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ABSTRACT

The surface-wave effects on the structure of the ocean boundary layer are studied with a
numerical boundary-layer model which consists of a closed system of equations for momen-
tum, turbulent kinetic energy, turbulent exchange coefficient and expression for ocean
stratification. Boundary conditions at the air-sea interface are calculated by use of a coupled
air-sea boundary-layer model. The surface-wave effect is described by discontinuities of
turbulent kinetic energy flux and mean wind energy flux across the air-sea interface. A series
of numerical experiments is carried out to determine the effects of surface waves on the
structure of the upper turbulent layer in the ocean. The numerical simulations demonstrate
that surface waves strongly reduce a part of mean wind energy flux transmitted to the drift
current and the current magnitude. These characteristics are strongly dependent on surface
heat flux. The surface waves also reduce the neutral drag coefficient for a given wind speed to
better match observations, but waves strongly increase turbulent kinetic energy at the ocean
surface. The computations also confirm that the ratio of the mean wind energy flux
transmitted to the drift current, to the total mean wind energy flux transmitted to the ocean is
weakly dependent on surface heat flux. The model results are compared with observed data

where available.

1. Introduction

The study of the upper turbulent layer structure
in the ocean is one of the important problems of
ocean physics. The transport of momentum, heat,
humidity and salt occurs across the air-sea inter-
face. The character of this transport is regulated
by the turbulence of the air-sea boundary layers.
Turbulent activity in the upper layer of the ocean
depends on the vertical gradients of velocity and
density which, in turn, affect the turbulent pro-
cesses in the upper ocean. The turbulence struc-
ture in the upper layer of the ocean has a strong
influence on the dynamics of the ocean. There-
fore modeling the structure of the upper turbulent
layer is important not only in theoretical prob-
lems, but also in many applied oceanography
problems.

One of the main differences between a solid
surface and water surface is that a solid surface
remains stationary, while surface waves are
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generated and maintained by surface wind stress.
Propagating surface waves interact with wind to
produce perturbations in Reynolds fluxes and
wind velocity. Turbulent motion in the surface
layer of the ocean is strongly influenced by the
wind. This influence leads to the formation of
surface waves, drift currents and turbulent
motions of various scales, tending to increase
vertical mixing in the surface layer of the ocean.

Influences of surface waves on surface layers of
the atmosphere and ocean have been well noted
by Geernaert et al. (1988), Dubov (1974),
Kitaigorodski (1973), Lai and Shemdim (1971),
and Roll (1965). These influences are very
complex and still poorly understood, although
there have been numerous experimental investi-
gations and analytical studies. There is not
sufficient observational data to specify the quan-
titative impact of surface waves on characteris-
tics of air-sea boundary layers.

One of the major difficulties in air-sea inter-
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action problems is the correct description of
surface-wave effects. Here, the distinctive feature
is the oscillation of the air-water interface, so
that the standard methods of the Eulerian de-
scription of turbulence are generally inapplicable.
The influence of surface waves on the dynamics
of turbulent exchange in the surface layer of the
ocean must be taken into account while
formulating boundary conditions at the upper
boundary of the mixing layer in the ocean.

The traditional approach in treating surface
waves in physical oceanography is by expressing
the direct influence of the surface wind waves by
the roughness length z,. This roughness length is
usually related to such particular characteristics
of the local surface waves as phase velocity,
height and wave slope. It is customary to assume
continuity of various physical characteristics
across the air—sea interface. Some studies (Klein
and Coantic, 1981; Kundu, 1980) simply used the
turbulent kinetic energy flux from the atmos-
phere associated with surface waves as a bound-
ary condition in ocean boundary-layer models.

In this study we examine, by use of a numerical
model, surface-wave effects on the properties of
the oceanic boundary layer. The conditions on
the air-water interface are obtained from the
solution to the problem of coupled air-sea bound-
ary layers (Ly, 1986). The specific properties
studied are turbulent kinetic energy, drag coef-
ficient, and surface drift current. This study
emphasizes the wind energy flux transmitted to
surface waves, to the drift current and their ratio
to total mean wind energy flux transmitted to the
ocean. In Section 2, the problem for the oceanic
planetary boundary layer is formulated. In
Section 3, the numerical results and some com-
parisons with observations, where available, are
given. And finally, the conclusions and remarks
of the study are given in Section 4.

2. Basic equations and boundary conditions
including ocean surface-wave effects

It is assumed that stationary and horizontally
homogeneous conditions exist for ocean bound-
ary-layer flows. Governing equations describing
the oceanic boundary-layer flow include the
equations of motion, turbulent kinetic energy
(TKE), turbulent exchange coefficient (TEC),
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and expressions for stratification. The energy
transferred across the air-sea interface is taken
into account by the method of bulk parameter-
ization.

2.1. Governing equations

The equations of motion in Cartesian form
describing the oceanic planetary boundary-layer
flow can be written as (Yeh, 1974)

lop
p oy’
m

where x, y, and z are coordinates such that the
x-axis is in the direction of the surface wind
vector and the z-axis is taken to be perpendicular
to the interface, with the positive direction down-
ward for the ocean. The fluid velocity com-
ponents are u and ». The Coriolis parameter is
denoted by f, and the vertical turbulent exchange
coefficient is K. The density of seawater is
denoted by p, and pressure is denoted as p. The
subscript 0 denotes either the reference value for
Po, or surface values for roughness length z,.

The turbulent exchange coefficient, K, is
determined from the turbulent kinetic energy, E,
and length scale, /, by the Prandtl-Kolmogorov
hypothesis (Monin, 1986) as

d
_—K—_+fv=_.—’ —K—v——fu=
z p Ox dz

K=I|E" #)]

The length scale, /, can be determined by the
modified von Karman’s formula (Monin, 1986)

1= —2kc'" ¢/(d¢/dz), 3
where

_(Guy, (doy_ e dp
¢_(dz) +<dz) po dz’ @

The constant ¢ is taken equal to 0.046 and k is
von Karman’s constant (taken as 0.4). Using (2),
(3) and (4), the turbulent exchange coefficient X
can be expressed in terms of TKE, E, by the
following equation (Ly and Takle, 1988)

K, *dz
K=E(Fz+kc’”4J‘ ﬁ)’ )

where K, and E, are, respectively, TEC and
TKE at roughness length z = z,,.
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Turbulent kinetic energy, E, is determined
from the budget equation for TKE

ol(@) (@) el
dz dz po dz
d dE E?

+a°dedz ¢ ¥ 0. ©6)
The first two terms on the left-hand side rep-
resent shear production, and the third represents
buoyant production due to vertical gradients of
seawater density (where p, and p are the mean
and local values of density, g is the gravitational
acceleration). The fourth term is the diffusion of
TKE at the rate o, K, where o, is a constant
(2. = 0.73). The last term is the dissipation of
TKE, where ¢ is the same constant as in (4) and
(6) (c=0.046) (see Zilitinkevich, 1970). The
Prandtl number is assumed to be unity for both
the atmosphere and ocean.

The system of egs. (1), (2), (5), and (6) will be
closed by introducing an equation for density
gradients in the ocean boundary layer. To
simplify modeling the structure of the upper
ocean layer and to focus attention on the study of
the effects of surface waves, approximate for-
mulas for the vertical gradients of seawater
density have been employed.

For the oceanic boundary, the vertical distri-
bution of seawater density is approximated by the
formula (Ly, 1981)

3—‘;’=,Zp><5(z—zc)+(r1 —T)xo(z=z)+T,,
)]

where 8(z — z.) is the Dirac delta function and

0, if0<z<z
1, ifz>z,

oG-2)={

where A4 is a characteristic magnitude of the jump
in seawater density, z. is the depth of the density-
jump layer (Kamenkovich and Monin, 1978),
o(z — z,) is the unit function, and I'; and I', are
the vertical gradients of seawater density in the
water layer lying, respectively, below and above
the density-jump layer. The analytic expression
for density in (7) specifies that the upper layer of
the ocean is well mixed and is bounded below by
a highly stable layer. Values for 4, T, T',, and z,
used in the simulations are typical values taken
from observed data (see Section 3).
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By denoting the vertical fluxes of horizontal
momentum as

t=K—, t,=K— @®)

then egs. (1) and (6) can be written in the form

d?t, 1, 0 d2t, 1, 0 9
dz? +fK_ > dz? fK_ ’ (
i+, g dp E? d dE
k22 pe.—K===0. (10
K po dz °x +a dz" dz (10)

To model the vertical turbulent structure of the
upper ocean layer, the atmospheric boundary
layer is considered only to obtain a correct con-
dition at the air-sea interface. Hereafter sub-
script i=1 represents characteristics in the
atmospheric boundary layer and i =2 represents
those in the ocean.

The boundary conditions at the air-sea inter-
face for problems of air-sea interaction and of
ocean dynamics are characterized by the air-sea
interface oscillating vertically around a certain
mean position. Therefore, the concept of a
surface-wave layer is introduced. Physically, the
wave layer can augment or decrease momentum
transfer due to increased surface area, foam,
spray, slope of the wave field. The particular
feature of the wave layer is that physical pro-
cesses of this layer cannot be described by the
equations of the type (1)-(6) (Ly, 1986). The
thickness of the wave layer is small (of order of
the magnitude of the surface-wave height) in
comparison with boundary-layer depths of the
atmosphere and ocean. It is assumed that in the
steady-state condition the momentum transfer
and the y-component of velocity are continuous
across the wave layer (traditional boundary
conditions), i.e.,

du du
(Kl P1 Ez—l-) - (Kz P2 :iz_i)
1 201

dv dv
(Kl P1 az_l) - (Kz P2 d_zZ)
1 N

vl(zl)lzo, = U2(22)|zo,,

s
Zo2

an

(12)

where z,, and z,, are the roughness length of the
upper and lower boundaries of the wave layer.
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Based on conservation of energy and dimen-
sional analysis, the equation for turbulent kinetic
energy flux can be written as

=C,p u},

dFE dE
<K1 P a‘z‘l‘> + (Kz P2 j)
1 201 2 Zo2
(13)

where C; must be understood as a non-dimen-
sional parameter representing the surface wind
wave effect and each value of C, is matched to a
marine surface state in the air-sea interface; u,,
is friction velocity of air flow. Similar reasoning
leads to an equation for the mean wind energy
flux transferred to the water:

du
(Kl P1 d—zl “1)
1

— 3
—C1P1U*1~

d
+ (Kz P2 ‘(‘j‘lf‘z' “z)
Zo1 Z2

202

(14)

Egs. (13) and (14) show that the turbulent
kinetic energy flux and mean wind energy flux
have a discontinuity between air and water, and
that not all the energy is transmitted to the drift
current, but a part goes to generate and maintain
the surface waves (C, p, u3;). It is worth noting
that C, =0 gives the traditional conditions of
continuity for the physical characteristics across
the interface.

The roughness length z,, can be written in the
Charnock form (Charnock, 1955)

2
Zo1 =ﬂib (ﬂ)
g P2

(15)

where the factor b(p,/p,) can be taken as an
empirical constant equal to 0.05 (Kitaigorodski,
1973). Note that b may also depend on wave
slope (Geernaert, 1988).

It is observed that near the surface shear
production and dissipation are the main com-
ponents in the turbulent kinetic energy budget for
both the atmosphere and ocean. Then the bound-
ary conditions for the turbulent kinetic energy at
the air-sea interface can be written in the general
form (Ly, 1989)
E(@2)),, = yu3, (16)
where y is a non-dimensional parameter to be
determined. By use of (6), (13), (14), and (16), we
have the following equation for calculating y
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from the given surface-wave parameter C, (Ly,
1989).

(2 Gl e

If C,=01in (17), y is equal to ¢~'2 then (16) can
be written in the following form

a7

EQ@), =c "ul.

(18)

Eq. (18) is a traditional boundary condition for
the turbulent kinetic energy at the surface in the
atmospheric boundary-layer over land (for i=1)
(Monin and Yaglom, 1971) and air-sea boundary
layer problems (Ly, 1989).

At the boundaries away from the air-sea inter-
face, wind-induced currents tend toward geo-
strophic currents, and the momentum flux and
the turbulent kinetic energy tend toward zero:

w@), >ty oD, v, (19)
Kﬂ — 0, Kﬂ — 0, E(2), —0. (20)
dz |z, dz |z, ®

By use of (8), boundary conditions (11) and (20)
can be written in terms of the vertical turbulent
fluxes as follows:

at z —> zy:
1N, —ui, 12,0, @n
atz —z:
()., =1, >0, E@)|, —0. (22)

2.2. Non-dimensional equations and boundary con-
ditions
For convenience, the problem is solved in non-
dimensional form. Equations are non-dimen-
sionalized by setting

un=—-(k/u*)u7 u,,=—(k/u*)v,
z,=fz/(ku,) =z/Q, E,=c"Eul,
K, = K/(ku, Q),

Txn = rx/ui > ‘Cyn =- ry/u* ?

where Q= ku,/f is about the order of the plan-
etary boundary layer thickness and ¢ is an empiri-
cal non-dimensional constant (0.046). The system
of equations and boundary conditions with the
transformations given by (23) are written in
non-dimensional form (the subscript n hereafter
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indicates any quantity in non-dimensional form)
as follows:

d2 Txn 1'.yn O d2 tyn txn 0 (24)
dz2 ' K, dz K,
Tt KR E"2+ d K il 0, (25
K, Tk Tz, Td,
KOn & dzn
K,=E, E0n+£ o) (26)

where K,, and E,, are the non-dimensional tur-
bulent exchange coefficient and turbulent kinetic
energy, respectively, at roughness length z,,,.

R,=
k—‘ti(% m rl_rztan_la+r1+r2>’
f po\m 1+a? T 2
@7
where a = m(z, — z,,.);
2
u=-— g _kQL. (28)

2 9
001 plcpfu*l

4 is a non-dimensional surface heat flux that is
used to specify the surface stability (Tennekes,
1973); Ap, is the difference in seawater density
between the upper and lower boundaries of the
density-jump layer in the ocean; m is a parameter
controlling the shape of the seawater density both
in the shape of the jump layer and in the match-
ing between the two regions of constant gradient;
vy and 7 are constants (v, = 0.54 and n = 3.1416);
Qo is the surface heat flux; 6,, and p, are the
basic state temperatures and densities of the
atmosphere and the ocean, respectively. A pu
value of —100 corresponds to the surface heat
flux about 500 W/m? (Ly and Takle, 1988).

By use of (18) and (21), surface boundary
conditions for non-dimensional momentum fluxes
and turbulent kinetic energy can be written as

Txn(zn)lzo" = 15 Tyn(zn)lzu,, = O’ En(zn)lzo,, = cl/2 Ys
29)

where 7 is calculated from (17).

At the boundaries away from the interface, the
non-dimensional momentum fluxes and turbulent
kinetic energy have the following form

Txn(zn)l = T’Iyrv(zn)lzm,I - 0’ En(zn)\zim - 0 (30)

Zxn
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From the conditions for velocities at the ocean
surface follow the expressions for the geostrophic
drag coefficient (Cp,) and angle (o) between the
vectors of surface stress and the geostrophic wind

al u 2
= (555) =
g

[1—2mgcos f+mi+ A+ (kC, Cp,)?]
M+ M:

, @D

tana, =
1 — mo(M, sin B+ cos f) — Cp, kC, [cos o,
My — mgy(cos f— M, sin B)

’

(32
where
A =2kC, Cp,(my cos a, —cos ay), 33)
U P1 )“2 1
=— p-360°=0,—0a;, {(—) ~—.
mg U, B Oy — 0y <p2 28
(34

B is the angle between the geostrophic wind and
geostrophic current

drxnl P1 12 denZ
M ="+ () ==, 35
' [ dznl (pZ) dZnZ Zoni ( )
dz,, P\ dt,,
M, =| S0 <_1) Lo\l 36
: ,: dznl P2 dznZ Zow ( )
My=M,|M,. (37

It should be noted that the parameter C, rep-
resenting the surface-wave effect is present in
both (31) and (32) and, through these, affects the
structure of the oceanic boundary layers.

Egs. (24)-(30) are solved numerically by a
finite-difference method. Eqs. (24) and (25) with
the boundary conditions are solved by matrix
pivotal-condensation and simple pivotal-conden-
sation methods, respectively. The procedure and
algorithm for solving the formulated problem can
be found in Ly (1989).

3. The numerical results

Numerical simulations have been carried out
for various surface-wave parameters C,, and
surface heat fluxes, u. The condition on the upper
boundary of the ocean boundary layer is obtained



562

from the solution to the problem of coupled air-
sea boundary layers. The “‘external parameters”
of the coupled model are taken to be geostrophic
wind U, =5, 10, 15, and 20 m s™!, the ratio
between geostrophic wind (U, ) and current
(Uyz) equal to 0.02, the angle between Uy, and
U,, equal to n/4 (Ly, 1989), and latitude equal to
45°, The typical values of stratification of the
atmosphere (non-dimensional surface heat flux),
U, are considered to range from — 100 to 100 (see
Tennekes, 1973). Typical seawater density gradi-
ents are chosen to be I'; =103 kg m™,
Ib=6x10"3 kg m™, and a typical drop of
density Ap, =1.7 kg m~3. All “external para-
meters” of the model could be easily calculated
from standard hydrometeorological fields.

The results of the simulations are plotted in
Figs. 1-7. We start by examining the model
results for friction velocity and roughness length

10.0

5.0

2.0

1.0

0.5

u,, (m/s)

0.2

01

0.05

1 i 1 1 1

1 2 5 10 2 30
U, (m/s)

Fig. 1. The friction velocity, u,,, as a function of the
10 m height windspeed, U,,. Numbers near the circles
indicate the sample size. The vertical lines give the
standard deviations from the mean value for u,,. Two
dots are given for large samples. Standard deviations
corresponding to the later case are marked by
horizontal marks on the vertical lines. Curve 1 is
from Myers (1959) and Kuznetsov (1970) (after
Kitaigorodski, 1973). Curve 2 is the model result for
C, =0 and zero dimensionless surface heat flux (u = 0).
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in the atmosphere for the case with C; = 0. Fig. 1
shows results of a number of measurements of
friction velocity in the atmosphere, u,, for zero
surface heat flux (u=0) by Myers (1959) and
Kuznetsov (1970) (after Kitaigorodski, 1973) as a
function of the wind velocity at the 10 m height
above the ocean surface with C; = 0. The values
computed by use of the air—sea coupled model,
shown by the curve labeled 2, are in excellent
agreement with the measurements over the whole
range of wind velocities. The model results show
that friction velocity wu,,; is not sensitive to
variations in C,;. The friction velocity, u,,,
depends strongly on the 10 m height wind vel-
ocity, Uy,. It is interesting to note that a “knee”
of the curve occurs at a 10 m height wind in the
range of 10 m s=! to 15 m s~!. This probably
results from differences in the mechanism of the
momentum transfer for moderate versus strong
winds (storm winds). It bears further study since
the observations also suggest a kink near these
conditions.

Fig. 2 is a plot of surface roughness, z,, as a
function of friction velocity, u,,, under a neutral
atmosphere with condition C; =0. The figure
shows that the roughness parameter varies very
widely, from 10~5 c¢cm to 10 cm. Therefore, the
assumption of a single characteristic value for the
roughness parameter of the ocean is unfounded.
The lack of agreement of the curves in Fig. 2 is
the result of different authors (each with their

N 10-2 \/\
_/ ~ —_—
o/
10°r 4/

L

P RV U SO SRR SR R |
0 10 20 30 40 50 60 70
u,, (cm/s)
Fig. 2. Dependence of roughness length, z,, on the
friction velocity, u,, according to (after Kitaigorodski,
1973): (1) Francis (1953); (2) Goptarev (1957); (3)
Neumann (1956); (4) Kuznetsov (1963); (5) Deacon and
Webb (1962); (6) This model for C, =0.
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own observations and suggesting their own
relationship between roughness length and fric-
tion velocity) having different views on the
concept of the roughness length and its depen-
dence on atmospheric stratification and ocean-
surface state (Kitaigorodski, 1973). The model
results given by the curve labeled 6 compare well
with the result of Deacon and Webb (1962) over
the entire range of friction velocities and suggest
a much weaker dependence of roughness length
on friction velocity than other authors contend. It
is worth noting that, as is the case with the
friction velocity, the surface roughness is not
sensitive to variations in C,.

Fig. 3 is a summary of recently published
values of drag coefficient for a neutral atmos-
phere as a function of wind speed at the 10 m
height [after Geernaert et al. (1986)] compared
with the model drag coefficient. The differences
between the drag coefficient are thought to be
most likely due to sea states that consistently
differ between the measurement sites. It is seen
from Fig. 3 that although there is a discrepancy
between various curves, the drag coefficient of all
investigators increases with the increase of wind
speed at the 10 m height for the entire range of
the wind velocity (except curve 2 by Large and
Pond (1981) for wind speed smaller than 10 m
s~1). In this figure, the least discrepancy between

10° x C, (Neutral Drag Coefticient)

Ten-meter Height Wind Speed. U,, (m/s)

Fig. 3. The published neutral drag coefficient, Cp, as a
function of the 10 m height windspeed, U,,, according
to (after Geernaert et al., 1986): (1) Smith (1980); (2)
Large and Pond (1981); (3) Donelan (1982); (4) Garratt
(1977); (5) Sheppard et al. (1972); (6) Smith and Banke
(1975); (7) Geernaert et al. (1986); (8) This model for
C, =0; (9) This model for C, =5; (10) This model for
C, = 10.
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the results of various investigators occurs at
low windspeeds (less than 10 m s~!) where the
drag coefficient varies from 0.73 x 1073 to
1.75 x 1073, As the windspeed increases from
10 m s7!, these curves tend to diverge, and the
drag coefficient varies from 1.2 x1073 to
2.5 x 1073. 1t is difficult to explain the change of
drag coefficient under strong winds (storm
winds). However under storm winds, sprays from
the crest waves participate in the momentum
exchange (Dubov, 1974), a mechanism still
poorly studied and understood. The model drag
coefficient for C; =0 is shown by curve 8 and is
very close to that of curve 3 (Donelan, 1982) for
the entire range of wind speeds. Model results of
drag coefficient for the surface waves cases of
C, =5and C,; = 10 are shown by curves 9 and 10,
respectively. It is seen from these that the effect
of surface waves is to reduce the drag coefficient
for given wind speed. This reduction of drag
coefficient is greater for higher wind speeds. The
model result for C, =5 is in excellent agreement
with curve 1 (Smith, 1980) and curve 6 (Smith
and Banke, 1975) over the entire range of wind
speed. The model result for C, = 10 shows lower
values of the drag coefficient compared to the
curves of Fig. 3. This suggests that energy trans-
fer to the waves as computed from C, =5 is more
realistic than for C, = 10.

Fig. 4 shows the distribution of total turbulent
kinetic energy in the ocean boundary layer for
three different values of dimensionless surface
heat flux (u=0, —100, 100) and of the wave
parameter (C; = 20, 10, and 0) versus dimension-
less depth of the ocean. It may be seen from the
figure that surface waves have a strong effect on
the distribution of total turbulent kinetic energy
in the upper part of the ocean boundary layer
while, by contrast, the dimensionless surface heat
flux has almost none. Here, each line (1, 2, and 3)
corresponds to the three values of the dimension-
less surface heat flux (u=—100, 0, and 100),
respectively. The effect of surface waves on the
distribution of the turbulent kinetic energy in the
ocean decreases rapidly with increasing ocean
depth. At the ‘“‘non-stirred level”, the seawater
turbulent flows are essentially the same as flows
with no surface waves, so interaction between the
waves and turbulence practically may be ignored.
This figure also shows that the surface waves are
an additional source of turbulence in the upper



564

Log Z,,

Fig. 4. Vertical profiles of dimensionless turbulent
kinetic energy in the ocean at different dimensionless
surface heat fluxes (u=0, —100, 100) for various
magnitudes of the wave parameter: (1) C; =20; (2)
C,=10;(3)C, =0.

part of the turbulent layer in the ocean. There are
no observed data on turbulent kinetic energy in
the ocean.

Published results of dimensionless turbulent
kinetic energy in the ocean E,|, (at the roughness
length z,,) at magnitudes 3 and 4, corresponding
to wave heights h=2.5 m and £ = 3.5 m, may be
found in Tarnopolski and Shnaydman (1984).
These wave heights correspond to wave para-
meter values C, = 10 and C; = 20, and the energy
values agree well with the output of this model as
shown in Fig. 4.

Fig. 5 shows the dependence of the ratio of
mean wind energy flux transmitted by surface
waves (E,, ) to total mean wind energy flux trans-
ferred from the atmosphere to water (E,) upon
the surface-wave parameter (C,) for various
values of surface heat flux (u =100, 0, —100).
From the figure, we can see that the ratio (E,/E,)
is only slightly dependent on the surface heat
flux. For a magnitude of C; = 20, the ratio equals
to 4.2 x 1072 at neutral, 4.7 x 10-2 at stable and
3.5 x 1072 at unstable conditions of the atmos-
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Fig. 5. Dependence of the ratio of the fraction of mean
wind energy flux transferred to surface-wind waves
(E,) to total mean wind energy flux transferred from
the atmosphere to the water (E) on the surface
wave parameter C, for various dimensionless surface
heat flux (x=0, —100, 100) and geostrophic wind
U,=10ms™1

pheric surface layer. The effect of atmospheric
stability on this ratio increases slightly with C,.
Based on the energy balance of surface-wind
waves for different windspeeds and fetches,
various investigators have given different esti-
mates of the ratio (t,/1,) (varying between 109
and 409) of the fraction of momentum flux spent
in generating and maintaining gravity waves to
the total momentum flux transmitted to the water
(see Dubov, 1974; Kitaigorodski, 1973).

Plotted in Fig. 6 are the computed mean wind
energy flux transmitted to surface waves (E,) and
to drift current (E;) as a function of the surface-
wave parameter C, for zero surface heat flux and
geostrophic wind equal to 10 m s~!. It is seen
from the figure that E; sharply decreases as C, is
reduced below 15, and E,; moderately and weakly
decreases for C; greater than 15. The decrease of
E, with increasing C, implies that more of the
energy transferred to water by wind goes into
generation and maintenance of surface waves
and less towards generation of the drift current.
At C, =5 and 10, the magnitude of E, decreases
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16.0
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105 x E, (m3s3)
102 x E, (m3 s9)

4.0

0 10 20 30 40
Surface-Wave Parameter C,

Fig. 6. Mean wind energy flux transmitted to surface
waves (E, ) and to drift current (E,) as a function of the
surface-wave parameter C; for zero dimensionless
surface heat flux (1 =0) and for the geostrophic wind
U,=10ms~t.

over 309 and 509 respectively in comparison
with E4 at C; =0. This demonstrates the strong
energetic connection between surface waves and
drift current in the ocean.

It is seen also from Fig. 6 that E, rapidly
increases its magnitude for values of C,
increasing from 0 to 20, reaches maximum at
C, =20, and then slowly decreases with in-
creasing of C;. At C, = 20, E,, reaches an equilib-
rium point. This equilibrium point probably
related to saturation of the waves, and requires
further study and direct experimental
confirmation.

In Fig. 7 is shown the dependence of surface
drift current on the surface-wave parameter
C, for different surface heat fluxes (zero, posi-
tive and negative) at geostrophic wind equal to
15 m s~!. The surface drift current, U,,, increases
with increasing instability in the atmosphere
(negative surface heat flux) as expected, because
of more efficient downward transport of atmos-
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Fig. 7. Dependence of surface drift current velocity,
U,,, on surface-wave parameter, C,, at various
dimensionless surface heat flux (zero, positive and
negative) for the geostrophic wind U, =15ms~!.

pheric momentum to the ocean surface. Negative
dimensionless surface heat flux pg=—100 in-
creases the magnitudes of surface drift current
roughly 339, and 229, in comparison with y=10
for C;=0 and C =10, respectively. Positive
non-dimensional surface heat flux p=100 re-
duces the magnitude of surface drift current 159
and 129 in comparison with zero surface heat
flux (u=0) for C, =0 and C, = 10, respectively.
Surface drift current for the neutral atmosphere
(u = 0) shrinks in magnitude about 209, and 309,
for C; =10 and C, = 20, respectively, when com-
pared with the case for C; = 0. We can see from
these results that a model of drift current in the
ocean that neglects surface waves will over-
estimate the magnitude of the drift current (at
least 20-309; for average waves).

4. Conclusions and remarks

In this study, the surface-wave effect, de-
scribed by discontinuities of the turbulent kinetic
energy flux and mean wind energy flux across the
air-sea interface, is taken into account in a model
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for the planetary boundary layer over the ocean.
The boundary conditions at the air—sea interface
are obtained by means of a solution of the
coupled model for air-sea boundary layers. A
series of numerical experiments is carried out to
determine the effects of surface waves on the
structure of the upper turbulent layer in the
ocean.

The results of the simulations show that surface
waves reduce the neutral drag coefficient over the
entire range of windspeeds. At C; =5 (C, is a
parameter representing the wave effect) the
neutral drag coefficient matches well the ob-
served data. Surface waves act as an additional
source of turbulent kinetic energy for the upper
part of the boundary layer in the ocean. Surface
heat flux has virtually no effect on the distri-
bution of turbulent kinetic energy in the ocean.

Numerical experiments confirm that the ratio
of mean wind energy flux transferred to waves to
total energy flux from the atmosphere is weakly
affected by surface heat flux, and the part of the
energy flux transmitted to drift current decreases
rapidly with the increase of surface waves.

Computations also demonstrate that the sur-
face drift current for the neutral atmosphere case
decreases under surface-wave conditions when
compared with the no-wave case, and is strongly
affected by stability in the atmosphere.

The model results are in good agreement with

LE NGOC LY

the few available observational data on friction
velocity and roughness lengths for C,=0
conditions and on neutral drag coefficient for the
wave conditions. The model agrees well with the
accepted understanding of the influence of ocean
surface waves and atmospheric stratification on
the structure of air-sea coupled boundary layers.

It must be noted that the effect of surface
waves on energy transfer at the air—sea interface
is extremely complex and requires additional
study. Further clarification will be achieved both
by clearly describing the wave layer mathemat-
ically and by experimental investigations.
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