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A coupled model of air-wave-sea interaction is modified based on a new roughness
formulation and the latest data. The model parameters for aerodynamic roughness
from below (ARB) and wave-dependent roughnessfrom above (ARA, z,,) are assumed
equal. The combined roughnessis assumed to be a function of friction velocity, grav-
ity, air and seawater densities, and wave age (c,). The model is used in a study of
wave-enhanced turbulence under breaking wavesto predict turbulent dissipation (¢),
ARA, and drag coefficient (C,). Both waves and shear production are considered as
sour ces of ocean turbulent energy. The atmospheric part of the model is used only to
specify a correct condition at theinterface. Numerical experiments are performed to
study the e-distribution, z,, and Cj, and to compare with data. The major achieve-
ment is model verification using all available data. The first full application of this
model is in conjunction with an ocean circulation model in a coupled circulation-
wave system. Simulations show that the e-distribution is strongly dependent on local
wind-forced wave heights. For each wind and wave state there is a particular wave-
dependent depth that is verified by data. The comparison shows that the model pre-
dicted £ agrees well with the observed ¢ of the z* law distribution of Gar gett (1989).
Simulations also show that waves have an important rolein causing € to differ from
the classical wall-layer theory and z,,, with a value of 0.30 for the empirical constant
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a,- The model-predicted ¢, z,,, C4 and Cy, agree well with data.

1. Introduction

Breaking ocean waves are considered an important
supplement to shear production of turbulent energy. Sur-
face waves also play an important role in the velocity field
of the ocean surface layer. The rate of turbulent energy
dissipation per unit mass, &, in the upper oceanic turbu-
lent layer plays an important role in surface layer mix-
ing, oceanic turbulent structure, and momentum and en-
ergy transport across the air-sea interface. It also plays
an important role in gas and pollutant transfer across the
interface. Distribution also has an important role in the
verification of numerical models because, of all turbu-
lence properties, only it can be measured readily in the
ocean at the present time.

Numerous efforts have been made to observe € in
near surface layers (Benilov, 1973, 1991; Dillon et al.,
1981; Oakey and Elliott, 1982; Kitaigorodskii et al., 1983;
Shay and Gregg, 1984; Soloviev et al., 1988; Gargett,
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1989; Agrawal et al., 1992; Drennan et al., 1992; Osborn
et al., 1992; Moum et al., 1995; Terray et al., 1996). An
excellent detailed review is given by Gargett (1989). Re-
views of wave breaking and related subjects have ap-
peared in recent years (Banner and Peregrine, 1993;
Thorpe, 1995). A recent review of the role of surface-
wave breaking in air-sea interaction is given by Melville
(1996).

Here, our interest is in estimation of turbulent en-
ergy dissipation due to surface wave breaking. The reader
whose primary interest isin the dynamics of wave break-
ing should refer to the above reviews. From the modeling
point of view, we narrow our study to only numerical
models that take surface waves into account using the
turbulent closure schemes. Kundu (1980) and Klein and
Coantic (1981) used turbulent kinetic energy (TKE) flux
from the atmosphere to model the surface wave effect as
aboundary condition in their ocean boundary layer mod-
el s using turbulence closure schemes. Kundu (1980) used
TKE flux in the form of mu.,3, with m = 0.5. Ly (1986,
1990, 1993) developed a coupled model taking into ac-
count the surface wave layer using a turbulence closure
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Fig. 1. The model domain showing the atmospheric and oceanic boundary layers with the wave layer. Here p,u.,2 and pu.2 are
surface stresses; &y, and &, are turbulent energy dissipation rates which are afunction of wave height (h), wave length (A) and
phase speed (uy); Zo, and zys are roughness lengths as seen from above/below, respectively.

scheme to study surface wave effects on dynamical and
turbulent structures of the adjacent fluids. The wave layer
was represented as a zone of mean and turbulent energy
discontinuity between the atmosphere and ocean. The dis-
continuity was expressed in aform of C,p,u.,%, where C;
is a constant representing surface waves, and p, is air
density.

More recently, with the same approach as Kundu
(1980) and Klein and Coantic (1981), Craig and Banner
(1994) used a simple Ekman boundary layer model for
the ocean with the 2.5 level turbulence closure scheme of
Mellor and Yamada (1974, 1982) to study the wave-af-
fected layer of the ocean. In their model (see also Craig,
1996), the action of breaking waves is represented by a
TKE flux at the surface boundary condition in a form of
au. with a = 100 which was described as the wave en-
ergy factor (m in Kundu's model). They argued their
model can accurately predict the 234 and z°8 laws for
the dissipation and velocity profile, respectively. The
unresolved problems in their model are the wave energy
factor o = 100, and anomal ous roughness | ength z,,, which
is specified equal to 0.1-8 m to provide rough agreement
with Osborn’set al. (1992), and Anisand Moum'’s (1992)
& datasets (see also Melville, 1996). Recently, this model
was also used by Terray et al. (1996) and Drennan et al.
(1996) to interpret their dissipation data. In using Craig
and Banner’s model, Drennan et al. (1996) specified the
roughness length to be 0.1-10 m with a = 100. These
extreme values for roughness lengths and wave energy
factor may lead to a physical inconsistency between vari-
ous physical characteristics of the oceanic and atmos-
pheric boundary layers including wave-affected depth,
turbulent and dynamical structures, drag coefficient, sur-
face air and water velocities, roughness length, friction
velocities, and wave parameters. Also the wave energy
factor and anomalous roughness length were not based
on strong physical argument.

It is noted that none of the above models were able
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to relate surface waves to wave breaking conditions or to
typical physical wave parameters such as wave length,
height, period, and phase speed at the spectral peak, which
are predicted by ocean wave models. Another problem
for most of the above modelsisthat it isdoubtful that the
mixing length vanishes at an ocean surface containing
surface waves, as assumed for many mixing-length mod-
els. The error isincurred in the ocean surface layers, to a
depth on the order of the wave height.

Traditionally in physical oceanography and marine
meteorology, there has been only an aerodynamic rough-
ness z,. Thisisthe roughness for the air side of the inter-
face. Hereafter, we will call this the aerodynamic rough-
ness from above (ARA, z,, in Fig. 1). There are many
studies of the dependence of ARA on waves. More de-
tails and reviews can be found in Toba et al. (1990),
Donelan et al. (1993), and Monbaliu (1994). The ARA
and its closely related parameter, drag coefficient, are
important in many applications. Realistic formulation of
ARA is also very important in the development of cou-
pled atmosphere-ocean models.

In coupled models, an aerodynamic roughness from
below (ARB, z, in Fig. 1) is usually introduced in writ-
ing boundary conditions for the ocean part of a coupled
model. Not much is known about the ARB, in both obser-
vational and theoretical studies. Kondo (1976) assumed
that ARA was equal to ARB, z,, = z,.. Toba (1988) intro-
duced ARB, z,, and he assumed that z, = 7,,. He also
assumed that z,, = a;z,, where a; is a constant.
Zilitinkevich et al. (1991) used an analogy of ARB with
ARA. To determine ARB, Ly (1986, 1990, 1993) posed
ARB as an analog to the ARA of Charnock (1955).
Kitaigorodskii (1994) incorporated the effect of break-
ing waves in the parameterization of sea surface rough-
ness from below, but there were neither numerical calcu-
lations nor comparison with observational datato verify
the theory.

The aim of the present investigation is to numeri-



cally study and compare with available data wave-en-
hanced turbulence in terms of turbulent energy dissipa-
tion distribution, roughness length, and drag coefficient
under breaking waves in the ocean surface layer using a
modified version of a coupled model (Ly, 1995). The
modified model is based on a new roughness length for-
mulation and the latest data. In the model, the oceanic
turbulence sources are considered to be related both to
mean shear velocity and surface breaking waves. Thegis
written as alinear combination of terms representing dis-
sipation from mean flow and breaking waves. The £ from
breaking wavesis estimated by using observed data, simi-
larity, semi-empirical turbulence theories, and the wave
breaking condition. Then ¢ is expressed in terms of wave
parameters. Wave-dependent ARA and ARB (Ly and
Garwood, 1999) are used in the model. The atmospheric
part of the coupled model is used only to specify a cor-
rect condition at the air-seainterface. In Section 2, abrief
description of the model is presented. The numerical
simulations of e-distributions and comparisons with ob-
servations are given in Section 3. The summary and re-
marks are given in Section 4.

2. TheModel

In this section, a brief description of the ocean part
of a modified coupled model based on a new roughness
length formulation and the latest observed data is pre-
sented. Details of the basic model are given by Ly (1995).
Figure 1 shows the domain of the basic model including
the atmospheric and oceanic boundary layers and the wave
layer. The atmospheric part of the model is considered
only to provide a correct boundary condition at the air-
sea interface. Thus, the model equations for oceanic
boundary layers include equations for momentum, TKE,
dissipation rate &, eddy viscosity or turbulent exchange
coefficient, and stratification in the ocean.

Details about the E-¢ turbulence closure, its applica-
tionsto the atmospheric and oceanic boundary layers, and
comparison with the length scal e approach and available
observed dataare given by Ly (1991). The turbulence clo-
sure includes TKE, &, and Kolmogorov equations with
the breaking wave parameterization. The TKE equation
for the ocean can be written as
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where p, is the reference value of seawater density, p.
The energy-dissipation equation for the ocean has
the form
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The first two terms of the right-hand side (RHS) in (1)
and (2) represent TKE generation by mean velocity shear
(shear production), the next terms are the buoyancy flux
and vertical turbulent transport, and the last term of the
RHS represents dissipation.

The K-closure scheme used in (1) and (2) is

—— . —— dp
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where K, is used in the E-equation and K, is used in the
g-equation. The eddy viscosity coefficients are cal cul ated
using the Prandtl-K olmogorov equation,

Ky = 0B (5)

with universal constant a,, = 0.046 (Monin and Yaglom,
1971). The sets of constants a and S link the eddy coeffi-
cient for buoyancy and transport with the eddy viscosity
coefficient for momentum as

Keh = aSKm; Ksh = [”SKm; Ke = a4Km; Ks = [”4Km- (6)

The constants a in the TKE equation have the values:
a, = a;=1, a, = 0.046, a, = 0.73. The B set have the
values: 3, =1.43, B,=1.97, ;= 1.45, 3, =0.70. Hereaf -
ter, subscript i = a for atmospheric variablesand i = sfor
oceanic ones.

Buoyancy termsin TKE and € equations are related
to stratification of the atmosphere by nondimensional
stratification parameters, which are expressed in terms
of the Obukhov length of the atmospheric boundary layer.
The stratification in the ocean is defined using the
nondimensional Vaisalafrequency, N,2. In this study, only
neutral stratification is considered.

It isassumed that the momentum fluxes are continu-
ous across the air-sea interface,

Palisg” = pUsg” (7)
where p, isair density, z,, and z,, are ARA and ARB (see
Fig. 1), and u.¢ isfriction velocity of the seawater. Thus,
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the relation between friction velocities of the two fluids
is

s ﬁ%ﬁ e ®

The surface boundary condition for the TKE iswrittenin
the traditional form for the air-sea interaction problem,
which is expressed in terms of friction velocity of the
fluid flow as

-, (9

E(2)

Zos

where d,, is a nondimensional constant identical to that
in Eq. (5), and z,, isARB. This boundary conditions for
TKE at the interface is provided by Eqg. (1) based on the
classical law-of-the-wall theory (shear productionisin a
balance with the TKE dissipation). Ly’s (1986) numeri-
cal study showed that surface waves are a supplementary
source of turbulence in the lower/upper parts of the at-
mosphere/ocean. It is obvious that breaking wave effects
need to be taken into account in (9). There are no obser-
vations of TKE at present, and it is not clear how to
parameterize breaking waves in terms of TKE. Hence,
for simplicity, the classical boundary condition for TKE
isused in the model. This TKE boundary condition needs
to be improved in the future.

Most difficultiesthat arise in numerical modeling and
the study of the physics of air-sea coupled problems are
at the interface (the wave layer in our case) of the two
fluids. Acrosstheinterface air and seawater densities dif-
fer by nearly three orders of magnitude. In general, bound-
ary conditions at the interface need to be written not at
the actual surface, but at aerodynamic roughness lengths
away from the interface on both sides. Unlikethe ARA in
numerical modeling of marine and oceanic boundary |ay-
ers, in general, in the air-sea coupled models, the ARA/
ARB on both sides of the interface are internal variables
of the air-sea system. The value of ARA in general ma-
rine atmospheric and oceanic models is a fixed constant
value (Jenter and Madsen, 1989; Craig et al., 1993; Craig
and Banner, 1994; Craig, 1996) or prescribed by formula
such as Charnock’s (1955). In air-sea coupled models (Ly,
1991, 1995) the ARA and ARB areinternal parameters of
the air-sea system.

Taking turbulent transport into account, a boundary
condition for ¢ at the surface has the form (Ly, 1991)

_ U

£(2)

(10)

Zps

[ +(2 ) exp(-a,)]

S
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where

01 = Bi/Bai Ay = (0, BolKBy) V. (11)
Here, 7, is the wave-dependent ARB calculated in the
model by (23). More details about 7, will be found in
Section 3.

The boundary conditions at the bottom of oceanic
boundary layer are such that the velocities tend toward a
geostrophic current while the momentum flux, turbulence
(TKE), and dissipation (&) vanish.

Based on the concept that both breaking waves and
shear production are sources of turbulent energy in the
ocean surface turbulent layer (Ly, 1995) we generate an
equation for turbulent dissipation rate:

£(2)

= %[ql + (1 —ql) exp(—qz)] + y(uph)3 1A (12)

Zos

The first term on the right side is the dissipation (taking
diffusion into account) from the mean flow, and the sec-
ond term on theright side isthe dissipation from the break-
ingwaves. It isnoted that in the case where surface break-
ing waves are not taken into account, Eg. (12) reducesto
Eqg. (10) and a situation described by Ly (1991) occurs.
The constant yis taken equal to 1.0 in this study.

Using a wave breaking condition from the linear
theory (Longuet-Higgins, 1969) and dispersion relations
for developed waves, (12) can be written in the form

“gss [ +(2 - o) exp(~01,)] + 2¥c0 (:%4 . (19)

&(2)

Zos

Here, the wave ageis defined as c,, = u/u., with the phase
speed at the frequency peak uy,. In general, the seastateis
characterized by the wave spectrum, but the wave age, c,,
iscommonly used to characterize seastate. The wave age
parameter measures the stage of development wind sea
(sea state). “Young” wind sea refers to a sea state when
waves have just been generated by wind, while“old” wind
searefersto a saturated sea state, for which the energy is
steady in time. It is noted that a c,, of the order of 10
corresponds to young wind sea, and a c,, of the order of
25 corresponds to an old wind sea.

Then, dissipation can be written in terms of the fric-
tion velocity of air flow, u.,, and wave ages as follows:

£(2)

Zos

U= YY) i SRR D=
_CWQU[BW[% (1 ql)exp( QZ)] (47_[)45(14)



where a, is a constant (see Eq. (18), below). Equation
(14) can be written in a nondimensional form which is
used in the computing process as

where g, = k?¢/( fu. ), h,, is nondimensional wave height
(hy = h/L), 7y, is defined by (21), and L = ku./f is the
typical depth scale for the Ekman layer in the ocean with
the Coriolis parameter, f. The subscript “n” indicates any
guantity in nondimensional form, while other variables
are defined above. Equation (15) isaboundary condition
at the air-sea interface for the e-budget equation. This
boundary condition for € is expressed in terms of wave
height and roughness length.

3. Wave-Dependent Aerodynamic Roughness

Lengths, Drag Coefficients

At the interface, Ly (1986) assumed that the ARA
and ARB arefunctions of u;, g, p,, p. Following this pro-
cedure for wave-dependent ARA and ARB, we assume
that the ARA/ARB are functions of f(Us;, g, P, P, Cy)-
Based on dimensional analysis and considering theARA/
ARB are inversely proportional to wave age (ARA is
larger for young waves than for developed waves; see
Donelan et al., 1993; Kitaigorodskii, 1994), the follow-
ing formula for the roughness of both sides (ARA and
ARB) of the wave layer (see Fig. 1) is derived.

Op, O u®
.= E& 16
ZOI a1 p%gu ( )

p

where the functions a;(p,/p) may be taken as empirical
constants (Ly, 1986). Then, Eq. (16) can be rewritten as

U

o (17)

Zy = &

For generality, we have two values of g; (a, and a) for
the ARA and ARB. Smith et al. (1992) found the empiri-
cal constant a, equal to 0.48, based on the HEXOS (Hu-
midity Exchange over the Sea experiment) dataset. The
ARA/ARB in Eq. (17) have ageneral form with the func-
tions a;, and they also provide a functional dependence
for ARB, which isvery helpful in coupled modeling. Itis
important to note that while thereis consensus agreement
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on the importance of sea state on drag coefficient, the
manner in which it exerts thisinfluence is far from clear
(Tobaand Jones, 1992; Donelan et al., 1993, 1995; Jones
and Toba, 1995).

There is a strong disagreement between interpreta-
tion of datasets and investigators on how wind-induced
waves affect the roughness length from above. Therefore
modelers have difficulty choosing a roughness length. In
this study, Eq. (17) is used mainly because it shows a
clear decrease of the ARA (normalized by u.,) with wave
ages as most investigators (including Jones and Toba,
1995) have shown from their data. Another reason is to
compare observational datafor ARA and drag coefficients
with the model output.

We adapt the nondimensional quantities as follow:

zy = fz/(kus) = z/L, (18)
whereL; are typical depth scales for Ekman layersin the
atmosphere and ocean. Applying (18) to (17), we have
nondimensional roughness in the form:

Uy
kgcy

Zoy =& f (19)

Using (7) and an expression for the geostrophic drag co-
efficient, Cyq in Eq. (25), Eqg. (19) can be written for
nondimensional roughness from above and below as

CyV

d
Zona = aaf ﬁ (20)
CqU. 1

=g f_9doa - 21
2 =af = o (22)

In the dimensional form, we have

ka, CqaUgalm
2o = I (22)

g Cw

_ k;as ngUgau[E DiDZ (23)

ZOS g C\N DZSD *

If we assume the ARA and ARB to be equal as did
Kondo (1976), from (22) and (23) we have a, = (28)%a,.
This assumption is used in the present study. Equations
(20)—(23) are used as working equations for roughness
lengths in the study. It is also important to note that our
ARB and ARB areinternal air-seasystem parametersthat
depend on friction velocities of both fluids (see Ly, 1996
for more details).
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Beside roughness length, the momentum fluxes are
commonly estimated from adrag coefficient Cy, whichis
another way to express the surface roughness. The Cy is
the neutral drag coefficient at 10 m height, which is cal-
culated in the model as

(24)

Ou f 2
Cd = gj.zg = (kUgand) /Ulzo

where U, iswind speed at 10 m height provided by model
equations for the wind profile. The geostrophic drag co-
efficient (Cyq) showsthe relationship between wind stress
and geostrophic wind or wind at the top of the atmos-
pheric boundary layer (Ly, 1995):

, Oy O
(Ca) = B

= (1— 2m, cos + mg)
o+ Co, @) +(0,, e+ o0 ) D (29

tano,

:[mO(NOSin[} +cos[§) —]][NO - mo(COSl}‘ No sin /})

-1

(26)
where
Uge . 0o, 0% 1
my = —= =002 B-360°=0, -0,, C, =2 =—
Uga s %2 Q%E 28
(27)
-1
No =(d,. e +Cotly, Bs)(d,., #ha+Cply dhe)  (29)
1r+l -1 r+1
%i:( )2(q;¢ni:( )2¢I (29)
U U

Here, r is equal to_1 for the atmospheric and 2 for oce-
anic variables; B = 14 is the angle between the
geostrophic wind and geostrophic current (or wind/cur-
rents at the top/bottom of atmospheric and oceanic bound-
ary layers).
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The closed systems of nonlinear equations for the
oceanic boundary layer and boundary conditions are
solved in nondimensional form using the partly coupled
algorithm of the matrix and simple pivotal condensation
methods. In solving the system of equationsfor the ocean
part of the coupled model, the atmospheric part is con-
sidered only to give a correct condition at the air-sea in-
terface. The grid used for the simulations consists of 200
irregularly spaced points for the oceanic boundary layer.
The domain of integration with the nondimensional depth,
z,, rangesfrom 0 < z, < 2. More details on the partly cou-
pled numerical algorithm and computing schemes of the
mathematical model are given by Ly (1996).

After obtaining numerical solutions of the air-wave-
sea system, it is straight forward to calculate air-sea in-
teraction characteristicsincluding angles o,, o, (Egs. (26)
and (27), angles between surface wind stress and
geostrophic wind, and between surface and geostrophic
currents).

4. Numerical Simulations

The numerical experiments are designed for various
winds (wave heights) and wave ages to study the model
aerodynamic roughness lengths, drag coefficients and the
dissipation distributions in the upper turbulent layer of
the ocean, and to compare them with observations. The
coupled model is used for various cases of the aerody-
namic roughness from above (ARA) with different val-
ues of the coefficient a, in the study. Model roughness
lengthsfrom above (z,,) and neutral drag coefficients (Cg)
are presented and compared with available data. Our fo-
cusis also a study of the vertical distribution of € in the
oceanic turbulent layer with various winds, and its com-
parison with atypical dataset of z* distribution by Gargett
(1989). The z* law for the & vertical distribution in the
ocean was believed to be evidence of the inadequacy of
the constant-stress boundary-layer theory prediction. The
model outputs and their comparisons with available data
are shown in Figs. 2—6.

Figure 2 shows the dependence of nondimensional
ARA on the inverse wave ages. The data from various
sources are adapted from Donelan et al. (1993). The sym-
bols show variousfield and laboratory datasets from Lake
Ontario, HEXOS (Smith et al., 1992), Atlantic Ocean,
laboratories by Donelan (1990, wave tank), Keller et al.
(1992, wave tank), and Toba et al. (1990). The lines with
numbers are the model outputs using Eq. (17) with vari-
ousvalues of the coefficient a,. From thefigure, itisseen
that the line with coefficient of 0.3 best represents obser-
vational data of various sources. Then (17) will have a
form:

2
Zp, = 0302

9Cw (%)
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Fig. 2. Nondimensional roughness from above, gz,,/u. 2, ver-
sus inverse wave age U.,/U,. Data symbols (adopted from
Donelan et al., 1993): Lake Ontario +; HEXOS O; Atlantic
Ocean, long fetch *; limited fetch x; Donelan (1990) water
tank V; Keller et al. (1992) water tank @. The lines with
numbers are the model outputs with various values of the
coefficient a, in Eq. (26).

ThisARA isused in the coupled model. Smith et al. (1992)
found a, = 0.48 isthe best fit for their HEXOS dataset. In
general, the roughness strongly depends on wave ages,
and this dependence is quite linear. In Fig. 2, the young
waveswith ¢, = 5 have gzy,/u.,2 = 0.06, which are 6 times
rougher than the developed waves with c,, = 30, which
have gz,,/u.,2 = 0.01. There may be a difference between
field and laboratory data. Details about this matter are
discussed by Jones and Toba (1995) and Donelan et al.
(1995). Our ARA agrees better with field data (adapted
from Donelan et al., 1993) with long and unlimited
fetches, because the model isfor an open ocean. It isim-
portant to note that Tobaet al. (1990) datain Fig. 2 should
be used only in a consistent manner with their empirical
equation for growing wind wavesin local equilibrium with
the wind (Toba et al., 1990; Jones and Toba, 1995).
Vertical distribution of dissipation for variouswinds,
Uga (Winds at the top of the atmospheric boundary layer)
equal to 11, 17, and 25 ms™* are presented in Fig. 3. Fig-
ure 3 is plotted with the same scale as Fig. 4 (see below)
to make comparison easier with observational data. As
expected, the e-distribution strongly depends on wave
heights resulting from wind speed, Ug,. The wind in-
creases by 55% from 11 ms™ to 17 ms™, which corre-
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Distribution of Dissipation in the Ocean
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Fig. 3. Model simulations of dissipation profiles in the ocean

at various winds (11, 17 and 25 ms™) and ¢, = 30 in the
ocean.

sponds to an increase in ¢ of about 20%. The numerical
simulations (not shown here) confirmed that at the air-
seainterface breaking wave-related dissipation dominates
shear-related dissipation. The ratio of surface breaking
wave-related dissipation to the total surface dissipation
(shear-related and breaking wave-related) ranges from 65
to 75%. This ratio agrees well with the estimate by
Kitaigorodskii (1973).
It isinteresting to note that each wind (wave) gener-
ates a particular wave-affected depth. As wind (wave)
increases, these depths increase 10% for wind increasing
from 11to 17 ms™, and 27% for wind increasing from 17
to 25 ms™t. Comparing the dissipation-enhanced depths
of winds 11 and 25 ms™ (wave heights equal to 1.5 and
3.0 m, respectively, for our estimate), from Fig. 3 with a
depth scalein Fig. 4 we can see the wave-affected depths
can reach roughly to 15 to 30 m, respectively (stormy
weather condition). These wave-affected depths agree
with measurements by Kitaigorodskii et al. (1983) that
showed awave-affected region of about 10 timesthe wave
amplitude. Thorpe (1984) suggested awave-affected layer
of depth approximately 0.2 of the surface wavelength.
Osborn et al. (1992) used upward-looking acoustic in-
struments and shear probes mounted on a submarine in
the Pacific Ocean and showed results qualitatively con-
sistent with the results of Kitaigorodskii et al. (1983) and

Thorpe (1984). The e-distributions in Fig. 3 were calcu-
lated for ¢, = 30.
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Fig. 4. Measurements of € as afunction of depth zin a shallow
mixed layer in the northeast Pacific (Gargett, 1989). The
line with “—1” shows the relationship & ~ z%. Each point is
astation average val ue (over 3—4 profiles within 20 min) of
€ at depth z. Observations during intermittent stormy
weather show &£ varying approximately as z#, with little
dependence upon the strength of wind forcing: strong (solid
circles), F,, ~ (2-3)U;o m3; V medium, F,, ~ 1U;q m=;
weak (open circles), F,, ~ (0.2-0.5)U;, m™. Here the en-
ergy flux is F,, = p,CqU;o° with wind U, at a height of 10
m above the sea surface. The solid curve shows the model
predicted e-distribution.

Figure 4 is adapted from Gargett (1989). A curve of
the model output from Fig. 3isincluded. Figure 4 shows
measurements of oceanic dissipation asafunction of depth
zin ashallow mixed layer in the northeast Pacific. Every
point plotted is a station average of ¢ at depth zfrom 3—4
vertical profiles over a 15-20 minute period. The verti-
cal resolution is ~2.5 m (see Gargett, 1989). Figure 4
shows observations during intermittently stormy weather
for three classes of wind forcing (strong, medium, and
weak). The observed ¢ profiles in the shallow (30—60 m)
mixed layer consistently revealed a depth dependence
closer to z* than z%. It is important to note that this &-
distribution was believed to be evidence of theinadequacy
of the constant-stress boundary layer theory for the near-
surface ocean (Gargett, 1989). The model predicted &-
distribution is a solid curve that is the same as the ¢ pro-
file for the wind of 25 ms™ in Fig. 3.

From Fig. 4, we can see that the model predicted &
profile agrees well with the observational ¢ profile of the
Z* law distribution by Gargett (1989) during intermit-
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Fig. 5. Dependence of model drag coefficients on 10-m height
winds and wave ages equal to 10, 20, and 30. Three other
curves with “very young”, “mature” and “full” from obser-

vational data by Smith et al. (1992).

tently stormy weather. The 24 law of e-distributionisalso
obtained from observational databy Agrawal et al. (1992),
Drennan et al. (1992), and Melville (1994) (see Section
1). Hopfinger and Toly (1976) also reported the z* law
of dissipation distribution from their laboratory grid-mix-
ing measurements (Thompson and Turner, 1975; Long,
1978). The TKE in the decaying grid-generated turbu-
lence results from a balance between dissipation and dif-
fusion (turbulent transport). In this case, the energy is
supplied by the grid motion, and the breaking waves
would be the source of the turbulence.

The solid line with “—1" in Fig. 4 showsthe log law
of the e-distribution in the turbulent layer as € ~ z1. This
law of e-distribution characterizing dissipation revertsto
a simple wall layer scaling proportional to u.® and in-
versely proportional to depth. This € ~ u.>z wall-layer
law of e-distribution is obtained if alog law of velocity
distribution is considered in ascaling analysis of the oce-
anic &-budget equation. The wall-layer law for the e-dis-
tribution at the surface (roughness length) can be seen in
Eg. (10), if the constant g, is taken equal to 1. In this
case, Eg. (10) becomes the traditional boundary condi-
tion for ¢ at the surface with £(z,) = klu.3z, .

Our numerical results show that wind (waves) have
an important rolein driving the e-distribution in the ocean
away from a log law of the wall-layer theory. This can
also be easily seen from Eq. (13). The first term of Eq.
(13) with constant g, = 1 shows alog law of ¢ at the ocean
surface. The second term shows a contribution from sur-
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Fig. 6. The geostrophic aerodynamic drag coefficient, Cyq, as
afunction of winds (after Ly, 1991). The shaded area shows
the range of values of Cyy by Grant and Whiteford (1987).
Solid and open circles are JASIN and KONTUR data, re-
spectively. The dashed line is this model C,, for wave age

cy = 30.

face diffusion, which is an important TKE source under
wave breaking conditions, and the third term shows a
contribution from surface breaking waves. The numeri-
cal simulations also show that this model with the ARA
(30) and parameter y = 1 gives good agreement with the
observed data.

The model drag coefficient, Cy, for the neutral at-
mospheric stratification as afunction of wave age param-
eters 10, 20 and 30, and 10-m height winds is presented
in Fig. 5. The figure showsthat drag coefficient increases
with wind speed and decreases for alarger wave age pa-
rameter. The C, for the wave age equal to 30 is almost
double the value at U;, = 15 ms in comparison with
that at 5 ms™. The model drag coefficients for a wave
age equal to 10 have more than doubled their values at
the same range of 10-m height winds. For the same U, =
15 ms™, C, for the wave age of to 30 increases its value
63% for younger waves relative to wave age equal to 10.
The model neutral drag coefficientsfor ¢, equal to 10, 20
and 30, are in a good agreement with observational data
by Smith et al. (1992) for sea state varying from very
young to mature and fully developed waves. The impor-
tant feature of the model drag coefficient is that for the
same 10 m height winds, C, depends strongly on surface
wind waves.

A comparison of observational and our model
(dashed line) geostrophic drag coefficient, Cyq, is pre-
sented in Fig. 6. The Cy4 is plotted against winds (after
Grant and Whiteford, 1987; seealso Ly, 1991). The shaded
area shows the range of Cyy by Grant and Whiteford
(1987) using observational data. The solid and open cir-
cles are JASIN and KONTUR data. Open triangles are
Ly’s (1991) model output. Wave conditions under which

the data were collected are not known. The simulations
show that C is not very sensitive to wave age and to the
coefficient a, of ARA. This also can be interpreted that
Cgyq is calculated by (25), in which ¢, and ARA are not
incorporated directly and ARA is considered as an inter-
nal model parameter. In general, the model produces
geostrophic drag coefficients that are in a good agree-
ment with observational data.

Overall, the simulations show that the model can
predict well the e-distribution, wave-dependent
aerodynamical roughness length, and drag coefficient in
comparisons with available observational data. The other
model physical characteristics at the air-seainterface and
of dynamical and turbulent structures of the air-sea sys-
tem (not show here) are in a physically acceptable range.
These are advantages of the air-wave-sea coupled model
(Ly, 1995; Ly and Garwood, 1999) in comparison with a
single fluid model of either air or sea (Melville, 1996).

5. Summary and Remarks

A numerical coupled model of air-wave-seainterac-
tion is modified based on a new wave-dependent rough-
ness length formulation and the latest available observa-
tions. The model is used in a numerical study of wave-
enhanced turbulence under surface breaking wave condi-
tionsin terms of vertical distributions of turbulent dissi-
pation, €, wave-depended roughness length, and drag co-
efficient. The study also focuses on comparison of the
model output with available observations. In this model,
breaking waves are considered to be another source of
turbulent energy in the upper oceanic turbulent layer be-
sides turbulent energy from shear-driven turbulence. The
dissipation at the ocean surfaceiswritten in the form of a
linear combination of terms representing shear-related
dissipation and dissipation from breaking waves. The ¢
from breaking wavesis estimated using similarity theory,
observational data, and wave breaking conditions of lin-
ear theory. Thus, € can be written in terms of wave pa-
rameters such as wave phase speed, height, and length
which are expressed in terms of friction velocity. The
above features have the advantage over other oceanic tur-
bulent layer models of assuming surface turbulent kinetic
energy fluxes result from breaking waves. The atmos-
pheric part of the coupled model is considered only to
givearealistic condition at the air-seainterface. Numeri-
cal experiments with various winds (wave heights) and
wave ages were performed in the study.

In the ARA formulation, various values of the coef-
ficient a, that is a function a(p,/p) are used in the study.
The numerical simulations confirm that the model
nondimensional ARA, z,,, normalized by friction veloc-
ity, Us,, is strongly dependent on wave age. This normal-
ized ARA islinear and better representsall availablefield
datasets with a coefficient of 0.30 (Smith et al., 1992
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found 0.48 wasthe best fit for their HEXOS dataset). This
normalized ARA cannot represent all available field and
laboratory datasets by a curve (see Jones and Toba, 1995;
Donelan et al., 1995). It is important to note that both
Donelan et al. and Toba et al. confirm that the younger
waves are rougher than are the older waves. The model
drag coefficient is strongly dependent on wave age and
wind at 10 m. The geostrophic drag coefficient isnot very
sensitive to wave age or to the coefficient a, of ARA.

The e-distribution in the turbulent layer is strongly
dependent on wave heights resulting from wind speed,
Uge- Each wind (wave) generates a particular wave-de-
pendent depth. The comparison shows that the model pre-
dicted ¢ profile agrees well with the observed ¢ profil e of
the z* law distribution by Gargett (1989). The z* law of
e-distribution is al so obtained from observational data by
Agrawal et al. (1992), Drennan et al. (1992), Melville
(1994), and from grid-mixing measurements by Hopfinger
and Toly (1976). This z* law of &-distribution was be-
lieved to be evidence of the inadequacy of the constant-
stress boundary layer theory in ¢ prediction. Numerical
simulations show that waves play an important role in
driving e-distribution in the turbulent layer away from a
classical law of the wall-layer theory. The model output
of the aerodynamical roughness |engths and wave-depend-
ent drag coefficients also agree well with available ob-
servational data.

It is important to note that while the model e-distri-
bution agrees well with data, the model wave-dependent
ARA, drag coefficient, and other physical characteristics
such as boundary layer height/depth, ten-meter height
wind (U4,), momentum fluxes, surface wind, currents, and
turbulent structures (not show here) arein physically ac-
cepted ranges of understanding. These are the advantages
of the air-wave-sea coupled model (Ly, 1995; Ly and
Garwood, 1999) in comparison with all single fluid mod-
els (either air or sea) (e.g. Melville, 1996).

Overall, although the model can predict well the 4
law of e-distribution, there is a considerable scatter of
various measurements of e-distributions from a z2 to a
7*® Jaw. Our model simulations show a strong depend-
ence of e-distribution on surface conditions (waves). The
dependence of e-distribution also on roughness length is
obvious from the similarity scaling of the boundary con-
dition. Then disagreements concerning the e-distribution
may result from various datasets being obtained under
different surface waves.
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