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ABSTRACT: A general investifation into the physical mechanism that is respinsible for drag above the sea surface has been undertaken.
Cn the basis of a 1D model of the Wave Boundary Layer(WBL), under a 2D wave field, a parameterization technique for estimation of
t e drag and mean characteristics of WBL is described. Special attention is paid to estimation of the simplifying assumption of the

t eory.
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1. Introduction

The local thermodynamic interaction is an important
¢lement of an ocean-atmosphere system. The accuracy of its
} arameterization determines the quality of climate modeling,
v reather prediction, and ecological forecasting,

The main problem with the theory of the near-surface
I'oundary layer is the establishment of a relationship
I stween turbulent stress 7 and wind velocity vector « at
¢ a arbitrary

T=0,Cluiu )

] zight where o, is air mass density, and C is the drag
«oefficient. Contrary to the case of the solid lower boundary,
7hich is described by only one morphological characteristic,
the

redetermined, due to waves that are produced by local

he roughness parameter z;, sea surface is not

vind and swell.
Far from the surface, at heights more than a wave
specific height 7y,

luctuations attenuate, and in the case of stationary and

oundary layer the wave-induced
wrizontal, homogeneity the boundary layer above the waves
5 very close to that which is above a solid flat surface. In
articular, the turbulent momentum flux is constant with
ieight and the wind profile is nearly logarithmic.

However, near the waves, the role of wave-induced
luctuations increases, and immediately above the surface, the
esemblance the layer

lisappears. The drag coefficient isformed, jointly, by all drag

to usual  boundary completely
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mechanisms arising in the relatively thin layer near the
interface.
Existing computational methods for the momentum flux

above waves are usually based on simple Charnock’s

2

. v . . . .
relation z,= m—g*, where o, is the friction velocity, m is

an empirical coefficient, and g is the gravity acceleration.
Although this expression provides a good scale for the
roughness parameter, it may be considered as a qualitative
estimate, since it does not take into account the specific
character of a given wave field. Using Charnock’s relation,

the drag law may be written as follows

ln—}—u—]i =— In(mC)—

“ @

_k
Ve
C with the wind
velocity at any height z. Chalikov and Belevich (1993) note

that this expression gives a rather weak dependence of C

which connects the drag coefficient

on wind velocity, since it is assumed that the wind and
waves are adapted to each other and that the wave field is
fully developed. Often, this is not correct, because the space
and time scales of a stationary wave field, under a
sufficiently strong wind, are too large. As a result, in a
general case, the drag coefficient depends not only on the

wind velocity, but also on the 2D wave spectrum S(V)

c=cC (—%L,S(Vk)) @)

This problem has been considered by Chalikov and
Belevich (1993). Using the 1D model of the boundary layer

above waves, an approximate formula, which binds the drag
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C with wind velocity and wave age, has been developed.
However, some simplifying assumptions have been made.
They are as follows:

- Angular wave distribution is considered to be symm-
etric with respect to the wind direction.

- Non-linear inter-mode interactions are regarded as
insignificant and are neglected.

- Stratification is assumed to be neutral.

In recent research by Belevich (1996 and 2000) it has been
shown that the last two assumptions are quite possible and,
in regular meteorological situations, do not generate serious
errors. The first assumption has not yet been analyzed. We
present such an analysis, here, and summarize all the work
done in connection with the problem of parameterization of
the wave boundary layer. This is the objective of our study.

The paper is organized as follows. In Section 2, a 1D
model of WBL is introduced. Section 3 is devoted to
describing parameterization of drag, under a 2D wave field.
Estimation of the simplifying assumptions of the model is
presented in Section 4.

2. 1D Model of the Wave Boundary Layer

Surface wind waves generate a specific wave boundary
layer (WBL), whose properties differ from those of the
surface mixed layer. The main difference between the WBL
and the boundary layer, over a fixed flat surface, is the
onset of an additional momentum flux, due to wave
fluctuations of pressure, velocity, and turbulent stress. Since
the momentum balance takes place in a stationary WBL, the
wave-induced momentum flux causes variations of the
turbulent momentum flux and deviations
velocity profile from the logarithmic one inside the WBL
and additive changes of wind velocity outside the WBL.
Within the logarithmic interval of the wind profile, it is
convenient to describe these effects using the so-called total

in the wind

roughness parameter, which takes into account the wave
drag of both parts of the wave spectrum, ie. low-frequency
part and the universal range, where Phillips’ law is
assumed. One of the main objectives of this work is
elaboration of a computational algorithm for the WBL
structure above an arbitrary wave field, including waves
produced by non-local wind, i.e. swell.

The structure of the stationary WBL is governed by the
momentum balance equation

AT+ =0 4

7 and

turbulent stress and the wave induced stress (or wave

where v are the vertical components of the

induced momentum flux), respectively, ¢ is the vertical

coordinate, the origin of which is located on the wave

surface.

Assuming that 7=Kj.u, where K is the turbulent
viscosity coefficient and u is the horizontal wind velocity,
we obtain

ALK u+7)=0 ©)

The upper boundary of the WBL is defined by conditions
T | hw = Th 1 T l hy T 0 (6)
Integration of (5) within (¢, Ay ) . gives

Koy +1=T, @

The unknown coefficient

expressed in terms of turbulent energy density e and the

K in equation (7) may be

so-called mixing length ¢

K= 1)\/% ®)

Here ¢/x4.6 is an empirical constant. To calculate the
scale ¢ the simplest hypothesis is used ¢ x~x¢. The turbulent
energy density e is computed, using the turbulent energy
balance equation

ol

1
P+8;K8¢e—7<781) =0 )

The second and third terms describe the diffusion and

dissipation of e, respectively. The first term is the
production of the turbulent energy, via the velocity shift
and may be taken in the form (see discussion in
Chalikov(1993))

P=(Kout+)d.u=Td.u (19)

The equation (9) now takes the form

3
2

Tidsu+ deKdre——5 ( Ti) =0 (11)
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Using the scales /g for length and .%/g for time,

were v, is treated as V|7, |/po, we rewrite the system of

ecaations (7), (11) in non-dimensional form (non-

di nensional variables are marked by the tilde)
Kd,u=1-71 (12)
dyutd; Kd, é__}?<7é1)220 (13)
The boundary conditions are as follows:
e=c,, t= Iy (14)
de=0, =0 (15)
Rdya=C,| u | #,. =% (16)

Here », and C, are the wind velocity and the local

d ag coefficient at the height £, respectively, and ¢, is

s mall enough height lying in the interval (#—2\”—)
Wy @
vhere ( @, ) is the fre- quency band which includes
['1illips” spectrum
S(w)=aw °. a=const 17
The first boundary condition implies that ¢ is constant,
¢ove the wave boundary layer. The second one indicates
tiat at a small height ¥= ¢, dissipation of ¢ is balanced
l'y its production. The necessity to choose a lower boundary
condition at height £, is discussed, in detail, in Chalikov
{1993).
Vertical component of the wave-induced momentum flux

r is computed using the techrﬁque suggested in Chalikov
(1993). Neglecting the non-linear effects, it is possible to
wite the flux ¢ over an arbitrary wave field as a
uperposition of the “elementary” wave fluxes F(w), which

re induced independently by each spectral component:

{0 =p, gfowrF(w)f(de (18)

where o, is the water mass density, w, is the frequency
hat corresponds to the wavelength ¢, and A% is the

-ertical distribution function. The results of numerical

experiments with 2D WBL model Makin(1996) allowed
suggestions of the approximate formula for the vertical
distribution of the momentum flux ¢ induced by the mono-
chromatic wave Chalikov(1993):

=T _(1__&Y\. -uws
fo=-f (1 50) e
&=+ §=031-50C, (19

where r; is the swrface value of the momentum flux,

A=—2E2g is the wave length, and C, is the value of drag
w

co- efficient on the height
induced by the wave decreases in
of the order of
pronounced maximum on the peak frequency w, and sharp

¢=A. Thus, the disturbanices
e times on the height ¢
0.14. Since the presence of a strongly

decay in the neighboring low frequency domain are typical
features of the developing waves, it is quite natural to
define the height of the WBL as the value that is
proportional to the wave length of the peak frequency,
namely:

hy ~ 0.1—25%{ (20)

The flux F(w), which corresponds to the 2D wave
spectrum  S(k) = S(w)Dw, §), where S(w) is the frequency
Dw, §) is the angular distribution of the
wave field, may be written as follows:

spectrum and

Fo)= [ _:kS(w)D(cu, 0)8(w, 0)d0 1)

2
Here k=(k k,) is the wave number, k1=%c050,

2
k2=—(‘;j sind, and the weight function g is the so-called

wind-wave interaction (WWI) parameter. The waveward
energy flux & then reads

dw) =0, | wS@)D(w,0)8w,6)d0 @)

3. Parameterization of Drag over the 2D
Wave Field

The 1D model, formulated above, has been used to
elaborate the parameterization scheme of the WBL over an

arbitrary 2D wave field. As an example, two model spectra
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have been considered: The Pierson-Moscivitz spectrum for
1988) and the
developing  sea

developed waves
JONSWAP

waves. Below, both spectra are written in terms of relative

(Hasselmann et al,
spectrum  approximation for

_ W
o=—-—.
Wy

frequency

Pierson-Moskovitz spectrum:

S 0)=(apy @, .)o*exp(—%o’ ) (23)
where

@ py=0.0081, @ puy=0.033 (24)
JONSWAP spectrum:

SLwy=(a; w, :)o 7‘—’exp(—%o’1)7;"' (25)
where

a;=0.57 w,=, 7;=3.3 (26)
ool 315

o-( §8; 22k >

The directional distribution for both spectra was taken in
JONSWAP form:

DA .8 =N, ‘cos (’g) (28)
where

No= [ cos Zf(g—)dezzﬁr%;—_%; 29)
s, ue| 4 %5 ®

Here [(s) is a gamma-function.

Assuming the symmetric angular distribution D(w, 6)
with respect to wind direction, we let the lateral stress
component be equal to zero. Numerical integration of the

model equations has been performed for a number of

fetches, defined by non-dimensional peak frequency @,

The following values of @, were used: 0.06, 0.10, 0.15,

020. The Pierson-Moscovitz and JONSWAP spectra for
different values of @, are shown in Fig. la. The specific

feature of this model spectrum is a well- pronounced

overshoot effect. That is, for any given frequency o > w,
the smaller the fetch, the greater the value of the spectral
cnergy density S/ w). Fig. 1b shows the spectral density
distribution of the energy flux, computed according to
Equation (22). The density of the energy flux increases with
increasing fetch, and its maximum is located in the vicinity
of the density of the
momentum flux (see Fig. 1c) computed according to

peak frequency. The spectral

Equation (21), shows an inverse regularity: its maximum

decreases  with increasing fetch, due, mainly, to the
overshoot effect.
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Fig. 1 (a) Wave spectra S( w); (b)Wave energy flus

density e( @) ; (c) Wave momentum flus density for
1— wp=0.033
2= @p=0.06, 3- wp=0.10,4— &p=0.15
5— @p=0.20 JONSWAP spectrum)

different wave ages: (Pierson-Moscovitz

spectrum)
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Fi 5 2 Vertical distribution of momentum flux ¢ for different

w e ages. Captions as in Fig. 1
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F g. 3 Vertical profiles of wind velocity |z for different wave
2 ses. Captions as in Fig. 1

The vertical profiles of the wave-produced momentum
f ux, computed using (18), are shown in Fig. 2. The larger
the fetch, the smaller the flux, but the greater the height,
lecause it is produced by longer waves. In spite of the
1ipid vertical attenuation of the wave-induced flux of
1womentum with small fetches, the drag effects are stronger
than with large fetches. This phenomenon may be explained
15ing the simplified equation of turbulent energy balance.

leglecting the diffusion, it is possible to obtain the solution
o
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i=ge=w

(3D

Showing that the drag coefficient depends, monotonically,
n the integral of the wave-induced momentum with respect
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- Fig. 4 Dependence of roughness on peak frequency w, : 1-

total roughness parameter z,(numerical solution). 2- local

roughness parameter {; in accordance with(33)

to height.

Although 7, at small heights, may be sufficiently large,
the wind profiles (Fig. 3) are nearly logarithmic and shifted,
due to variations of the total roughness parameter. Thus,
except for a thin layer in the vicinity of the wave surface,
the following expression,

2= z,¢ "

(32)

provides, in practice, the same values of the total roughness
parameter.

The dependence of z, and & on w, is shown in Fig. 4.

The values of &; have been calculated using the formula
(see (Chalikov and Belevich, 1993))

3
%=0.075 o', (33)

Significant variations of ¢, with respect to peak

frequency (or wave age), demonstrate the important role of
the wave-induced drag.

The relation of the drag law type

=% 3)

gl @y (34)

is a convenient characteristic of the wave boundary layer.
This function was calculated using the solution of problem
(13)-(16), shown 5b. Relation (2),

and is in Fig.
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Fig. 5 Dependence of drag coefficient C(2) on In(|2(2)|?/g2)
: (@ & depends on w, only; (b) numerical solution. Captions

as in Fig. 1

with non-dimensional local roughness parameter m equal to
%, is plotted in Fig. 5a for comparison. This formula
provides a weaker dependence of C on both arguments.
Hence, the drag over the sea surface is formed by the
specific wave situation, rather than the high-frequency

universal part of the spectrum.
Using data in Fig. 5b, it is possible to derive a drag law

that connects the drag coefficient at any arbitrary height ¢
with external parameters R=In(x?/gt) and Q=u/ Cp
(where # is the wind velocity at height ¢). This
dependence may be approximated by the following relation:

InC = ~6.46040. 1022+ 0.0092

+(0.311+0.05502+0.006 2% R
+(0.032+0.01102+0.0012% R

4. Study of the Simplifying Assumptions

The parameterization described, herein has been

developed using some simplifying assumptions, namely:

1. Stratification has been assumed to be neutral,

2. Non-linear inter-mode interactions have been regarded
as insifnificant, and thus neglected.

3. Angular wave distribution has been considered to be
symmetric with respect to the wind direction.

We have considered the possibility of these assumptions, and
below, the corresponding results are summarized.

5, No. 1, pp 29~39, December 2002 (ISSN 1229-1668)
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Fig. 6 Influence of air stratification on the WBL characteristics:
(@) wind velocity; (b)deviation of the wave energy flus density
se(w); (¢) wave momentum flus density &F(w)with respect

to the neutral stratification for different wave ages
1 — wp = 0.033(Pierson-Moscovitz spectrum), 2 — wp=0.06,
3— wp=0.10, , (ONSWAP spectrum). Solid line -

T.=0.5-10 %, dash line - 7, = —1.0 - 103

4.1 Arbitrary Stratification of WBL

The overwhelming majority of investigations, concerning
the boundary layer above waves, assume the air within the
WBL to be neutrally stratified. To what extent is this
assumption limiting? Qualitative, as well as quantitative,
estimates have been produced in Belevich (1996).
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Wind profiles in a stratified boundary layer differ from
th: logarithmic profile, and the following (Monin and
Yezlom, 1971) may be described using the universal function
¢ of the non- dimensional argument ¢

u=—"(4(0) — (o)
<
=T %=,
where p, is friction velocity, x»=0.4 is von Karman's

ceastant and L, is the so- called Monin-Obukhov length

s Ale.

3
ViCp 04

Lo== xbg

T is the air

n2an temperature, ¢ is the turbulent heat flux, and ¢, is

Here p=g/ T is the buoyancy parameter,

tl e heat capacity of the air. Absolute value and sign of ¢
c aracterize the hydrostatic stability of the medium: the
s ratificaion is stable when ¢>0; neutral when =0, and
vstable when ¢<0. There are a number of approximate
formulas for the function ¢, which differ from each other,
rainly by values of the constants. The formula that has
ken derived in Zilitinkenvich and Chalikov (1968), was
tsed in the current research:

Inoc+10-0, o>0
Ho)= Inld, o=[-0.07,0]
_1
0.25+1.20 %, &~0.07

This function is close to logarithmic for small values of

, and differs from the latter either for large values of

L, (heavily stratified medium) or for large heights z.

The ratio of the WBL height #y to the length scale L,
characterizes the influence of thermal stratification on the
'"WBL structure. In the case that the stratification is not too
fir from the neutral (L.z[—10%10%] ) , the order of
1agnitude of this ratio is near 0.1, even for developed sea.
" herefore, we may expect that the influence of stratification
; insignificant for small fetches, increases with developing
vaves, and becomes apparent, mainly in the low-frequency
ortion of the spectrum.

The quantitative estimates may be obtained using a
odified 1D WBL model. The modification is involved in
raking into account mutual transformations of turbulent and
rotential energies of the liquid column, with variable mass

density in the gravity field

3
L —— 2 — T,

CpPq XL*
where T, is temperature scale which is connected with

the length scale L, via the relation

Using the modification described, the turbulent energy
balance equation (13) is now written as follows:

~ 2
s_ A el _ -
dgu—f—a’fkd»e R(Cl) x T.=0
where T,=T,/ T, T.=(*L,)"Y, L.=gL,/s
This new problem has been solved for various wave
situations and for the values of 7. within the range
[—10 ~%,10 ~3]. The developed sea has been simulated, via

the Pierson-Moscovitz spectrum (23); in the case of

developing seas, the JONSWAP spectrum (25), with
w,=0.06;0.1, has been used.
The calculations completed verify the above-made

qualitative considerations. Wind profiles for mnon-neutral
stratifications (see Fig. 6a) coincide with the logarithmic
profile for small heights, and noticeably differ from it near
the upper border of the computational domain. The
stratification ~ significantly  influences  the
momentum exchange (see Fig. 6b and 6c, respectively) in

energy and
the case of a developed sea, only when the main
energy-bearing part of the spectrum is located in the
low-frequency domain. In all other cases, the influence of
stratification is negligible. Thus, not taking into account the
heavily stratified air of the wave boundary layer over
first
approximation, neutrally stratified, and the above-produced

developing waves may be considered, in a

parameteriza -tion scheme used  without

modification.

may be

It is worth mentioning that the results obtained may be
used in a more general situation of the mass density
stratification. In this case, the scales L, and T, should be

changed to L™ and T, respectively:

en(eof5) . ronf )

where Bo is the Bowen ratio. For small values of Bo, the
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influence of the humidity stratification becomes comparable
to the effects of the thermal stratification. In this case, the
non-dimensional correction term in (35) is close to unity,

and must not be neglected.

4.2 Superposition Principle

In Belevich and Neelov (2000), the mutual influence of
the wave components on the energy interchange with the
wave boundary layer has been estimated. In case this
influence is negligible, the superposition principle, which
plays an important role in the whole theory, is applicable.

The 1D model of the wave boundary layer, described
above, has been used in a study of the airflow over a
two-mode wave surface. The Low Frequency (LF) mode

@, changed within the interval (0.06, 0.4). The values of

the High Frequency (HF) mode
the dispersion relation for high frequency wave number £k

wy were calculated using

divisible by low frequency wave number k; with the factor

equal to 27, »=1,---,5. Amplitudes a of the wave modes
have been chosen, using the condition ¢£=0.1. Note that
according to Makin (1983), as well as our calculations, the
dependence of the wind-wave interaction on the wave
steepness gk for the values within the range [0.05, 0.3] is
nearly absent.

Evaluation of mutual influence of the wave components
on the energy interchange with the WBL has been carried
out in terms of the wind-wave interaction parameter A(w).
Values of the function g, calculated for the two-mode
surface, have been compared with those of this function g,
for single-mode surface. All numerical experiments that were
undertaken for various values of the wave parameters, using
the 3D model of the WBL (Belevich and Neelov, 1998),
demonstrate weak mutual influence on the energy exchange.
Values of the function A= f(wy) coincide with those of
Bo(see Fig. 7a). Differences ABy= By— B, are insignificant
for all frequencies (see Fig. 7b). Relative variations of the
WWI parameter §8y= 48y/B, oscillate within the +30%
limits for low frequencies (i.e. for small values of f) and
decrease with increasing wy.

The influence of the HF mode on the energy exchange of
the LF wave component is also weak. Fig. 8a shows that
the dependence of 8, = f(w;) on the frequency of the HF
oscillation noticeably differs from the constant for small
values of w; only, ie. when |g] is small. The calculated
differences 48, =B, — 8, demonstrate that the presence of

the HF mode manifests itself in an insignificant decrease of

the parameter g, (see Fig. 8b). However, the relative

decrease of the WWI parameter 63, -748,/8, do not

exceed 5%.

Though the results obtained indicate the existence of
mutual influence of the wave components on the energy
exchange with WBL, WWI
parameter, produced by the non-linear mode interaction, are
smaller Thus,
according to Pierson and Moskovitz (1964), the estimations

relative variations of the

much than the empirical data scatter.
of the parameter g differ by a factor of 2-3 for w~1, and
by an order of magnitude for w~0.1. The same scatter of
the WWI parameter values provides various approximate
formulas (see Table 3 in Burgers and Makin, 1993 for
reference). Moreover, the numerical values of the WWI
parameter, obviously, depend on the parameterization
scheme for turbulent drag, vertical, and horizontal resolution
used in the numerical model, etc.

Summarizing all that Iias lwen said, it is possible to
conclude that to a first approxiination, the mutual influence
of the wave components may be neglected. Thus, the
superposition principle may be considcred to be satisfied,
and the function A(w)

experiments with airflow over the single-mode surface may

obtained using the numerical

be used for calculations of the momentum and energy

fluxes.

4.3 Arbitrary Wind Direction

The general non-symmetric case of angular wave
distribution, with respect to the wind direction, is
considered. In terms of the WWI parameter, this means that

/3( w, 0)
distribution and the spatial wave distribution I a, ) are
directed at an angle ¢ with respect to each other. In order

the symmetry axes of the 2D parameter

to figure out how erroneous the previous assumption ( $=0)
is, a number of numerical experiments with the 1D WBL
model have been carried out. The model has been modified
¢. Namely, the
wave- induced momentum flux is now the function of two

arguments

to take into account an arbitrary angle

{68 =puy [, Flo, Ao 36)
where
Flo,9)= [ #S@)D(w, 08,0 $)d0 (37)

The waveward energy flux ¢ is written, respectively
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ABy= Bu— By (b) on the frequency wy for
v wrious values of the frequency w; : 1)0.035 ; 2) 006 : 3) 0.1 ;
4 015;505;6)03;7) 04

Fg 7 Dependence of the parameter g, (a)

¢ fferences

NGO L NO

Afr - 104

"ig. 8 Dependence

of the parameter 3,

(@ and the
48, = . — By (b) on the frequency wy for
1)0.035 ; 2) 0.06 : 3)

lifferences
rarious values of the frequency w; :
11;4)015;5)05;6)03;7) 04

&lw, ) =pu~ff”co5(w)D(w, O)B(w, 0~ ¢)db (38)

been described, via the
spectrum  (23). The developing wave
situation has been specified by the known 2D model
spectrum JONSWAP (25).

one-dimensional, the

Fully developed sea has

Pierson-Moscovitz

Pierson-Moscovitz
spectrum  is JONSWAP  angular
distributions (28) have been considered in this case. The

wind-wave interaction parameter has been calculated, using

Since the

the 2D approximate formulas suggested by Chalikov and
Belevich (1993), Makin and Mastenbroek (1996), and the
WAMDI Group (Zaslavsky et al., 1995). All the approximate

formulas for the WWI parameter are written below.
Chalikov-Belevich (Chalikov and Belevich, 1993):

w,H=10""*

~ 2 ~
—a; w, —ay, w, <—1

as Z)a(a«i Z)a_HS)_an bae(_l,%gl)

(@@= as) @, o= (5 21.2)
a \a)a_agv E)aE(Ql,QZ)
ay( zva—l)2+010, W 2

Ui

Here &,= w—=cos6, u,; is the absolute value of the

wind speed at the height equal to the “apparent” wave
2702
w gcosf’
parameters which depend on the drag coefficient at height
£=a,

length A,= ay...,aypy and  Q 9, are

,=1.00+7C, £2,=1.2+300C;

a1=0.25+395Cs,  as=(ap— ay—ap)/(ay+ a,+ as)
ay=0.35+150C;, as = al £
@;=0.30+300C;, ag=ay(l—ay)
a3=0.35+240Cs,  a;="(ag(2—1D*+a )/ (2— Q)
ap=—0.06+470C,, az=a;$,

a,=0.25a%/a,

Makin-Mastenbroek (1996):

o, d=16 Za w’cos?d

w

WAMDI Group (Zaslavsky et al., 1995):
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Though different approximations for the WWI parameter
have been used, the results obtained are quite similar. We
illustrate our calculations using the WAM formula (39). The
dependence of the drag coefficient C on the angle 4,
between the symmetry axes of the wave angular distribution
and the 2D WWI parameter, is very weak at any height.
The maximum relative change 6C of (C(¢), with respect to
C(0), decreases with growing fetch, and is approximately
proportional to the logarithm of the peak frequency ,. For
example, for the Pierson - Moscovitz spectrum, §C<0.1%.
In the case of developing waves (JONSWAP spectrum), our

computation results are summarized in Table 1, below.

Table 1. Computation results of developing waves

@y 0.04 0.06 0.15 0.2 J
8C <0.5% 2% <4% <5% J
This unexpected result, however, has a simple

explanation. Note that the wave drag is caused mainly by
the high- frequency part of the wave spectrum. These HF
wave components have small phase velocities in comparison
to wind velocity, and act, to a great extent, as roughness
elements of the surface, and are indifferent to the wind
direction.

This reasoning does not yet explain the above-written
dependence 6C( w,). The decrease of 8C with growing
fetch is determined by the JONSWAP wave spectrum model,
which has been used in the current research. As has been
mentioned, the specific feature of this spectrum is the
overshoot effect, ie. an increase in the value of the spectral

energy density S/ ») with the increase of the peak

frequency w, for any given frequency o> w, Thus,
contribution of the HF wave components to the overall drag
decreases with growing wave age.

To verify this supposition, we have repeated the last
numerical experiments, using another wave spectrum model
that, contrary to JONSWAP, does not possess the overshoot
feature. Such a spectrum has been suggested by Donelan et

al, (1985):

o

S @ =(ap @, ’Jo "4exp<— 0_4)75“ (40)

where

~ 0.3

ap=0.042 ,

1.7 ,<0.0414
7D~ (41)
10.+6 lg @, @,>0.0414

N2
orm o -H52)

op=0.08(1+3-10 ¢ », ) (42)

The wave angular distribution function is as follows:

Dp( 3),0)2—%q sec h(q0)
where
2.61,0",  0=(0.56,0.95)
g=  2.28,0 "%, 0=(0.95,1.6)
1.24, otherwise

Indeed, the fetch dependence of the §C has disappeared
with a change of the spectrum model. For the spectrum of
Donelan et al, the value of §C is approximately 7% for any
peak frequency.

Anyway, the error introduced by the assumption of ¢=0
is small, and may be neglected in the parameterization

schemes of the wave boundary layer.

5. Concluding Remarks

It has been shown that the simplifying assumption of the
1D model of WBL, and the parameterization scheme based
on it, cannot introduce big mistakes in the values of the
drag and fluxes of momentum and energy on the sea-air
interface. All of the chain of the energy transfer from wind
to waves and currents has been discussed in Chalikov and
Belevich (1993). Here, we can add that for a rough scheme
of ocean-atmosphere interaction on the mesoscales in the
framework of coupled ocean-atmosphere models can be
developed. It may define the drag and fluxes on the
directly, from the

meteorological characteristics at the lowest computational

ocean-atmosphere  interface, main
(observational) level in the atmosphere. A similar approach
has been demonstrated in the works of Zilitinkevich and

Chalikov (1968).
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