996).

In a studythathasa focuson the distribution of momen-
tum, the descriptionof mixing processeplaysan essential
role. Recently a generalizationof well-known turbulence
closuremodels(TCMs) hasbeendevelopedby Umlaufand
Burchard (2003). The widely used turbulence closure
modelby Mellor andYamada(1982) (MY-TCM) is oneof
themodelsthatcanberetrievedasa specialcaseof Umlauf
and Burchard generic model.

In their study Craig and Banner(1994, hereafterCB)
examine wave-enhancedurbulenceby applicationof the

Mellor-Yamadamodel. The effect of wavesis parameter
ized by adoptionof an alternatve expressionfor the rela-
tion betweenthe wind stressand the turbulent kinetic
enegy (TKE) at the surface.Moreover, CB considersim-
plifications of the MY-TCM, and find that the traditional
law-of-the-wall assumptionof shearproduction of TKE
being balancedby dissipationdoesnot apply in a wave-
enhanced suate layer

Numerical models for ocean circulation is one field
wherethe presencef waves andwave breakingis largely
ignored.For modelresultsregardingfeaturedik e the large
scaleandthe mesoscal®ceancirculation,the omissionof
effectswave breakingis not expectedto be a matterof con-
cernin the presentcontext. However, wheninformationin
thenearsurfaceregion (on averticalscalecorrespondindo
thelengthof gravity wavesor shorter)is pertinentthepres-
enceof breakingwaves may potentiallyhave animpacton
the modelresults.This may be the casefor modelswhich
useterrain-folloving coordinatesn thevertical,suchasthe
PrincetonOceanModel (Mellor 1992) and the S-Coordi-
nates Rutgers University Model (Song and Haidvogel
1994): When suchmodelsare appliedto domainswhich
spandepthsfrom a few tens of metersto thousandsof
meters,the uppermostayersin shallov watersmay well
have athicknessn therange0.1-1m. Traditionalnumerical
ocearcirculationmodelsthatareformulatedwith a z-coor-
dinatein the vertical, e.g. Cox andBryan (1984),may also
have aresolutionof a few meters(or less)in the uppermost
modellayer. This is alsothe casefor a classof emeping
circulationmodelsthatareformulatedwith a hybrid coordi-
natein the vertical, e.g. Bleck (2002). For a model that
includes nearsurface dynamics,it may be important to



incorporatea realistic parameterizatiorof wave breaking.
For models with lower vertical resolution, rather than
changing the model parameterization.effects of wave
breakingmay needto be consideredf the surfacevelocity
is derived from theresultsfor the uppermodellayer. In the
contet of local redistribution of momentum,effects of
wave breakingcan safely be ignoredwhen predictionsin
the deeper parts of the ocean is considered.

It is aformidabletaskto provide adetaileddescriptionof
wave breakingand how it affects currentsand turbulence.
In the presentpaper no efforts will be madetowardssuch
anend.Insteadeffectsof wave breakingwill beparameter-
izedasdescribedn Melsom(1996),utilizing the consera-
tion propertief massandmomentumin thatpaperit was
found that wave breakingenhanceshe surfacedrift. How-
ever, vertical diffusionof momentundueto turbulencewas
parameterizedsingan eddyviscosityof constantvalue.In
thepresenpapertheaimis atarealisticdescriptionof ver-
tical momentundiffusionby invoking a versionof the MY -
TCM (Mellor 1973;Mellor and Yamadal974;Mellor and
Yamada1982) with the modifications related to wave-
enhancement that were suggested by CB.

CB find thatthe Mellor-Yamadamodel,with their modi-
fications, shavs “agreementin detail with measuredoro-
files of dissipation”,despitethe fact that the modelis not
parameterizedr calibratedto describedrift currentsin a
sea-statehatis influencedby breakingwaves. This is par-
ticularly the casefor therelatively shortperiodfrom aniso-
latedwave breakingevent occursandto thetime whenthe
wave’s massand momentumhas beenredistrituted. One
importantgoal in this studyis to investicate how isolated
wave breakingeventsaffect the balanceof the termsin the
equationfor the TKE, by applicationof a bulk parameter-
izationof the effectsof massandmomentunredistritution.

The secondimportantgoal is to obtain resultsthat may
hold valuableinformation to the numericaloceancircula-
tion modelingcommunitywith respecto the need,or lack
of need,for parameterizatiorof the sub-scaleprocessof
wave breaking.The effect of wave breakingon the oceans
surface drift will be assesses in this cotite

2. Mathematical Formulation

Thepresentheoryincludesdiversefeaturesof theocean
circulation, namely a TCM, an investigation of wave
motionto fourth orderin wave steepnessnda description
of meancurrentsWave motion,meanmotion,andhigh-fre-
queny motion are separatedas describede.g. by Weber
and Melsom (1993a). Assumingthat distinct time scales
exist, the Eulerianpressureand velocity fields are divided
into three separate parts:

(pv) = (p'V') +(BY) + (pV) 1)

Hereprimes,caretsandoverbarsdenotesmall-scaleurbu-
lent fluctuations,wave motion, and meanmotion, respec-
tively. Thegoverningequationsor thewave motionandfor
themeanmotionaredevelopedby applicationof time-aver

aging. Two time-averagingprocessesre emploed. They
aredenotedby < > and{ }, andcorrespondo integration
over periodsthat remove linear turbulent and linear wave
quantities, respectly.

The presentstudy is confinedto the upperlayer of the
oceanwherethe densityp is takento be constantFurther-
more, effectsof molecularviscosityare omitteddueto the
smallmagnitudeof the viscosity A Cartesiarframeof ref-
erenceis applied, with the vertical z axis being positive
upward. The undisturbedhorizontal surface is taken to
define z= 0. The governing Eulerian equationsfor wave
motion and mean motion then become

2L+ 0 o —{9 M0} =

(2)
- DE + 0= 0V -0 —<v'V'> + {<v'v'>}]
and
?3_\;/ +v[v =
3)

—Dg—gk +00-{<v'v'>} ={<UU>}]

respectiely. Hereg is thevertical acceleratiordueto grav-
ity, andd denoteghe gradientoperator Detailson the deri-
vation of theseequationsare given by Weberand Melsom
(1993a).

Note that effects of Earth’s rotation have beendisre-
garded.If sucheffectswereto be taken into account,the
wave field alsobecomesaffectedwhenthe wave propa@-
tion directionis constantin a rotating frame of reference
(Hasselmanri970). Then, vorticity is introducedinto the
wave equationsintroducinganadditionalcompleity to the
already fairly intricate wave theory that is presentedin
AppendixA. This simplification implies restriction with
respectto the validity of the resultsbeyond the first few
hours of intgration.

3. Turbulence and Reynolds se&sses

The presenceof turbulence gives rise to Reynolds
stressedn (3). We shall adopt the descriptionof these
stressess outlined by Craig (1996, hereafterC96). This
description imolves use of an eddy viscosity

dau

H{<uw>} = v 4)
Moreover, the eddy viscosity is defined by
v = 1qSy (5)

wherel is areferencdengthscalefor turbulentfluctuations.

Introducingthe MY-TCM, S, is a parametewith acon-
stantvaluein the presentcaseof unstratifiedwater More-
over, we apply their "level 3" equationfor the turbulent
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kineticenegy (TKE), q2/2. If we ngglectadwectionof TKE,
and introduce (4) and (5), weusa

o’n. @ o g Puf_ g’
Sits 0" 57 |98 D] WS ©

Here,SqandB are additionalempirical constantsNote
alsothatin the absenceof stratification,the "level 3" ver-
sionfor turbulenceclosureis identicalto the popular”level
2.5" version(Mellor and Yamadal982). Hereafter q will
be referred to as the scalinglacity for turlulence.

The referenceturbulence length scale | is taken to
increasdinearly from the surfacetowardstheinterior of the
ocean, e.g. Prandtl (1952),

| = k(z,-2) (7)

wherek is von Karmans constantand z is the surface
roughness length.

In the presencef breakingwaves,obsenationsindicate
that the TKE flux at the swa€e can be parametrized as

9 2
S—[q—%:auf’, z=0 (8)

lq 99z[12
(seeCB), whereus is the friction velocity dueto the wind
stresghatactson the oceans surface,anda is a parameter
whichis generallyafunctionof the seastate(Drennaretal.
1992).

4. Waves

4.1. Wave motion

As in Weber and Melsom (1993a), motion associated
with asurfacewave thattravelsin the x-directionis consid-
ered,

{ = Zoe™{ cogkx—wt) + O(ko)} ©)

wherek is the wave number w is the frequeng, (3 is an

exponentialgrowth rate,and{g is theinitial surfaceampli-

tudeof the gravestmode.The wave motion andthe disper-
sion relation w(k) is then found by solving (2) and the

correspondingnassconseration equationwith appropriate
boundary conditions.

The wave motionis governedby (2) andthe masscon-
senationequationFor the separatior(1) to be meaningful,
we musthave 00 [kv'v'> [0 A coswt + B. Furthermore,
it is assumedhat thereis a relatively small contribution
from the Reynolds stressterms <v'v'> at frequencies
closeto w, i.e.,|A| << |B|. Then,thetwo termsin (2) that
involve the Reynolds stressewill tendto canceleach
other since O[-<v'v'>+{<v'v'>}] O-A coswt.
Hencetheir combinedeffect on the wave motion will be
neglectedin (2). Moreover, thenonlineartermsinvolving v
andv in (2) arengglected.Thiswill restricttheaccurag of
the description of the ave field close to breaking.

The abore approximationsare the sameas in Melsom
(1996). Equation (2) can mobe written

ov P
at+vD]v {vOw} = Dp

(10)

If the wave field hasno vorticity initially, it remainsirrota-

tional. In this casethevelocity field canberepresentetly a
potential function ¢ as Vv = O¢ , and the solution for

exponentiallygrowing wavesis givenin AppendixA. Since
the resultsarisefrom inviscid theory wave growth is pro-

ducedby a surfacepressuregerturbatiorthatis out of phase
with the surfaceshapeandin phasewith theverticalveloc-
ity of the oceanwaves. Then,the surface pressureactsin

thedirectionof thefluid motion,addingenepgy to theocean
in terms of an increasedave height.

4.2. Higher order wave drift

The particle drift may be derived in a Lagrangianman-
ner, following the methodoutlined by Lamb (1932). This
methodis formulatedas a computationof the masstrans-
port belov material interfacesthat are horizontal in the
absencef waves. The shapeof materialinterfacesn may
be derved e.g. by intgration of the continuity equation

n

aq)dZ—

_max (11)
09, _ v __0n a¢
‘a_z(z‘”)‘ 3t (—n)

Observingthatthe surface|s amaterialinterface we find
that the shape aff to O(e ) is

10 k 2k
n=1z+k 1[gcosee o EZ%COS(ZG) e o
O

k
ss[gcos(Se) + gcose} e3 o_ (12)

k
53[50039 - Bsine} e ZOE
8
O

Here, € = kZOeBt is a non-dimensionalmeasureof the
wave steepness) = kx—wt is thephaseunction,and z,
is the vertical position of the interface when at rest. The
Eulerian periodic velocity profile is given by (A7) in
AppendixA, andthe masstransportbelov the interfacen
is

U(z<n) = J'aq’dz (13)
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After somerathertediousarithmeticswe find thatthemean
Lagrangian transport belon becomes

U(z<z) =
14)
1.2 Ko, 4o Al 2% 3 2y (
5€ 0k e +ecyk 53 3¢ 0O

wherethe overbardenotesa meanquantitythatresultsfrom
an averageover the period of the gra/est wave mode,as
definedin Section2. Also, = Jg/k is the lowest
order phaseeiocity, as defined in Appendix A.

The Stokesdrift ug, which is the meandrift velocity of
particlesin a non-rotatinginviscid fluid, is then given to
fourth order in vave amplitude as

02) = T0@E<7) =

2 2kz 4kz0 3 2kZOD (15)
€C¢e +8 CO%

The Stokesdrift hasalso beencalculatecby anEulerian
approachjn which the particles’ trajectorieswere derived
usingTaylor seriesexpansionsn time. This approachedto
a numberof termsthat grow linearly in time, andwasnot
suited for determinationof a mean property such as the
Stokesdrift. However, thetermsthatcontainedoeriodicand
constantmultipliers of powers of € werein concordwith
(15).

5. Parameterization of wave breaking

The processof breakingof a monochromatiavave will
be parameterizedy requiring conseration of massand
momentum. This approachwas describedby Melsom
(1996),usingseconcbrderaccurag in theunderlyingwave
theory Here,the samemethodis applied,andthe analysis
is extendedo fourth orderaccuray in wave steepnesshis
constitutesan appropriateextension of the earlier work,
since vave breaking is closely associated with steepes.

Effects of one isolatedwave breakingevent are exam-
ined.Let AMg betheamountof Eulerianmomentunthat
is lostfrom the wave motionwhentheamplitudeis reduced
by A to {g. Then,

Lo+
AMg = [G(x, z,tigp+Ag)dz -
Zoo
%o
[G(x, z t;g,) dz (16)
Zoo
0 AMg = pCoK ‘Aefq + Ipe+1e0-
E 0 0 2 2 o~

AM; + AM,(z< Q)

mass shift

momentum shift

b

Figure 1. Momentumcorversionfrom periodic motion to meanmotion
during breaking.(a) Sketch of corversiondue to shifted distribution of
mass.The wave propagitesto_the right. (b) Sketch of meanmomentum
lost from the periodicmotion V dueto reducedvelocitiesafter breaking.
The magnitudeof the amplitudereductionhasbeenexaggeratedSeethe
text for details. Figure 1 is tak from Melsom [1996].

where(i(x, z t;€) isthevelocityin thex directionthatis
associatedvith waves of a steepness, g, = {yk is the
wave steepnessafter breaking, Ae = Al [k is the reduc-
tion in wave steepnesdueto breaking,andAM; andAM,
are defined belw.

As a consequencef reductionin amplitude,momentum
associateavith periodicmotionis lost at the surface.Here,
masss redistritutedby wave breakingin a procesghatcan
be obsered aswhite-cappingln a sensemassmoving in
the wave’s propagtion direction (dark shadingin Figure
1a) is replacedby massmoving in the oppositedirection
(light shadingin Figure 1a). We denotethe momentum
transferassociatedvith this processby AM,. Hence,this
guantity representshe momentumdeficit dueto the redis-
tribution of massat the surface that is associatedwith
white-capping, and we find

Lo+

AM; = p [U(x z t;g, + Ag) dz

2, 17)

0 AM; = %pcok_lAs(so +Ag + sg’)
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where (, is the shapeof the surfacefor a monochro-
matic wave with steepness ;, and( is given by (A8) in
Appendix A.

Moreover, the changesin the pressuregradientdue to
wave breakingwill give riseto aninstantaneouadjustment
of thewave motionin the entirewatercolumn.Theamount
of Eulerianmomentumnthatis lost from the wavesbeneath
the interfice leel after vave breaking becomes

AM,[z<n(X, Zzp, t;€0)] =
n(x zy t;eg

pJ’ [O(X, Z t;g, + Ag) —U(X, Z t;g,)] dz
J. (18)

0 AM,(z<n) =
%pcok_1 €0 ms[ (1-¢0) e2k20+£02e4k20}

wherethe shapeof the materialinterfacen is given by
(12). The vertical distribution of AM; s indicatedby the
shaded area in Figure.lb

In the presentformulation, all of the momentumthatis
lost from the wave motion mustbe transferredo the mean
motion. For the Stoks drift given by (15) we obtain

2
0 (29)
0 pfAogdz = — AMe

- 1 3.3 2k 3 4k
Ang = —ZCOAS[%O+§A£—-EOEQ “+ 4g € Z}

—o00

sothe momentumtransferredo the meanEulerianmotion
is exactly compensatedby a reductionin the Stokes drift.
Thus,thevertically integratedLagrangiammomentumis not
affected by veve breaking (Wber and Melsom 1993a).

Transferof momentumlost from the periodic motion at
thesurface AM;, maybe parameterizethy a virtual wave
stres t,,, actingonthemeancurrentatthesurface.Sucha
parameterizatiorwas first suggestedoy Longuet-Higgins
(1969)in a studyof decayingwaves.Whenwave breaking
occurs at = 0, we then obtain

(=)

T, = F(wt) (AM; , J-F(t') di'=1 (20)

0

In the caseof breakingwaves,the weight function F(t)
mustgo rapidly to 0, i.e., with anexponentialdecayrate of
onewave periodor so. Thereis no olwvious choicefor the
temporal developmentof the virtual wave stressdue to
breaking t,,,. However, in Melsom (1996) two extreme
choicesfor F in (20) were investicated, namelythe delta
function and an exponential decay rate set to the wave
period.It wasshavn thatthe effectsof wave breakingis rel-
atively insensite to the choicefor F. For this reasononly

The momentumtransferassociatedvith the adjustment
of thewave motionin thewatercolumnmustgive riseto an
interior adjustment of the mean current. Hence,

pAT; = d%A_Mz(z< n) = o

P Cogo e [(1—g)e® 0+ 2¢ e ™)

To the lowestorderin €, the interior adjustmeh Au; is
equalto half of the changeof the Stokes drift which is
induced by breaking.

6. Drift curr ents

For the mean current, the two-dimensional problem
wherethe horizontalcurrentdepend®n the vertical coordi-
nateandtime will be consideredMoreover, in the present
contet, thedrift of waterparticles(the Lagrangiandrift) is
different from the Eulerianvelocities. The Eulerianprob-
lem given by equation (3) may be transformedto a
Lagrangian problem using the relation

U, = O+0g (22)
(Phillips 1977). Then,

ou. o9 O0U_ _dug g OUg
Bt 0z 9z

Bt 0270z - (23)
whereug is given by equation (15).

The wind stressin the atmosphericboundarylayer is
denoted by, i.e.,

2
1= p@y® (24)

where u« is the friction velocity and the superscriptqa)
denoteatmospheriquantities A significantamountof the
momentumthat is transferredfrom the atmospherdo the
ocearcontritutesto wave growth (Melville andRapp1985;
WeberandMelsom1993a).The stressassociatedvith such
momentumtransferis heredenotedby ™), andf is intro-
duced as the fraction of") to the total wind stress i.e.,

™ = 1 (25)
The boundary condition at the saté becomes
oo, 1@ oog,
5 (z=0) = E+a_Z (z= 0) (26)
where
() = (1= 1) 0@ + Tt —to) 27)

Here, the virtual wave stresst,,, is given by equation(20),
and ty is the time at which the latest wave breaking
occurred.Note that due to wave breaking, 7@ will be a

the delta function will be implemented in the present study functionof time evenin thecaseof a constantvind stress.
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Momentum associatedwith the wave motion will be
transformedto meanmotion accordingto equation(21).
Thus, the problem must be re-initialized:

_+
u =

0, + AU, + Alg (28)
where iy and T, are the drift profiles after the present
wave breaking event and prior to the breaking event,
respectrely. The instantaneousdjustmentsAt; and Alg
aregivenby (21) and(19), respectiely. Given a boundary
conditionat the bottomor in the oceans interior, the prob-
lem given by (23)-(28) may be sad.

Furthermore note that when T, is the period between
breaking gents, we hee

t0+Tb 0
J’ T, Ot'+ p J’ AU, dz = T, Oft (29)

to
Thus,in thepresenformulationall of themomentuntrans-
fer from the atmosphereo the oceanis ultimately con-
sumed by the ocean currents.

7. Results

One aim of the presentpaperis to provide realistic
description®f effectsof wave breakingon drift andturbu-
lence.Neverthelessin AppendixB we include an analyti-
cal solution of the velocity perturbationdue to a wave
breakingevent, basedon a constantvalue eddy viscosity
Therearetwo reasondor this: [1] to provide a preliminary
assessmemf steepwaves on the drift inducedby wave
breaking,and[2] to provide an exact solutionthat may be
used to test a numerical description of the problem.

The full problemis given by (6) and (23) with surface
boundaryconditions(8) and(26). In thenumericaformula-
tion of the problem, conditionsof the Neumanntype are
applied in the oceasrinterior:

aizuL(z: “H)= 0

3 (30)
2, __ _

0_zq (z=-H)=10

whereH is a depththatis large relative to the wave length.
The initial condition for the drift is

0,(t=0) = O (31)

which correspondo a stateof restprior to theonsetof wind
forcing andwavesatt = 0. Further (re-)initializationof U,
after a wave breakingeventis given by (28). Thereis no
obvious choiceof initial conditionfor the turbulentkinetic
enegy. For simplicity, a constantvalueinitial background
turbulence is assumed,

q’(t=0) = q¢ (32)

which is generallyin discord with the surface boundary
condition(8). The|n|t|al backgrouncturmlencels setto a
low valueof qO = 2[10%m3s 2 (theresultsafter 30 minutes
turnedout to be virtually independenbf the initial value
used forqo ).

Numerical integration is corveniently performed after
invoking the transformation

z
dz
1(2)
0

(seeCB), which ensureghatthe surfaceboundarylayeris
properly resohed. The equationsare solved using a stan-
dardcentrallydifferencedorm with secondorderaccurag
in time andin the y domain.In (6) the shearproduction
termis evaluatedattheold time step.Moreover, thedissipa-
tion termis madeup of two factors,g- q2 wheretheformer
and latter factorsare evaluatedat the old time stepandthe
new time step,respectiely. In (23) valuesfor g (andv) in
the diffusion term are computedfrom the old time step.
Moreover, thetemporalresolutionis increasedmmediately
afterwave breaking,in orderto accuratelydescribehe sud-
den impact of wave breakingon the meanmotion. This
approachis slightly different than the numericalmethod
appliedby CB. All profilesandtime seriesthatwill be pre-
sentedare computedasthe temporalmeanvaluesbetween
two events of wave breaking.Resultsquotedas obtained
with a constansurfacestresgin Casel andCase2 below)
are analogous to the results in CB.

In orderto solve the problem,anumberof parametewal-
uesmustbe specified.For the parameterselatedto turbu-
lence closure, the values quotedin Table 1 in C96 are
adoptedij.e.,§y = 0.39,§,=0.2,B=16.6andk = 0.4.Fur-
thermorewe arefacedwith the“ratherunpleasanproblem
of estimatingz,” (Madsenl977).Here,the oceanicequiva-
lent of the Charnock formula, i.e.,

(33)

2
au.
z = 34
i (34)
will be used.Basedon an examinationof the laboratory
data presentedby Cheungand Street(1988), C96 deter-
minesz, by minimizing errorsin theturbulencemodel. The
resultsarepresentedn Table2 in C96,andyield valuesfor
ain therange250-2000Basedon mterpretatlorof velocity
profiles,Bye (1988)proposeshat a = O(10) Terrayetal.
(1996) find good agreementbetweentheir field obsera-
tionsandthe turbulencemodelby CB if z, [Hs, th4en the
resultsin Table 1 in Terray et al. yield a=0O(10") and
a= 0(10) Based on obsenrational data from Knight
Inlet, Staceg (1999)findsthat a = 0(10) whena = 150.
The datathat have beenquotedhereclearly indicatethat a
universalconstantalueof a doesnot exist, andonereason
for thisis thatthe surfaceroughnesss a functionof the sea
state(Donelan1990).Neverthelesswe believe thatthe use
of (34)is justifiedin thisratheridealizedstudy A casewith
a friction velocny u- =0.018ms" will be examinedhere,
using a = 210" and o = 100. The oceanic surface
roughness length then beconzes 0.66m.
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In orderto obtain a consistentspecificationof the sea
stateandthe airr-seamomentumtransfer a state-of-the-art
wave model, WAM (Komenet al. 1994),was used.WAM
modelsthetemporalevolution of the directionalwave spec-
trum, for waveswith lower frequencieshana specifiedcut-
off frequeng. This frequeny rangeis usuallyreferredto as
thedynamicrangeof wave frequenciestor higherfrequen-
cies than the cut-off value, WAM assumesa prescribed
shapeof the wave spectrumwhich is usuallyreferredto as
thetail of the spectrumThe enegy input from thewind to
thetail of the spectrumis predominantlybalancedy dissi-
pation,giving rise to a continuousflux of turbulenceat the
surface.

We applied a constantwind forcing of 12m/s, and
inspectecdthe resultsfrom WAM for the period 4-6 hours
after the initialization. Then, the steepesWaves had wave
numbersin the range0.13-0.2m%, with the largeststeep-
nessbeing obsened for Iongerwaves astime progressed.
The friction velocity u. wasin the range0.18-0.19m/s,
with valuesthatdeclinedslowly with time. Thesteepnessf
the steepeswvaveswasapproximately0.34,andf, the frac-
tion of momentumtransferfrom the atmospherghat was
generatingvaves in the dynamicrangeof the wave spec-
trum, declined from 0.56 to 0.47.

Basedon theseresultsfrom the WAM wave model,we
setu. = 0.18m/s, gg = 034 Ag = 0.0062,(g=2m, Ty, =
600s,andg is setto 9.8ms?. Thesevaluescorrespondo a
wavelengthof 37m, and the non-dimensionahumberin
(AB) becomesBg = 200104, Then, the reductionof wave
enegy dueto a wave breakingeventis 2Ae /g, = 3.6%,
whichlie within the 1%-10%rangeindicatedby the experi-
mentalresultsof Melville andRapp(1985).Also, from (29)
this specificationmpliesthatthe fraction of the total atmo-
sphericstressthat contributesto wave growth is f= 0.51.
This valuecomplieswith theresultsof Mltsuyasu(l985) If
we specify the density of air by p = 800p'®, we have

u® = 0.51m/s. The phase speed of the wave then
becomes: = Jg. /k 7.6m/s, andthe wave frequeny is
w = k¢ = 1.3s . Furthermore the growth rate follows
from the relation

BT
go+Ae = g8 °

(35)
Wefind that3 = 3.0x 10° st andthe steepnesat wave
breaking becomes exp(f3T,) (¥, = 0.346. Further we
define a non-dimensionahge of steepwaves as c/ul® ),
wherec is the phasespeedof the waveswhosemomentum
is partially transferredo thedrift currentwhenwave break-
ing occurs. Here, this non-dimensional age is 14.9.
Dueto theassumptiorof aconstanatmospheristressn
a model without a momentumsink, and where effects of
Earth’s rotationis disreggarded,we mustimposea limit on
thelengthof thetime periodfor which our integrationswill
be performed We have choserto setthis limit to six hours
sinceeffectsof Earth’s rotationwill thenbequite not|ceabIJ
at most latitudes (see Figure 4 in Melsom (1996)).
Resultsrom four casewill beexamined.n this context,
we will referto resultsproducedby setting f = 0 in (27)
asthe“constantstress’case sincethe surfacestresst(?) in

(27) then becomestime invariant. In this case,the wave
amplitudeis constant,so the virtual wave stressvanishes,
andthereis no re-initialization accordingto (28). Results
from the“constantstress’casearederivedidenticallyto the
CB theory wheneffectsof Earth’s rotationaredisregarded.
Thus, the profiles of Eulerian velocity and the scaling
velocity for turbulencewill be denotedas ucg and gcpg,
respectiely.

In the realistic case,with f >0, 1 becomestime
dependentandthis will bereferredto asthe “time varylng
stress’case Resultsmll be derived usingboth O(e ) accu-
ragy andO(e ) accurayg in the presentvave model,andthe
corresponding sets of profiles of Eulerian velocity,
Lagrangiardrift andthe scalingvelocity for turbulencewill
be denotedasuy, Uy .5, G, anduy, U4, 04, respectiiely. As
describedabore, f = 0.51 in the presentspecificationof
theseastate Notethatthe TKE flux atthesurfaceis param-
etrized by (8) throughout.

The caseghat will be examinedare definedbelow, and
will hereafter be referred to by their case numbers:
Case 1. Offsets in Eulerian velocities and TKE, when
resultsdueto a time varying surfacestresst©) basedon
O(e% in thewave model(Uy, gy), arecomparedvith results
thatareproducedn the caseof aconstanBtress(uCB, dcp)-
Case?2: As Casel, but with O(s ) accurag in the wave
model (4, g4 in Case lis replaced bys, y).

Case3: Offsetsm Eulerianvelocities,whenresultsbased
on the O(e ) wave model (U, g,) are comparedwith the
O(e* results Gy, qy).

Case4: As Case3, but for the Lagrangiandrift (Uy, U, in
Case 3is replaced by, .5, Uy .4).

First, the temporal development of the results from
Casel andCase?2 are examined.The resultsare depicted
in Figure2. In Figure2aand2b, thesdime seriesareshavn
for the depthsof 0.4m and 4.9m, respectiely. Here, the
black curves are the velocity time series,and the grey
curvesarethetime seriesof the scalingvelocity for turbu-
lence(q), for aperiodof six hours.Thick andthin linescor-
respondto offsets (in %) from Case 1 and Case 2,
respectiely, so the thick and the thin black lines in
Figure2a display the temporalevolutions at z = -0.4m of
100{uy-Ucp)/ucg and100{Uy-Ucg)/Ucg, respectiely.

FromFigure2, we notethatthe offsetof q is nearlytime
independentor thesenearsurfacelevelsin the presenfor-
mulation.We alsoobsene from Figure 2athatthe surface
currentderwed usingthe O(e*) wave modelis larger than
for the O(¢ ) model.This is dueto the factthatthe virtual
wave stresds higherwhenthe O(g ) wave modelis applied,
see(20) and(17). The sumof surfacestressei (27) hasa
temporaldependencelue to wave breaking,which neces-
sarily leadsto a higherlevel of meankinetic enegy thanin
theabsencef wave breaking.For this reasorit is expected
thatthe surfacecurrenthasa positive offset. Suchan offset
is displayedin Figure 2afor Casel andfor Case?2. The
reductionof the wave breakingeffectsin time is dueto the
higherturbulent mixing nearthe surfacein the presencef
wave breaking.

In Figure 3a, profilesfor offsetsof meancurrentandthe
scaling \elocity after six hours of inggation are depicted.

Melsom and Seetra: e breaking and near-surface profiles oéhocity and TKE
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Figure 2. Time seriesfor offsetsof u (black curves,meancurrent)andq
(grey curves,scalingvelocity for turbulence)dueto atime varyingsurface
stressascomparedvith the constansurfacestressase Theoffsetin uis
definedas (uy/>-Ucg)/ucp, andoffsetsin g aredefinedanalogouslyNum-
berson the verticalandhorizontalaxesare offsetvaluesin % andtime in
hours,respectiely. (In theupperpanelthegrey linesoverlap.)A boxfilter
hasbeenapplied,with alengthsetto the periodbetweertwo wave break-
ing events(presentlythis periodis 5 minutes).Thick andthin linescorre-
spondto computationshasedon O(e*) and O(sz) accurag in the wave
model, respectiely. Here, € is the wave steepnesga) Time seriesfor a
nodecloseto the surface(at z = -0.4m) from the numericalsolution. (b)
Nearsurface time series at= -4.9m. See thexefor further details.

The samecorvention for black and grey, thick and thin
linesasin Figure2 wasused At first sight, Figure3aseems
to indicatethat the integratedmomentumis larger whena
time varying surfacestresss appliedwhencomparedo the
constanistresscase However, at all depthsbelon approxi-
matelyz = -12m, the Eulerianmeancurrentoffsetsareneg-
ative, in compensatiorior the excessmomentumnearthe
surface. Obviously, the conserative property is the
Lagrangian momentum.When the differencesin initial
conditionsaretakeninto accountfor the variousnumerical
integrations theresultsremainconsistentAfter application
of a constantstresst® = pu*2 (f=0,i.e., similar to the
CB theory),the vertical profilesfor the Eulerianmeancur-
rentandthe scalingvelocity for turbulenceafter six hours
are displayed in Figure 3b

Next, we turn our attentionto Case3 and Case4. The
offsetsaredepictedn Figure4, for the samedomainandat
the sametime asin Figure 3a. The black curves are time
seriesfor offsetsin the meancurrent,andthe grey curve is
the offset of the scalingvelocity for turbulence(q). Thick
and thin black lines correspondto offsets (in %) for the
Lagrangiandrift (Case4) andthe Euleriancurrent(Case
3), respectiely. The higher order theory leads to an
enhanced drift adjacent to the sw0¢, and a somdat

O
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Figure 3. Panela: Profilesfor offsetsof u (blackcurves,meancurrent)and
g (grey curves,scalingvelocity for turbulence),asdefinedin the Figure2
caption.Numberson the verticalandhorizontalaxesarevertical levelsin
metersandoffsetsin %, respectiely. Thick andthin linesdisplaythesame
quantitiesasin Figure 2. Panelb: Profilesof the Eulerianmeancurrent
(ucg), andthe scalingvelocity for turbulence(gcg), when 1'° = pu,
(andf = 0)in (27).1n both panels,profilesaredisp?ayedaftersix hoursof
integration..

retardeddrift immediatelybelown. This is mostnotevorthy
when the Lagrangiandrift is consideredin Case 4, as
expected from (15).

depth (m)

_127 —

—15L ! \ ! ! !
-25 0 25 5 75 10 125

velocity offset (%)

Figure 4. Profilesfor offsetsof u (black curves,meancurrent)andq (grey
curve, scaling velocity for turbulence).Here, resultsfrom wave theory
with accurag O(s4) arecomparedvith 0(52) results,with a time varying
surfacestressappliedin bothcasesNumbersontheverticalandhorizontal
axesareverticallevelsin metersandoffsetsin %, respectrely. Thick and
thin black lines correspondto differencesin Lagrangianand Eulerian
velocities,respectiely. The Lagrangianvelocity offsetis definedas(uy .4-
U_.2)/u; .o, and the Eulerian offset becomes(u,-Uy)/t,. Profiles are dis-
playedfor the upperl5 metersof thewatercolumnonly, aftersix hoursof
integration.

Melsom and Seetra: e breaking and near-surface profiles oéhocity and TKE



8. Discussion

First, we note that the resultsin this paperto a certain
extent rely on the descriptionof the wave motion. The
descriptionof the wave field was developedfrom irrota-
tional theory which follows from disregardingthe stresses
in (2). Thisis anapproximatiorwhich to somedegreelim-
its the alidity of the subsequent results.Jgetheless, this
is the corventional approachwhen effects of waves on
meancurrentsare studied,e.g. Leibovich and Radhakrish-
nan(1977).Moreover, this approacthasbeenimproved by
expandingsuchtheoryto 4th orderaccurag in wave steep-
nessObviously, for a brief periodaroundbreakingthenon-
linear terms cannotbe neglected. This problem has been
resohed here by including the bulk parameterizatiorin
Sections which takesadwantageof theprincipleof momen-
tum conseration.

As noted by Drennanet al. (1992), the scaling wave
numberfor TKE dissipationmay be relatedto the peakof
the slope spectrum,but this spectrumis very broad. We
considersteepwavesof relatively long wave lengths hence
alarge partof themomentunflux from thewind is initially
carriedby shortergravity waves.In the previoussectionwe
defineda non-dimensionaageof thelongersteepwavesas
c/u.? . In Figure5, offsetsof the Eulerianmeancurrentsat
threeselecteddepthsare displayedasfunctionsof the age
parameterHere,c shouldbeinterpretedasthe phasespeed
of the steepestvaves,whosemomentunfeedsthedrift cur-
rentsuponwave breaking.Hence this is differentfrom the
conventionalwave ageparameterwhich resultsfrom iden-
tifying ¢ as the phasespeedof the significantwave. For
moderatewvave agesaroundl10, the significantwave hasa
steepnessf aboutey = 0.3 (SverdrupandMunk, 1947).For
larger wave ages,the steepnes®sf the significantwave is
smaller

As seenfrom equation(8), a flux formulation hasbeen
applied as the swate boundary condition for the TKE. In

6
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Figure 5. Drift currentoffset(us-Ucg)/Ucg asa functionof thenon-dimen-
sionalageof steepwaves,after six hoursof integration. Fromtop to bot-
tom, the cunvesdisplaythe resultsat depthsof 0.3m (thick line), 1m (thin
line), and3m (thick line). With the exceptionof {y (andk), all parameter
values hae been retained from Section 7.

theoriginal closuretheory the surfaceTKE wassetpropor-
tional to the surfacestressg.g.Mellor andYamada(1982).
Therationalefor the flux formulationis thatthe TKE diffu-

sionis directly influencedby this condition,andthe TKE

profile becomesnoreuniform nearthe surface.This occurs
in responsdo mixing generatedy surfacegravity waves.
Notethattheimplementatiorof avirtual wave stressn (20)
doesnot replacethe flux conditionfor the TKE in (8): Our
study is limited to steepwaves of relatively long wave
lengths,whereasthe dissipationof wave enegy from the
tail of the wave spectrumprovides a sourcefor the TKE

flux at the suidce.

In their study Stace andPond(1997)foundthatthebest
resultsin a numericalsimulationwere obtainedusing the
TKE flux condition (8). As notedby Stacg andPond,the
main weaknes®f the flux conditionis that the roughness
lengthentersasthe surfacevaluefor the mixing length.We
also note herethat in a recentstudy Terray et al. (1999)
found animproved model-datdit usingan alternatdength
scalethatis held constantat —k z above -z, andincreases
linearly belav.

Thesurfaceroughnesss a parametewhichis frequently
describedwith an unsatisctory degree of perfectionin
oceancirculation problems.This studyis no exception.In
fact, we suspectthat the surface roughnessshould be a
function of time in the presentformulation, with highest
valuesshortly after wave breakinghasoccurred.Neverthe-
less, since we are unaware of obsenrational evidence of
suchbehaior, ary prescribedemporaldevelopmentof z
would be speculatre. Other phenomenathat are disre-
gardedhere,but maywell be importantin the presentcon-
text, includeeffectsof swell (Donelanet al. 1997),andthe
three-dimensionatesponseof breakingof waves with a
finite crest length and non-simultaneousvave breaking
events.

In orderto assesthe magnitudeof differenceslueto the
parameterizationf the surfaceroughnessadditionalcom-
putationswere performed usinga wide rangeof valuesfor
the constanta in the Charnockformula (34). The increase
in thevelocity dueto wave breakingwasexamined,andthe
resultsafter six hoursof integrationfor the nodeclosestto
the surface are displayedin Figure 6. For a given a, the
increasdn velocity dueto wave breakingis generallyrap-
idly reduced with depth, as shin in Figure 3a.

In their study CB find thatin the steadystate the shear
productionof turbulenceis balancedy dissipationbeneath
a"wave-enhancedurfacelayer". (In CB’s terminology the
term "wave-enhancedsurface layer" refers to the layer
affectedby the surfaceboundarycondition (8).) Whendif-
fusion of turbulenceis disregarded, and a time varying
stresst(@ is appliedwith f = 0.51 in (27), the surface
velocity increasesby about 20% when comparedto the
solution obtainedwith the full turbulencemodel. For the
caseof aconstan'stress(r(o) = pu.“), thisvaluebecomes
approximately24%. This differenceis dueto the relatively
large velocity sheargsthat arisein the vertical whenwaves
break. Hence,the presenceof a "wave-enhancedurface
layer" is confirmed,thoughslightly offset from the results
that were reported by CB.
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parameter &lues hge been retained from Section 7.

In orderto further examinethe details of nearsurface
turbulencein the contet of a time varying surface stress,
the adjustmentof the turbulenceforcing termsin (6) was
inspectedThe evolution of the turbulenceforcing termsis
depictedin Figure 7, as a function of time sincea wave
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Figure 7. Forcing termsfor turbulentkinetic enegy asa function of time
after a wave breakingevent. From top to bottom, the curvesin panela
shaw the developmentof the diffusionterm (thick line), the sheamproduc-
tion term (thin line), and the dissipationterm (thick line), at a depthof
0.3m.In panelb, which depictthe forcing termsat a depthof 5m, the dif-

fusiontermis smallerthanthe productionterm. Numbersalongthe hori-
zontal and vertical axes are time in minutesafter a breakingevent, and
magnitudesof termsin m?/s, respectiely. (With the presentchoice of
parameters, ave breaking eents occur with a period of 10 minutes.)
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breakingevent occurred.Fromthe resultsin Figure7a, we
note that while the shearproductionterm hasa significant
influenceimmediately after breakingat a depthof 0.4m,
thereis a rapid adjustmentto a diffusion-dissipatiorbal-
ancethereafterTheseresultshelp to explain the small dif-
ferencesbetweenthe presenttheory and the corventional
approachandthus sheda new light on the succesof the
turbulencemodelby CB. Figure7b shawvs thatat a depthof
6.9m,which is beneaththe “wave-enhancedurfacelayer”,
thereis mainly abalanceébetweerthesheamproductionterm
and the dissipation term, which is in agreement with CB.

In Figure 8, resultsare displayedfor the ratios of the
solutionsfrom two simplified turbulencemodelsto results
obtainedwith thefull model.Whenomitting the shearpro-
ductionof turbulence(thick linesin Figure 8), momentum
mixing is reduced,and the momentumbecomesmore
trappedcloseto the surface.The currentis increasecby a
factorof 1.35 at the surface.Whenthe wind rotatesin an
non-acceleratindrame of referenceasin CB (e.g.leading
to the steadystatesolutionin their Figure7), thetime aver-
agedvectorial momentuminput from the wind during an
inertial period, vanishes.In the latter case,CB find that
omitting shearproductionleadsto a surface currentthat
increasedy a factor of about1.4 (seethe lower panelin
their Figure 6).

In the previous section resultswere presentedvhenthe
reductionof wave enegy dueto awave breakingeventwas
setto 3.6%. After six hoursof integration,the Euleriansur-
face currentwas found to increaseby 6.4% when a time
varying surfacestresswvasimposed Whenthe reductionof
wave eneqgy is halvedto 1.8%,theimpactof thetime vary-
ing stressis even smaller asthe surfacecurrentenhance-
ment becomes 3.4%.

Obviously, theimpactof wave breakingon the nearsur-
facevelocity profile dependon the distribution of the air-
sea momentum flux betweerawes and drift currents. In

depth (m)

| |
0 0.5 1 1.5 2
results from TKE submodels (fractions)

Figure 8. Profilesfor ratiosof u, (blackcurves,meancurrent)andaq, (grey
curwe, scalingvelocity for turbulence).Thick lines correspondo theratio
of the solutionobtainedwith a dissipation-difusionbalanceo the solution
obtainedwith thefull turbulenceclosureschemeThin lines shav the cor-
respondingatioswith thenumeratoreplacedoy the solutionwith thedis-
sipation-sheaproductionbalance.Profiles after six hoursof integration
are displayed for the upper 10 meters.
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Figure 9. Changesn thedrift currentoffset (Us-Ucg)/Ucg asa function of
the fraction of the wind stressthatinduceswave growth (f in (25)). From
top to bottom,the curvesdisplaythe resultsat depthsof 0.3m(thick line),
1m (thin line), and 3m (thick line). Variousvaluesof the fraction f was
examinedby changingthe valueof Ae (the changein wave steepnesdue
to breaking). All other parametervaluesin Section 7 were retained.
Results are presented after six hours ofgirstgon.

Figure9, thechangeslueto thepresencef breakingwaves
aredepictedasa function of the fraction of the wind stress
that induceswave growth, i.e. f in (25). We note that the
changesrenearlyalinearfunctionof f, andthattheresults
converge towardsthe constantstresscasef = 0, i.e., the
theory of CB.

Thework by CB and C96 on modelingthe flux of TKE
asproportionalto the cubeof thefriction velocity haslater
beenincludedin otherstudiesof turbulencein the presence
of breaking waves, e.g. D'Alessio et al. (1998). This
approachasrecentlybeenextendedo two-equatiorturbu-
lencemodelsby Burchard(2001).Our resultsindicatethat
the assumptiorof a constantstress 1@ = pu*2 leadsto
only minor errorsthatarelargestcloseto the surface.In the
presentpaper we have applied a physically sound bulk
parameterizationfor isolated events of wave breaking.
Thus, the errorsthat we report here constitutean assess-
ment of the severity of applying the modified Mellor-
Yamadamodelin a seastatewherewave breakingis alun-
dant.Sincethe errorswe find are small, the presentheory
lendssupportto theuseof theanalyticalsolutionfrom C96,
as it was implemented by Burchard.

One purposeof the presentinvestigation is to quantify
errorsin numericaloceancirculationmodelsdueto ignor-
ing the high frequeny variation of the surface stresst©
that arisesdue to wave breaking. From Figure 3a, we
obsenre thatthe errorsin questionextendonly to a depthof
afew meters Evenfor this narrav rangein depth,theerror
is small(afew percent) Whenthe nearsurfacecurrentsare
of interesttheresultsmayconcevably beimprovedby tun-
ing theturbulenceclosureparametersAs notedby C96,the
effect of diffusionon the TKE profile is mainly constrained
to the region immediatelybeneaththe surface.Alternative
valuesfor S, were assessetly comparingthe shapesand
offsetsof the profilesin Casel statistically However, the
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resultswereinconclusve, ase.g.a reducedvalue for 37 in
thecasef = 0 ledto smalleroffsetsbetweerthe profiles,
but a deteriorationn the comparisorof the shapesHence,
we do not recommendmodificationsof S, basedon the
presentstudy Note alsothat changingthe value of §; will

affect the momentumsink at the bottom when a no-slip
condition is applied at this boundary

Whenthe parametervaluesfrom Section7 areadopted,
we find that the Lagrangiansurface drift is enhancedoy
about12% when effects of O(e?) accurag in wave steep-
nessare includedin the theoreticalframevork (Case 4).
This is the largestoffsetfoundin the presentnvestigation,
and also note the negative offsets at intermediatedepths
(seeFigure4). For the chosenrspecificatiorof the seastate,
the Stokesdrift increasedy 14.45%wheneffectsof O(e?)
accurag are included (with an e-folding depthof 3.6m),
andthisis why the Lagrangiarsurfacedrift is moreaffected
thanthe Euleriansurfacecurrent.In relationto this, we note
thatin an investigation where rotational effects are taken
into account,Weber (1983) finds that the Stokes drift is
reducedseehis equation(5.2). Whenthe parameteralues
from Section7 areusedin histheoreticakesult,we find that
this reductionis approximately6% at the surface (with an
e-folding depth of about 0.18m).

The effect of steepwaves on the Stokes drift is worth
notice.First, from (14) we obsere thatthe Stokestransport
is slightly enhancedscomparedo traditionaltheory by a
factore2/4. Moreover, closeto the surfacethe Stokesdrift is
also enhancedy steepwaves. At the surface, the drift is
increasedy afactorl.25P. Usingthetheoreticalimit for
steepnessf gravity waves, € = 0.44, e.g.Longuet-Higgins
(1975),thelimiting enhancemertf the surfaceStokesdrift
for steepwavesis increasedy a factorof about0.24when
compared to the \eest order result.

9. Conclusion

The presentwork is an investigation of the impact of
repeatedvave breakingeventson the nearsurfaceprofiles
of velocity and TKE usinganidealized,theoreticalmodel.
The modelis idealizedin the sensethatit hasbeendevel-
opedfor monochromaticirrotational surfacewaveswith a
uniform amplitudein a non-rotating,non-stratifiedfluid.
Thewave modelis theoreticalin a“pure” sensesincewaves
aredescribedusing conseration laws throughout,andthis
principleis alsoadoptedor the parameterizationf effects
of wave breaking via thewk formulae in Section 5.

The TCM thatis employed,is basedn assumptionghat
arenot satisfiedwhenwave breakingis abundant.The tur-
bulencetheoryhasbeendevelopedfor horizontallyhomo-
geneouslows, andits calibrationhasbeenperformedfrom
datathat are not representate for the presentseastate.
Still, CB find that adoption of the presentTCM vyields
resultsthatarein goodagreementvith obserations.There
canbelittle doubtthatwave breakingis thecircumstancén
which the assumption®f the TCM are mostseverely vio-
lated. Hence,we provide resultswhen a physically sound
parameterizationf this circumstancés applied,in orderto
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help bridge the gap from the turbulence theory and its
intrinsic assumptiongo its adaptationto a realistic sea
state.Whena realistic parameterizationf effects of wave
breakingis adoptedthe nearsurfaceprofilesareonly very
modestlyaffected (by a few per centor less)when com-
paredto casewhenthe wave stressis disregarded.Hence,
basednatheoreticalvave modelthatusesa bulk-formula-
tion to parameterizavave breakingevents,we are ableto
shedlight on the succes®f the turbulencemodelasit was
reported by CB.

The smalldifferenceghatwe reportwereobtainedwhen
effects of wave breakingwas magnifiedin a number of
ways,andwe will mentiontwo issueghatareof relevance
in this context: First, all momentumlost in the processof
wave breakingwas assumedo be transferredo the mean
motion. This reflectsthe idealizednotion of a monochro-
maticwave field, in reality, a partof this momentumwould

be redistrituted to waves with other frequenciesSecond,

we have expandedthe traditional wave theory to fourth
orderin wave steepnessndthis too is a sourcefor larger
differencesfrom the corventional theory Other higher
order effects, such as rotational theory may give rise to
adjustmentshatareoppositeto thefourth ordertheorycor-
rections.
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Appendix A: Inviscid wave motion

For two-dimensionaplanewavestravelling in the posi-
tive x-direction in an infinitely deep inviscid fluid, the
motion is geerned by the Laplacian equation

0% = 0 (A1)

wherethe velocity vectorhasbeenexpressecas v = ¢ .
A kinematicboundaryconditionis imposedatthetop of the
water column by assuming a material, freeauef

0¢ 0 9 _ 09

at Toxox 9z  27¢ (A2)

Furthermore, the motion musawnish at lage depths, so
0¢ -0 , z- — (A3)

and the dynamical boundary condition at the freeaserfs
1
R dooyegr=-P, L z=0 . (A9

where P, = p/p andpsis the pressure at the saré.
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Solutionsto the system(A1)-(A4) may be found by
expandingthe unknavn variablesin seriesafter powers of
the xpansion parameter

g = z e"W, (A5)

Here, Y representghe unknavn quantltlesq) ¢, Py and
¢ = w/k, andwe choosee = kZ,eP!,i.e., € is thesteep-
nessof the gravestmode. In their dlscussmnof obsera-
tional dataandanalyticresults WeberandMelsom(1993b)
finds thatp/w O 10 * or smallerHence,

B2
kg £°B, (A6)

where ¢, is the lowest order approximationof the wave
speedand By is a non-dimensionahumberof order unity
or less.

To the lowestfour ordersin g, the periodic solution of
this problemof exponentiallygrowing waveswith aninitial
gravest mode amplitude df, becomes

o = k_lCOEﬁSiHG e s‘%sine %
0
(AT)
€ —sm(29) e g a
7 = K Ecos + e22 cog(20) +
0 2
33 .
e [écos(3e) + Bosme] + (A8)
[ cog(46) + cos(29) + Bosm(Ze)]
_ 3 2 .
P, = Po—€"2c, B,sing (A9)
C=c %ﬂzlm (A10)
0 2[]
The dispersion relation may thus be written
o’ = gk[1+€2+0(eh] (A11)

e.g. Lamb (1932). Note that the solution given by (A7)-
(A10) is positionedin the vertical by requiringthatthe sur-
faceat restis situatedat z = O (cfr. eq. (2) of Art. 250in
Lamb,wherethemeansurfaceis situatedslightly abore z =
0).
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Appendix B: Analytical solution

The effect of an eventof wave breakingon the nearsur-
facedrift profile may be found by analyticalmeansin the
simplecaseof a constaneddyviscosityvg. The solutionto
lowest orderaccurag in wave steepness was calculated
by Melsom (1996) for variousspecificationsof the virtual
wave stresst,,,, Here,thevirtual wave stresds assumedo
act as an impulse, so in (20),

F(t) = o(wt) (B1)
where 6 is the Dirac delta function. This problem is
describedby Melsom,and constitutesa subproblenof the

full formulation as gien in Section 6 in the present paper:

(br) 2 (br)
Jau Voa u__p

ot 97
0 (), _ oy — twwlt) (B2)
Fie (z=0) = DV
u®(t=0) = Au, + Aug

The solutionis obtainedby Laplacetransformatiorand
subsequent irerse transformation, yielding

b 1 —7%/ (4vt)
u® = cyne 5(80+As+s§’) — -

A/T[kzvot

cog(zE)e "o

e SN GE)

4 3
ﬁk(s0 + Ae—ZSO)J'
0

00

2

48, 3 cog(z&)e Vo'

nksoj—zulskz dg
0

Whenonly termsproportionalto the lowestorderin € are
kept, (B3) reducesto the solutionin Melsom (1996), see
equation(21) in that paper Note that the expressionabove
is not well definedfor t = 0 dueto the impulseimposedat
the suréce at this time. Heever, we hae
; (br) —
lim u/(z<0) = Ay, + Aug (B4)
t-0
in concord with the initial condition in (B2). )
The temporaldevelopmentand vertical profiles of ut®”

are depictedin Melsom (1996) (to lowest orderin €; see
Figure 2a and 2b in that paper).
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