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Abstract. A wind over waves coupling scheme to be used in a coupled wind
waves—atmosphere model is described. The approach is based on the conservation
of momentum in the marine atmospheric surface boundary layer and allows to
relate the sea drag to the properties of the sea surface and the properties of the
momentum exchange at the sea surface. Assumptions concerning the local balance
of the turbulent kinetic energy production due to the mean and the wave-induced
motions, and its dissipation, as well as the local balance between production and
dissipation of the mean wave-induced energy allow to reduce the problem to two
integral equations: the resistance law above waves and the coupling parameter,
which are effectively solved by iterations. To calculate the wave-induced flux, the
relation of Plant [1982] for the growth rate parameter is used. However, it is shown
by numerical simulations that the local friction velocity rather than the total friction
velocity has to be used in this relation, which makes the growth rate parameter
dependent on the coupling parameter. It is shown that for light to moderate wind
a significant part of the surface stress is supported by viscous drag. This is in
good agreement with direct measurements under laboratory conditions. The short
gravity and capillary-gravity waves play a significant role in extracting momentum
and are strongly coupled with the atmosphere. This fact dictates the use of the
coupled short waves—atmosphere model in the description of the energy balance of

those waves.

1. Introduction

Oceans cover a significant part of the Earth surface.
Winds blowing over, the oceans excite the wind waves.
As a matter of fact, these wind waves are responsible
for the formation and regulation of the surface transfer
of momentum, heat, moisture, and gases. The reliable
estimates of the exchange coefficients are of primary im-
portance for climate studies, weather predictions, and
monitoring of the biological conditions of the marine
ecosystems.

In the last decade an approach which allows to re-
late the momentum and heat fluxes directly to the sea
state has been developed [Janssen, 1989; Chalikov and
Makin, 1991; Caudal, 1993; Makin et al., 1995; Makin,
1998]. The approach is based on conservation of mo-
mentum above waves. The total stress, which is con-
stant over height, is split into two parts: the turbulent
and the wave-induced stress. Close to the surface the
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wave-induced stress supports a significant part of the
total stress. Relating the wave-induced stress at the
surface (the form drag) to the geometrical properties
of the surface, described statistically in terms of a di-
rectional wave variance spectrum, and the properties
of the energy exchange between waves and wind at the
surface, the momentum exchange coefficient (the sea
drag) is thus related or coupled directly to waves or
the sea state. To this end a traditional assumption in
the wave study, namely, that the wave field is a super-
position of sinusoidal waves with random phases and
traveling at their linear phase velocity, is used. Whilst
this assumption is often made in wave studies, there is
increasing evidence, both from theory [Belcher and Vas-
silicos, 1997] and experiment [e.g., Hara et al., 1997),
that this assumption does not hold, particularly at the
short wavelengths. This is an important notice, as it
has been shown [Caudal, 1993; Makin et al., 1995] that
the short waves of the centimeter to meter wavelengths
play a dominant role in supporting the form drag to
waves, and thus determine the sea drag for moderate to
high winds. However, given our current understanding
of the problem, the approach taken in the previous and
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in the present papers is appropriate, because only fur-
ther research will tell if the assumption of linear waves
will lead to errors in the present physical problem.

We thus describe the sea state in terms of the direc-
tional wave number spectrum, which is defined in the
whole range of wavenumbers. Introducing the statisti-
cal description of waves in terms of the directional wave
spectrum, it is assumed that all undulations of the wa-
ter surface can be considered as waves.

The fact that the short waves actually determine the
sea drag dictates the reliable statistical description of
these waves, especially in the range of short gravity
(wavelengths from few centimeters to few meters) and
capillary-gravity (wavelengths from few millimeters to
few centimeters) waves. This is important not only for
the atmospheric studies to calculate fluxes, but also of
the relevance of short waves to interpret remote sensing
data of the sea surface by radar instruments. Indeed,
in the case of radar remote sensing, short gravity and
capillary-gravity waves will serve as roughness elements
on the sea surface which modulate the backscattered
power of electromagnetic waves.

The evolution of the wave spectrum is defined by
energy input from the wind, different dissipation pro-
cesses and wave-wave nonlinear interactions. In turn,
the wind input is determined by the friction velocity
of the atmosphere which results from the interaction
of wind and waves. We present here a coupled sea
surface-atmosphere model which is designed mainly for
use in remote sensing applications, as a part of elec-
tromagnetic models of the sea surface, and for cou-
pled atmosphere-ocean studies. A physical model of
the short wind waves coupled with the atmosphere is
described in part 2 of the present paper.

A new scheme to couple waves with the atmosphere
is described in part 1. This scheme is based on the ideas
developed by Makin et al. [1995], although some impor-
tant refinements are made. In Makin et al. [1995] the
viscous stress was parameterized by introducing the vis-
cous roughness length proportional to the surface turbu-
lent stress and imposing the lower boundary condition
on the instantaneous water surface. It is the princi-
ple assumption of our approach, and we discuss it in
the present paper once again. The assumption allows
to couple directly waves of all scales to the wind and
allows to avoid the use of a Charnock-type relation for
the ”background” roughness, a serious drawback of ear-
lier models by Janssen [1989] and Chalikov and Makin

[1991]. This assumption follows the weak-in-the-mean.

formalism widely used in the description of sea waves
[Hasselmann, 1968], meaning that breaking waves are
not directly accounted for in the study.

The main refinement of the present model concerns
the treatment of the eddy viscosity coefficient, which is
used to parameterize the turbulent stress. In Makin et
al. [1995] (as well as in Janssen [1989], and Chalikov
and Makin [1991]) an erroneous expression for the eddy
viscosity is used, which results from an erroneous treat-
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ment of the local balance between the turbulent kinetic
energy (TKE) production and its dissipation. Above
waves, both mean and wave-induced motions support
the turbulent motion. Not accounting for the second
source of the TKE in the TKE balance equation leads
to a significant underestimation of the eddy viscosity
above waves, as was shown by Makin and Mastenbroek
[1996] by constructing a differential one-dimensional
model of the boundary layer above waves based on full
balance equations for the TKE and the dissipation rate.
It was further shown that the diffusive transport of the
TKE in the balance equation of the TKE above waves
can still be neglected [see Chalikov and Belevich, 1993].
In the present paper, to calculate the eddy viscosity
above waves, we assume a local balance between TKE
production (by both mean, and wave-induced motions)
and its dissipation and express the latter in terms of
the eddy viscosity and the mixing length. These as-
sumptions considerably simplify the model and allow to
derive an explicit relation for the resistance law (drag
coeflicient) above waves, which is found to be a func-
tion of the coupling parameter (ratio of the form drag to
the total stress). "The coupling parameter is calculated
from the wave spectrum and the growth rate param-
eter (dimensionless energy flux from wind to waves).
Two integral equations are then effectively solved by
iterations. The solution is compared to the differen-
tial model [Makin and Mastenbroek, 1996] based on full
balance equations of the TKE and its dissipation, and a
good comparison is found. Since this coupled scheme is
aimed to be used as a module in electromagnetic mod-
els of the sea surface and in coupled atmosphere-ocean
models, this simplification is viewed important.
Another important refinement of the present model
concerns the parameterization of the growth rate pa-
rameter, particularly for short slowly moving waves. It
was already mentioned that these waves extract a con-
siderable part of the wave-induced stress, and an ac-
curate estimate of the growth rate parameter for these
waves is required. Makin et al. [1995] used numer-
ical calculations of Burgers and Makin [1993] to sup-
port a parameterization of the growth rate parameter
in terms of the friction velocity and the wind speed at
a certain height. Those calculations were based on a
two-dimensional nonlinear model of the boundary layer
above waves (2-D WBL model), where a mixing length
turbulence closure scheme was used. Recent analytical
theory of the wave growth, based on a rapid distortion
theory of turbulence above waves [Belcher and Hunt,
1993], has revealed that the use of the mixing length
approach in the description of the wave-induced tur-
bulence above waves leads to erroneous estimations of
the growth rate parameter. This conclusion was sup-
ported by the numerical study by Mastenbroek [1996],
and Mastenbroek et al. [1996], based on the same 2-D
WBL model, but with a second-order turbulent stress
closure scheme, which accounts for the rapid distortion
effects. Both analytical and numerical studies suggest
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that the growth rate parameter depends on the square
of the friction velocity, which supports the empirical pa-
rameterization of the growth rate parameter by Plant
[1982]. :

In the present paper we use the numerical model of
Mastenbroek et al. [1996] to show that the local turbu-
lent stress (difference between the total stress and the
wave-induced stress near the surface) rather than the
total stress (square of the friction velocity) has to be
used in the parameterization of the growth rate. As
close to the surface the wave-induced stress supports a
considerable part of the total stress, a parameterization
of the growth rate in terms of the local turbulent stress
quenches the energy flux to short waves and thus pro-
vides the necessary feedback mechanism between waves
and the atmosphere: an increase in the spectral density
level of short waves leads to an increase of the wave-
induced stress, a decrease in the local turbulent stress
and thus in the growth rate parameter, and further to
a decrease of the growth of those waves.

We further treat a constant in the growth rate pa-
rameterization as a tuning parameter. With the use of
open sea measurements of the drag coefficient [Large
and Pond, 1982; Anderson, 1993] and an empirical
wavenumber spectrum of Elfouhaily et al. [1997], this
constant is shown to match a value of Plant’s original
parameterization.

It is shown that for light to moderate winds (wind
speed less than 10ms™!) a significant part of the sur-
face stress is supported by viscous drag which is in a
good agreement with first, though limited, direct mea-
surements under laboratory conditions by Banner and
Peirson [1998]. This conclusion is supported by the field
measurements of Snyder et al. [1981].

We show that short gravity and gravity-capillary
waves play an important role in extracting momentum
from the atmosphere and are strongly coupled to the
atmosphere. This fact dictates the use of the coupled
sea surface—atmosphere model in the description of the
energy balance of these waves.

2. Conservation of Momentum Above
Waves

The approach is based on the conservation of momen-
tum in the marine surface boundary layer

A 1)
z

where u is the mean wind velocity, and 7 is the total

stress. It is assumed that the wind is spatially homoge-

neous, its direction coincides with the mean direction of

waves propagation, and the wave field (wave spectrum)

is symmetrical relative to that direction.

The total stress is supported by the mean turbulent
stress 7t = —u/w’, the wave-induced stress 7 due to
the organized wave motions in the atmosphere induced
by waves, and the viscous stress 7¥. If the wind is statis-
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tically steady the total stress 7 is independent of height
and by definition equals the square of the friction ve-
locity u?

7 =14(2) + 7%(2) + 7 (2) = const = u?. (2)

Equation (2) was apparently first introduced by Phillips
[1966]. The viscous stress is important only very near
the water surface. Far above the water the wave-
induced stress vanishes and 7 = 7% = u2. As was stated
by Phillips (1966, p.93]: ”the interchange between 7
and 7 (we add also 7¥) as the surface is approached,
and the relation between 7% and the momentum flux to
the waves are the central questions in this whole prob-
lem” (i.e., the coupling between wind and waves).

The explicit description of fluxes as the wave surface
is approached dictates the use of a vertical coordinate
system which follows the instantaneous water surface
z = n(&,t), e.g., £ = h(z —n)/(h — ) and hereinafter
the circumflex above z is dropped. Here h denotes the
height of the boundary layer where the wave-induced
flux is negligible. This height scales with the wavelength
of the energy containing waves; h = 10 m is a good
estimate [Makin et al., 1995]. The wind velocity at that
height u1¢ is assumed to be known.

2.1. Viscous Stress

Except very near the water surface, in the viscous
sublayer, the viscous stress can be neglected. However,
if we want to relate the wave-induced stress directly to
waves of all scales up to capillaries, the viscous stress
has to be accounted for in the description of the mo-
mentum flux near the surface.

If waves are not actively involved in breaking, the in-
stantaneous water surface is a smooth surface and the
viscous sublayer always covers the undulating water sur-
face, that is, waves. It means that the tangential stress
at the surface z = 0 is supported by molecular viscosity,
and the total stress at the surface is 7 = 7%(0) 4+ 77(0).
To avoid the explicit description of the stress within the
viscous layer, we shall use a classical parameterization
of the viscous layer by introducing the viscous rough-
ness scale [ Townsend, 1956; Monin and Yaglom, 1971]

) 3)

Uyo

where v is the kinematic viscosity of the air, and ul is
the friction velocity at the top of the viscous sublayer.
The viscous stress in (2) can be now neglected

() + () = i, @

and the surface momentum is related to the height z =
2§. The friction velocity u!, is calculated from the local
turbulent stress

7'(2g) = ul = 7"(2p), ()

as friction is not supported by the form drag at the
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surface 7%(0) = 7¥(2§)

(6)

The ratio
_7™(0)

c =

= ")
is called the coupling parameter. The coupling param-
eter shows which part of the total stress at the surface
is supported by the form drag. It is bounded by the
condition a. < 1.

The parameterization of the viscous stress above the
wave surface is possible if the very short waves with
lengths A < 8, ~ v/uly do not contribute to the
wave-induced flux 7%, or, in other words, if the wave-
induced stress is constant within the viscous sublayer
d,. These scales are so small that capillaries are already
damped by viscous dissipation [Donelan and Pierson,
1987; Jihne and Riemer, 1990; Elfouhaily et al., 1997].

One may always say that, except at low wind speeds,
breaking always occurs in the ocean. And that is true.
Breaking is a highly nonlinear local process which dis-
rupts the water surface. However, if the process is
weak-in-the-mean, as in the formalism widely used in
the description of sea waves [Hasselmann, 1968], the in-
stantaneous water surface can be regarded in the mean
as being smooth. Notice that in the above description
the instantaneous water surface is distinguished from
the sea surface. The latter, being viewed from a dis-
tance far above the waves, is a rough surface due to the
presence of waves.

2.2. Turbulent Stress

The local turbulence closure relates the turbulent flux
to the gradient of the velocity field via the eddy viscosity
K

t(z) = K
(2) = Kaz. (8)
From (4) and (8) follows
ou o w
K& = Uy T (Z) (9)

The surface boundary condition is u = 0 at 2 = 2§, and
the velocity profile above waves follows from (9)

u(z) = u2 / [1 - %(Qi)] K-1dz.

v
0 *

(10)

To proceed further, the eddy viscosity K(z) above
waves should be estimated.

2.3. Balance Equation of the TKE

. The diffusive transport of the TKE in the balance
equation above waves can be neglected, and the bal-

ance equation reduces to [Chalikov and Belevich, 1993;
Makin and Mastenbroek, 1996]
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(11)

which says that the TKE production P equals its dissi-
pation to heat . The TKE production P above waves
has two contributions: production by interaction of the
turbulent stress and the mean velocity shear
¢ 40u
P =T -5;,
and by interaction of the wave-induced turbulent stress
7t and the wave-induced velocity shear P¥ = (7'9a/0z)
where the tilde denotes a wave-induced fluctuation and
angle brackets denote the mean average [e.g., Makin and
Mastenbroek, 1996]

P=c¢,

(12)

P=P'+PY (13)
The production terms P? and PY represent the trans-
fer of kinetic energy from the mean and wave-induced
motions to the turbulent motion. They appear with
the opposite sign as sink terms in the equations for the
kinetic energy of the mean and wave-induced motions:
E =4?/2 and E,, = (@? + %?)/2, respectively.

The balance equation of E can be derived from (1)
by multiplying it by u (the viscous stress is already
neglected)

OE 0 ;. . Ou wOu
—é?—ggu(’r +T)_T52—_- 527
The first term on the right-hand side describes the
transport of E, the second term is the sink of the mean
energy into the TKE P!, the third term describes the
mutual transfer of energy between the mean and the
wave-induced motions. It appears with the opposite
sign in the balance equation of the mean wave-induced
energy E,,, where the vertical flux of the wave-induced
energy is neglected [Makin and Mastenbroek, 1996]
OE,, wOu w
a o T
For a growing wind wave field 7% > 0, and this term
describes the sink of the mean energy into the mean
wave-induced energy.

In stationary conditions the TKE production above

waves is thus

(14)

(15)

P=Py P = ()2l 20

az = u*gz. (16)

Using the mixing length theory and expressing the
dissipation in terms of K and the mixing length | = kz,
e = K374, the equation for the eddy viscosity is found
from (9), (13), and (16)

K= lu*(l - Tw(z)>l/4.

uj

(17)

If an erroneous balance between the production due
to the mean motion only and the dissipation is assumed
[Janssen, 1989; Chalikov and Makin, 1991; Makin et al.,
1995], that is,
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Pt =g, (18)
it follows from (18), (12), and (8) that
Ou
=== 19
and further accounting for (9),
w 1/2
K =lu. (1 -z (22)> . (20)
u*

Near the surface relation (20) considerably underesti-
mates the eddy viscosity compared to relation (17) as
T%(2)/u? approaches 1 under strong winds. In Makin
et al. [1995] this underestimation of K was compen-
sated by increasing the tuning constant in the relation
for the growth rate parameter to get the right values
for the drag coefficients. However, for some applica-
tions, for example, calculation of the heat flux at the
surface, the wrong functional relation (20) gives an er-
roneous wind speed dependence of the heat exchange
coefficient, [Makin and Mastenbroek, 1996], which can-
not be ”cured” by tuning.

2.4. Wave-Induced Stress

If the sea surface is assumed to be a superposition
of random waves of all scales, characterized by a di-
rectional wave spectrum S(k, ¢) (k is the wavenumber
which satisfies the gravity-capillary dispersion relation,
¢ is the propagation direction of the k wave component
relative to the wind direction), the wave-induced stress
can be written

™ (2) = 7(0)f(2)- (21)
Here 7%(0) is the form drag
(0) = /000 T (k)d(Ink), (22)

T is the omnidirectional spectrum of the momentum
flux to waves

T = [ " Bk, $)B(k, §) cos pd,

-

(23)

B(k,¢) = k*S(k, ) is a saturation spectrum, c is the
phase velocity, B(k, ¢) is the growth rate parameter de-
scribing the energy flux to waves from the atmosphere,
and f(z) is a dimensionless function describing the ver-
tical decay of the mean wave-induced stress. The func-
tion f(z) is defined as
; 1 o
16) = g | TPk (29
7(0) Jo

where F(k, z) is another dimensionless function describ-
ing the vertical distribution of the individual wave com-
ponents. The function F(k,z) decays with height and
satisfies the condition F'(k, z§) = 1 at the surface.
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2.4.1. Growth rate parameter. Makin et al.
[1995] showed that the short gravity-capillary and grav-
ity waves (in the centimeter to meter wavelength range)
play a dominant role in supporting the form drag (and
thus the sea drag at high winds) at the surface. Waves
longer than 10 meter support only 10% of the form drag.
Thus an accurate estimation of the growth rate param-
eter for short slowly moving waves is required.

Recent analytical theory of the wave growth, based
on a rapid distortion theory of turbulence above waves
[Belcher and Hunt, 1993, 1998], and numerical solu-
tion of the two-dimensional nonlinear Reynolds equa-
tions above waves with a second-order turbulence clo-
sure scheme [Mastenbroek et al., 1996; Mastenbroek,
1996] show that the growth rate parameter is propor-
tional to (u./c)? for waves traveling slower than the
wind. These theoretical studies support thus a parame-
terization of the growth rate parameter for short waves
of Plant [1982], which is based on several laboratory and
field measurements

2
B=ca (=) (25)
where cg = 32 £ 16 is an empirical constant.

In relation (25) the friction velocity u, is calculated
from the total stress. In the case of linear analytical the-
ories the total stress and thus the friction velocity do
not change with height, while in numerical studies, usu-
ally done for waves with a small amplitude, this change
with height is negligible (< 3%).

Sea waves extract a considerable part of the total
stress, and the turbulent stress changes with height as
does the local friction velocity '

ui(z) = 7t(2)"/. (26)

Note that the total friction velocity u., equations (2)
and (4), is constant over height. According to Makin
et al. [1995], the coupling parameter . reaches a value
of about 0.8 for high wind speeds. From (6) it means
that the local friction velocity near the water surface is
only 50% of the total friction velocity. Which friction
velocity, the total or the local one, has to be used in
scaling the growth rate § in (25)?

2.4.1.1. Growth rate parameter for monochro-
matic waves: To answer this question, we use a
two-dimensional nonlinear boundary layer model (2-D
WBL) above monochromatic Stokes waves, based on
a second-order turbulent stress closure [Mastenbroek et
al., 1996]. The solution of this model depends on three
dimensionless parameters: the inverse wave age uy/c
(velocity is related to the height 2 = XA = 2x/k), the di-
mensionless roughness kzp and the wave slope ak. Here
a, k, and 2o are the amplitude, the wavenumber, and
the background roughness of a monochromatic wave,
respectively.

The following numerical experiment was designed.
The air flow is simulated above a slow (uy/c = 5 and,
kzo = 6.6 x 10~2) wave of which the slope is varied from
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Figure 1. Variable ¢g as a function of the wave
slope ak of a monochromatic wave (ux/c = 5 and
kzp = 6.6 x 1073). Dashed line, scaling with the total
friction velocity, relation (25); solid line, scaling with
the local friction velocity, relation (27).

ak = 0.01 to ak = 0.3. As a wave becomes steeper, a
pronounced variation with height (up to 30%) of the
friction velocity is developed [Makin, 1990]. The calcu-
lated value of the growth rate parameter is scaled with
the total friction velocity u, and with the local friction
velocity ul taken in the vicinity of the wave surface.
Results are presented in Figure 1. The conclusion is
clear: the parameter c¢g remains constant being scaled
with the local friction velocity. The physical explana-
tion of that fact follows from a wave growth theory by
Belcher and Hunt [1993]. According to this theory the
growth of waves results from an asymmetric pressure
perturbation at the wave surface, caused by the action
of the Reynolds shear stress inside the inner region, a
thin region adjacent to the wave surface. When the
mean Reynolds stress varies with height (in the case of
a monochromatic wave this variation is caused by the
large wave slope), it is logical to use the value of the
friction velocity inside the inner region as a principle
parameter in the parameterization of the wave growth.
With the height of the inner surface layer (lower part
of the inner region) as a reference, expression (25) for
the growth rate # can be written in the form

The height of the inner surface layer ¢ is proportional
to the square root of the height of the inner layer £
and the roughness length zp, § ~ (£2)'/2. The height
of the inner region of the wave component k is defined
by kL = (2ku.)/|uc — c| [see Belcher and Hunt, 1993].

(27)
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Rough estimates for these heights are k£ ~ 0.1 and
ké ~ 0.01 [Mastenbroek et al., 1996]. For short slow
waves u(8) —= u.(1 — a.)'/?, while for faster waves
vl (8) = u.

Notice that calculations of the growth rate parame-
ter above monochromatic waves, described in this para-
graph, are done only to establish the functional depen-

.dence (27) of the growth rate parameter on the local

friction velocity. This functional relation will be used
in the next paragraph to establish the growth rate pa-
rameter for sea waves, which is further used in our wind
over sea waves model. The 2-D WBL model is used also
in section 2.4.2 to establish the functional relation for
the decay function F'(k, z) in (24).

2.4.1.2. Growth rate parameter for sea waves:
Relation (27) is valid for the growth rate of monochro-
matic waves. If the sea surface is presented as a sum
of many wave spectral components the local turbulent
stress (and the local friction velocity ! (z)) is supported
by all waves. It means that for a certain wave compo-
nent k the friction velocity ! (d), associated with the
height of the inner surface layer of the same wave com-
ponent §(k), does not have to be constant within 4(k).
In this case the friction velocity ul(8) should be re-
placed by the friction velocity averaged over the surface
boundary layer from 2§ to §(k). We define this averaged
friction velocity (@!)? as

(@,)* = /Ooo(ui)%;‘/‘sd(zm = uj(l- acf(k)); (28)

where f(k) is the dimensionless wave-induced stress av-
eraged over the surface boundary layer

o= | " e d(z)9), (20)

and f(z) is defined by (24). Hence we rewrite relation
(27)

Uy

B=cp ( )2 [1— acf(k)] cos @] cos ¢|. (30)

c
Notice that f(k) — 1 for very short waves, while f(k) —
0 for longer waves. To account for waves traveling at
an angle to the wind, an angular dependence of § is
introduced in (30). This angular dependence follows
from the numerical study of Mastenbroek [1996].

It is well known that for fast moving waves the growth
rate parameter reduces to zero (experiment of Snyder et
al. [1981], numerical simulations of Mastenbroek et al.
[1996], analytical theory of Belcher and Hunt [1998],
and Cohen [1997]), so that parametrization (30) be-
comes invalid in the vicinity of uig ~ ¢p, where ¢, is
the phase speed at the peak of the wave spectrum.

To account for the fact that the growth rate for fast
moving waves tends to zero, a relaxation function R is
introduced, so that cg = mgR, where mg is a constant
and
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5

R=1-13 (i> . (31)

Uio0
For slowly moving waves, R ~ 1 and parameterization
(30) with cg = mg is recovered, for fast moving waves
R — 0 and g — 0. For waves moving faster than the
wind (R < 0) we simply assume § = 0, as the negative
energy flux from fast moving waves to the wind is small
[Mastenbroek et al. [1996]] and can be neglected in this
study. The final parameterization of 8 used throughout
~ the study has the form (30) with ¢ = mgR and (31),
where mg will be treated as a tuning constant of the
wind over waves coupled model.

2.4.2. Vertical decay function. The vertical de-
cay function F(k,z) in (24) defines the vertical distri-
bution of the wave-induced flux for a wave component
k. It seems that the decay for the second wave-induced
moment should be at least F'(k,z) = exp(—2kz), as the
first moment (velocity components) decays as exp(—kz)
in the potential flow. However, the rapid distortion the-
ory of turbulence above waves [Belcher and Hunt, 1993]
suggests another decay length, the height of the inner
region £, as a result of smearing of the wave fluctua-
tions of turbulent stresses in the outer region. In the
outer region the turbulent eddies are rapidly distorted,
and the wave-induced turbulence is not in local equi-
librium with shear. The wave-induced turbulent stress
is suppressed, and the wave-induced motion is close to
inviscid and potential. The mean wave-induced flux is
thus suppressed in the outer region as well. The vertical
decay of the wave-induced stress can then be approxi-
mated by ' R

F(k,z) = e /%, (32)

In Figure 2 the decay function F(k,z) for a slowly
moving wave is shown. The numerical result shows that
the height of the inner region is indeed the decay length
of the wave-induced flux. The vertical oscillatory decay
behavior of the flux reflects the nature of the oscillatory
flow caused by the orbital velocities in the viscous fluid.

The numerical solution is approximated by
F(k,2) = e=*/% cos(= 2 33
(k,2) = e/ cos(5 ), (3)

and this relation is used in the model.

3. Resistance Law Above Waves

From (10) and (17) the wind profile above waves can
now be written

u(z) = % /: [1 - Ti;(;)r/‘i d(In 2).

v
0 *

(34)

The resistance law in terms of the drag coefficient Cp =
u?2 Ju?, follows from (34) and (7),

-1
oy Yy ( / ’ [1 - acf(2)]/* d(In 2)) » (35)

Uuio v

and the coupling parameter is expressed via (22),
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1 o0
=~ / T(k)d(n k). (36)
Uy Jo

Relation (35) relates the drag of the sea surface directly
to the properties of the momentum exchange at the sur-
face via the coupling parameter (36) and the vertical
distribution of the wave-induced stress f(z) (equation
(24)). The coupling parameter is determined by the ge-
ometrical properties of the surface via the directional
wavenumber wave spectrum S(k, @), and by peculiar-
ities of energy exchange between wind and waves, ex-
pressed via the growth rate parameter. The growth rate
parameter (30) in turn depends on the drag coefficient
(the friction velocity) and the coupling parameter.

The wind over waves coupled model, described above,
is in fact a model of the marine atmospheric surface
boundary layer where the momentum flux is related
directly to the geometrical properties of the sea sur-
face via the wavenumber directional wave spectrum and
properties of momentum exchange at the sea surface.
Equations (35) and (36) are solved by iterations after
the form of a wave spectrum S(k, ¢) is given by a func-
tional relation or is specified by a physical model based
on the solution of the wave energy balance equation.

4. Results

The wind over waves coupled model is first tested
using an empirical wave spectrum model suggested by
Flfouhaily et al. [1997]. This spectrum is known to

10 ; , . , - .
10°
g
10™
10-2 1 1 1 A1 1 1
0.4  -02 0 0.2 0.4 0.6 0.8 1

tauw/tauw(0)

Figure 2. The vertical decay function F'(k,z) of the
wave-induced flux for a slowly moving wave (uy/c = 10
and kzo = 6.6 x 1073). Dotted line, potential decay
exp(—2kz); dashed- dotted line, decay at the height of
the inner region exp(—z/L); solid line, numerical calcu-
lation, dashed line, approximation (33). Solid horizon-
tal line shows the height of the inner region L.
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reproduce correctly the wind speed dependence of the :

total mean squared slope parameters, as measured by
Coz and Munk [1954], and the capillary-gravity spec-
trum range, as measured in controlled laboratory con-
ditions [Jahne and Riemer, 1990].

The tuning constant mg in (30) with ¢3 = mgR is
chosen by comparing the model results for the drag co-
efficient Cp, (35), with the data obtained in the open
ocean by Anderson [1993] and Large and Pond [1982).
The drag coefficient Cp for a fully developed sea is
shown in Figure 3. The regression line of Large and
Pond is 103Cp = 0.49 + 0.065U;¢ in the wind speed
range 10 < Ujp < 20ms™!, and 103Cp = 1.14+0.20 in
the wind speed range 5 < Ujp < 10ms™'. A value of
the tuning constant mg = 36 gives a reasonable agree-
ment between model results and measurements of Cp
in the full range of the wind speed. For waves that are
not too long (R — 1), and not too short (f(k) — 0),
this value of mg agrees with empirical estimates of cg in
the parameterization of Plant [1982] (relation (25)). For
shorter waves (f(k) — 1) the dependence of the propor-
tionality coefficient in (30) on the coupling parameter
can partly explain the scatter in empirical estimates of
cs. The fact that the tuning parameter mg is close
to empirical estimates gives additional evidence for the
self-consistency of the model.

The dashed-dotted line depicted in the same figure
shows the model calculations of the drag coefficient
based on a differential model of the wind over waves

Al P
§:Q:MMW
| L

U100 m/s

Figure 3. Drag coeflicient versus ujg. Model results:
dashed-dotted line, present approach; dashed line, cal-
culations with a differential model of Makin and Mas-
tenbroek [1996]. Data of Anderson [1993] fall inside
the shaded area. Regression line from Large and Pond
[1982], solid line; in the wind speed range 5-10 ms™!
the standard deviation is shown.
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coupling by Makin and Mastenbroek [1996] for the same
functional relations of the growth rate parameter, the
wave spectrum, the vertical decay of the wave-induced
flux, and the tuning constant mg. This model solves the
full balance equations of the TKE, the dissipation rate,
and the mean wave-induced energy. A good correspon-
dence in results of the present approach and the differ-
ential model justifies the assumptions of the approach
concerning the balance equation of the TKE (11), the
equation of the mean wave-induced energy (15), and the
turbulence closure scheme.

It is emphasized, that the drag of the sea surface is
calculated from basic assumptions concerning the lo-
cal properties of the sea surface, and from known func-
tional relations for the wave spectrum and the growth
rate parameter. The sea roughness results in this ap-
proach from the dynamical coupling of waves with the
atmosphere.

The coupling parameter a., the principle parameter
of the wind over waves coupling, (36), which character-
izes the degree of dynamical coupling of waves with the
atmosphere is shown in Figure 4b for a fully developed
sea. For low wind speeds u;g < 5 ms~! the stress at
the surface is dominated by the viscous drag, so most of
the momentum is transferred directly from the air flow
to the water flow. This is in agreement with observa-
tions that the sea surface is aerodynamically smooth for
wind below 2 - 3 ms™! [Geernaert, 1990]. Analysis of
the field experiment of Snyder et al. [1981] by Harris et
al. [1996] suggests that the water surface is more likely
to be transitional or even smooth, than rough for the
conditions of the experiment (the range of wind speeds
is 2 - 7 ms™!). Results presented in Figure 4b sup-
port this conclusion, that for light winds a significant
part of the momentum is transferred by viscous stress.
Recent direct laboratory measurements of the surface
fluxes [Banner and Peirson, 1998], though limited to
two experimental points, have shown, that for a wind
speed of 7 ms™! the coupling parameter is about 0.38,
and for a wind speed of 13 ms~! should be about or less
than 0.67, which is in a good agreement with the present
model results. For wind speeds of about 15 ms~! and
higher, most of the stress goes through waves and the
sea becomes aerodynamically rough.

To assess which waves contribute most to the wave-
induced stress at the surface, the surface flux spec-
trum 7 (k) (equation (23)) and the cumulative spectrum
Cu(k) are shown in Figures 4c and 4d. The correspond-
ing omnidirectional wave curvature spectrum is shown
in Figure 4a for a wind speed of 10 ms™1, and a fully
developed sea u19/cp, = 0.83. The cumulative spectrum
1S

1 o0
Cu(k) = — k)d(Ink). 3
uk) = i [ Tk (37)
It is shown as a function of the wavelength A = 27 /k
and shows an increase in the wave-induced stress since
more and more longer waves are taken into account in
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Figure 4. (a) Omnidirectional wave curvature spectrum k*S(k). (b) Coupling parameter a.;
circles, experiment of Banner and Peirson [1998]. (c) Surface flux spectrum 7 (k)/d(Ink)/u2. (d)
Cumulative spectrum of the surface flux Cu(k). Wind speed u1o = 10 ms™! and uj9/c, = 0.83.
The asterisk indicates the peak of the wave spectrum.

the integral (37). The wavenumber of the peak of the
spectrum is 0.068 rad m~! which corresponds to a wave-
length of 93 m.

Most (80%) of the form drag is supported by waves
shorter than 10 m, and 50% of the form drag is sup-
ported by waves shorter that 1 m. About 10% of this
is supported by gravity-capillary waves with lengths
A < 0.017 m. Thus the short gravity and gravity-
capillary waves in the range 0.01 < A < 1 m play an
important role in extracting momentum, and they are
strongly coupled with the atmosphere. The above re-

sult shows that most of the wave-induced momentum
is transferred to centimeter to meter waves, so that the
sea drag depends crucially on the form of the wave spec-
trum in the corresponding wavenumber range.

5. Conclusions

A new scheme to couple waves with the atmosphere
is described in part 1 of the present paper. The main
motivations to revise our original approach [Makin et
al., 1995] were to introduce the correct description of
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turbulence in the boundary layer above waves and to -

develop much simpler model based on explicit (integral)
equations as an alternative to the differential model by
Makin and Mastenbroek [1996]. When this scheme is
to be used as a module in models for different applica-
tions, for example, in a coupled sea surface-atmosphere
model, described in part 2, in atmospheric circulation
models to calculate surface fluxes above sea, or in wave
prognostic models to calculate the sea drag, such a sim-
plification becomes a matter of principle.

The simplification was achieved by assuming a lo-
cal balance between turbulent kinetic energy produc-
tion and its dissipation, and between production and
dissipation of the mean wave-induced energy. The prob-
lem of the boundary layer above waves can then be re-
duced to the solution of two integral equations. The
sea drag is expressed via the coupling parameter and
the decay function of the wave-induced stress, while the
coupling parameter is calculated through the wavenum-
ber wave spectrum and the growth rate parameter. The
growth rate parameter in turn depends on the sea drag
and the coupling parameter. We show the validity
of the above mentioned assumptions by comparing re-
sults of the present approach with results of the one-
dimensional differential model by Makin and Masten-
broek [1996] from which a good agreement in the sea
drag coeflicients was found. :

In achieving the main goals we also show that the pro-
duction of the TKE above waves consists of two sources:
production due to the mean motion, and production
due to the wave-induced motion. Neglecting the sec-
ond source leads to an erroneous estimation of the eddy
viscosity coefficient above waves.

The growth rate parameter used in the paper has the
general form of the Plant [1982] relation, that is, pro-
portional to the square of the friction velocity (the total
stress). However, by using the 2-D WBL model [Mas-
tenbroek et al., 1996] we show that the local turbulent
stress (the difference between the total and the wave-
induced stress inside the inner region) rather that the
total stress has to be used to parameterize the growth
rate: This fact makes the proportionality coefficient in
Plant’s relation dependent on the coupling parameter.
When the coupling parameter grows with increasing
wind speed, the coefficient tends to zero and quenches
the energy flux to short waves. As mainly the short
waves support the wave-induced flux, a further growth
of the coupling parameter is prevented as well. This
property is of great importance as it always secures the
adjustment of the airflow to waves.

The coupling parameter is shown to strongly vary
with the wind speed which is in a good agreement with
direct, though limited, measurements by Banner and
Peirson [1998]. Establishing the correct functional wind
speed dependence of the coupling parameter is of pri-
mary importance to estimate heat and gas exchanges at
the sea surface. We show that viscous stress is domi-
nant for wind speeds less than 10 ms~! and still plays a
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role for strong winds supporting about 20% of the total
stress. This means that the coupling parameter never
comes very close to 1. Finally, the wind-generated short
gravity waves (typical wavelength from a few centime-
ters to a few decimeters) and capillary-gravity waves
(lengths of about a centimeter) are shown to be strongly
coupled to the atmosphere.

The study of these waves is motivated because of their
relevance to interpretation of remotely sensed data of
the sea surface by microwave radar instruments. In
the case of radar remote sensing, the short gravity and
capillary-gravity waves serve as roughness elements on
the ocean surface to modulate the scattering. of radar
waves. To gain further understanding and, for exam-
ple, to better interpret high-resolution radar image con-
trasts from synthetic aperture radar instruments, phys-
ical models of the short gravity and capillary-gravity

- wave spectrum are needed, as they describe the physi-

cal properties of the sea surface under the joint action
of wind and surface currents.

Such a physical model of short waves, which is based
on the solution of the wave energy balance equation and
accounts for the balance between the wind input, differ-
ent dissipation processes and nonlinear interactions, .is
described in part 2 of the present paper. The wave spec-
trum model is coupled to the atmosphere by the wind
over waves coupling scheme presented here, and the evo-
lution of the coupled system sea surface—atmosphere is
assessed.
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