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Abstract. It is shown how the drag of the sea surface can be computed from the wind speed and
the sea state. The approach, applicable both for fully developed and for developing seas, is based on
conservation of momentum in the boundary layer above the sea, which allows one to reiate the drag
to the properties of the momentum exchange between the sea waves and the atmosphere.

The total stress is split into two parts: a turbulent part and a wave-induced part. The former
is parameterized in terms of mixing-length theory. The latter is calculated by integration of the
wave-induced stress over all wave numbers. Usually, the effective roughness is given in terms of the
empirical Chamnock relation. Here, it is shown how this relation can be derived from the dynamical
balance between turbulent and wave-induced stress. To this end, the non-slip boundary condition is
assigned to the wave surface, and the local roughness parameter is determined by the scale of the
molecular sublayer.

The formation of the sea drag is then described for fully developed and developing seas and for
light to high winds.

For the Chamock constant, a value of about 0.018 — 0.030 is obtained, depending on the wind
input, which is well within the range of experimental data.

1t is shown that gravity-capillary waves with a wavelength less than 5 cm play a minor role in
the momentum transfer from wind to waves. Most of the momentum is transferred to decimeter and
meter waves, so that the drag of developing seas depends crucially on the form of the wave spectrum
in the corresponding high wavenumber range.

The dependence of the drag on wave age depends sensitively on the dependence of this high
wavenumber tail on wave age. If the tail is wave-age independent, the sea drag appears to be virtually
independent of wave age. If the tail depends on wave age, tHfe drag also does. There is contradictory
evidence as to the actual dependence. Therefore, additional experiments are needed.

1. Introduction

Estimation of the surface flux of momentum above the sea and its dependence on
sea state is a challenging problem of air-sea interactions with several important
applications, such as climate research and remote sensing.

The bulk aerodynamic formulation (e.g. Geernaert, 1990) connects the momen-
tum flux at the surface 7 to the mean wind speed at some reference level (usually
at 10 m) Ujq via the drag coefficient Cy:

r = paCallly, )

where p,, is air density. Assuming a logarithmic velocity profile
wz)= =<, @)
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where u, = /7 /p, is the friction velocity,  is the von Karman constant and Zo1s
the roughness parameter. The drag coefficient C; at 10 m height is expressed as

K2

= W10/ @

Cy

For winds below 3 m/s, the sea is calm, with few or no waves present. The air
flow above the sea corresponds to that over an aerodynamically smooth surface
(Phillips, 1977; Geernaert, 1990), and the roughness parameter is determined by
the scale of the molecular sublayer (Monin and Yaglom, 1971):

v

2 =c¢1—, )
where v is the air viscosity and ¢, is a constant of O(107!).

With wind increasing, waves begin to grow and to extract momentum from the
air. In the limit of high winds, the sea surface can be described as aerodynamically
rough. The roughness parameter depends on the mean square surface displacement
of the short gravity waves, which in turn is determined by the friction velocity and
acceleration of gravity g (Phillips, 1977):

2
u*

Z0 = cp—. )
g

Eq.(5) is known as the Charnock relation, as it was originally obtained on dimen-
sional reasoning by Charnock (1955). The Chamock parameter c; is usually
assumed to be a constant. Based on measurements, different values for ¢ have
been suggested, ranging from 0.014 (Garratt, 1977) to 0.018 (Wu, 1980) and 0.035
(Kitaigorodskii, 1970).

After the roughness parameter is defined, equations (2), (3), (5) can be solved
iteratively to obtain the drag coefficient for a given wind speed U;¢, and the stress
on the sea surface can be estimated from (1). Taking ¢, = 0.014in (5) the following
relation is obtained by Garratt (1977):

Cy = (0.75 + 0.067079)1073. (6)

Relation (6) applies in the range of the wind speed 5 < Ujg < 20 m/s. Numerous
parameterizations of the drag coefficient in the form of (6), based on the experi-
mental data, are compiled in Geernaert (1990).

The Charnock relation suggests that the sea drag is determined by the wind.
In coastal regions and in atmospheric synoptic frontal zones, the sea state varies
rapidly in space and time. Here one may expect the momentum flux to depend both
on the wind speed and the sea state. In principle, the state of the sea is characterized
by the wave spectrum S(w). But often detailed spectral information is lacking. For
a pure wind sea, attempts have been made to characterize the sea state in terms
of one parameter, the inverse wave age, Q = Ujq /¢y (or u./cp), where ¢, is the
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phase speed of the component in the peak of the spectrum. For a fully developed
sea, ) = 0.83, for a mature one, { ~ 1.5, and for young seas, ! ~ 2 — 3.

To account for a possible wave-age dependence of the sea drag, the Charnock
parameter is often assumed to be a power function of the wave age:

m
g U
f05 = X (—) : %
uz Cp

where the parameters y and m can in principle be estimated experimentally. The
relation (7) gives an increase of zp and the drag coefficient for young seas if m is
positive.

In Smith et al. (1992), relation (7) was fitted to HEXOS experimental data,
resulting in values of m ~ 1 and y = 0.48. However, it was found (Smith et
al., 1992, pg.134), that "variation of ¢,/u. is due more to u, than to ¢, and
self-correlation has influenced the fit to obtain equation (7)” (with m ~ 1 and
x = 0.48). This fact does not disprove, but on the other hand does not establish
relation (7).

Toba et al. (1990) combined field and laboratory data to argue an opposite trend
in (7), estimating parameter m to be negative: m = —1. Donelan et al. (1993),
disregarding laboratory data, accepted the parameters of Smith et al. (1992).

Recently, a new approach to describe the drag of the sea surface and to account
for developing seas was suggested by Janssen (1989, 1991, 1992) and Chalikov and
Makin (1991). Their models differ in details, but are conceptually the same (Mas-
tenbroek et al., 1993). The approach is based on the conservation of momentum
in the boundary layer above the sea, which implies that the stress is independent
of height, so that the momentum flux at a given height is equal to the momentum
flux into the sea. The drag of the sea surface results from a dynamical balance
of the turbulent and wave-induced stresses. The momentum flux above the sea is
split into two parts: a turbulent stress and a wave-induced stress. The former is
parameterized in terms of mixing-length theory. To calculate the surface turbulent
stress, a “background” roughness parameter is defined via Chamock-type relations.
For seas which are close to fully developed, the Charnock-type relations ensure
that proper values of the drag coefficient are used.

The total wave-induced stress is then calculated by integration of the wave-
induced stress going into individual wave components, up to a certain wavenumber.
The result depends on the wave spectrum in the wavenumber range considered and
on the assumed growth rates of the individual wave components. Once the turbulent
and wave induced stress are known, the drag coefficient follows.

The wave age dependence of the drag coefficient results from the wave age
dependence of the wave stress and from assumptions concerning the background
roughness parameter. Calculations of Janssen (1989), Chalikov and Makin (1991)
and Chalikov and Belevich (1993) show that for high winds, the drag coefficient
is more than twice as large for young seas as it is for old ones. However, in their
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approach the result is sensitive to the assumed background roughness, which is not
accessible to computation.

Caudal (1993) bypassed this problem by considering the situation in which ail
stress is supported by waves. Using a logarithmic profile for the wind velocity
and wave spectra of Donelan and Pierson (1987) and Donelan et al. (1985), he
could derive the Charnock relation as a result of consistency between the surface
stress, wind input and spectral shape. The resulting Charnock constant of 0.012
has the correct magnitude, which illustrates the usefulness of Caudal’s approach.
It is however valid only for high winds and a fully developed wind sea.

We present here a generalized approach, which is valid for fully developed and
developing seas and for light to high winds. The general idea is still based on con-
servation of momentum in the boundary layer above the sea. But to avoid parame-
terization of the background roughness, we shall make two principal assumptions.
First, all undulations of the sea surface are regarded as waves. The assumption
allows the statistical description of sea waves in terms of a wave spectrum in the
full wave-number range, and presupposes that the wave growth parameter can be
defined for the full wave-number range (the same assumption was made in Janssen
(1989) and Caudal (1993)). The validity of this assumption could be limited at
the very short length scales, when foam or non-wave-like surface deformations
appears on the surface.

As soon as this assumption is accepted and the sea surface is treated as a
superposition of waves to the smallest scales, the second assumption follows: a
non-slip molecular viscosity boundary condition an the instantaneous wave surface.
This allows the use of the viscous roughness as roughness parameter, which is
universal for all sea states.

Once these assumptions have been made, one may give a consistent description
of the momentum flux above fully developed and young seas, and the effective
roughness (defined as the constant in the logarithmic wind profile obtained suffi-
ciently far above the waves) can be derived as a result of the dynamical balance
of the turbulent and wave-induced stresses. This roughness turns out to be propor-
tional to the friction velocity squared, so the Charnock relation (5) is derived. As a
result, the drag coefficient increases with wind speed. It turns out that most of the
drag is supported by short gravity waves. For light winds (U9 < 5 m/s) the stress
at the surface is dominated by the viscous drag.

For a wind sea one may study the wave-age dependence of the drag coefficient,
for a given wind speed. This obviously depends on the wave-age dependence
of the wave spectrum. When we assume that the wave spectra of Donelan and
Pierson (1987) and Donelan et al. (1985) apply to all wave ages, we obtain a
drag that is virtually independent of the wave age. This is a consequence of the
fact that the wave-induced flux to the high frequency tail of the wave spectrum
is wave-age independent. However, if a weak wave-age dependence is introduced
in the description of the tail, the sea drag becomes wave-age dependent. There is
contradictory evidence as to the actual dependence.
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2. The structure of the momentum flux above waves

We consider the lower part of the atmospheric boundary layer above the sea, the
structure of which crucially depends on the sea state. We call this part of the
boundary layer the “wave boundary layer “ or the WBL. At the upper boundary
of the WBL, the wave-induced momentum flux is negligible. The wave-induced
velocities of the wave component with a wave number k decay on scale z ~ k=1 ~
¢?/g. For a fully developed sea, the phase speed of the component of the peak of
a wave spectrum is ¢ ~ Ujg. Thus for a wind speed of 10 m/s, the decay scale
is 10 m. The wave-induced momentum flux which above waves is quadratic in
wave-induced quantities, decays much faster. That suggests that a height 2 of 10 m
is a good estimate of the upper boundary of the WBL.

The adjustment time of a turbulent boundary layer is determined by its char-
acteristic height h and the friction velocity u., T, ~ h/u.. For h ~ 10 m and
u, ~ 0.25 m/s, we obtain T, ~ 40 s. The evolution time scale of the sea waves is
a few hours and is much longer than 7. That means that WBL can be treated as
stationary.

Assume a wind blowing in the positive X direction independent of the horizontal
spatial coordinates. Under steady conditions:

ot

—_ = 8

0% 0 ®
and the momentum flux, normalized on the density of the air 7, is constant over
height: Z

# = L = Const. = u2. 9)
Pa
% is a vertical coordinate
N =1
=h . 10
3 g (10)

which follows the wave surface z = 7 ( 2 = 0). Hereafter we drop the top hat”
over z and 7.

The momentum flux 7 can be split into a part supported by turbulence 7%, a
viscous stress 7% and a wave-induced part 7% (Janssen, 1989; Makin, 1990):

w2 =71 =1H2) + 1Y(2) + TV(2). (1D

At the upper boundary of the WBL, 7¥(h) = 7¥(h) = 0 and the total flux is
supported only by the turbulent stress 7¢(h) = 7. At the water surface 7/(0) = 0
and the total flux is supported by the viscous stress and the wave-induced stress.

A mixing-length model is used to parameterize the turbulent stress

) (12)
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where K is the eddy viscosity coefficient, and [ = kz is the turbulent mixing

length.
The viscous stress is
d?u
TU(Z) = I/—jz—. (13)

We consider all undulations of the sea surface as waves, which can then be
statistically described by a directional wave spectrum S(k, ), where the wave
number k satisfies the dispersion relation

w? = gk + Tk, (14)

where T is the dynamical surface water tension and 6 is the propagation direction
of the k-wave component. We assume that the energy input to the waves from the
atmosphere is known and can be described in terms of the growth rate parameter
B(k,8). Both S and 3 are wind dependent.

The wave-induced stress to the £ component of a wave spectrum (integrated
over directions) at the surface is (e.g., Phillips, 1977)

M(k) = /_w w2SBcos b k db. (15)

The wave-induced stress to all waves is
o =/ M(k) dk. (16)
0

Numerical calculations of Makin (1989), preéénted by Chalikov and Belevich
(1993) in their Figure 3, show that for the given wavenumber &, the wave-induced
stress decays with height z according to approximately exp(—2kz). The vertical
distribution of the wave-induced stress flux can then be written:

ro(z) = / M(k)e 2 dk. (17)
0
The set of equations (11), (12), (17) requires two boundary conditions:
z=0:u=0 (18)
and
z=h:u= Uy. (19)

To avoid the explicit description of the flow within the viscous sublayer, of
which the height §, ~ v/u! is relative to the instantaneous wave surface z = 0, we
use the standard matching of the linear and logarithmic profiles (e.g., Monin and
Yaglom, 1971) within 6. The friction velocity at the top of the molecular sublayer
u!, should be taken as

ul = Jul — ¥ (20)
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due to (11), because at heights = > 6, the viscous stress 7 can be neglected.
The surface boundary condition (18) can now be rewritten

::Z()Z'U=O, (21)
where the roughness parameter zg is

20 = 0.14—7, 22)
u*
and the term 7¥ in (11) can be dropped. It is possible to rewrite the boundary
condition and to define the roughness parameter because that very short waves
with lengths A < 6,, do not contribute to the wave-induced stress =%, or, in other
words, that the wave-induced stress 7% is constant within é,. This condition is
satisfied by the choice of the wave spectrum and 3 parameter (section 2.1).

The dynamical roughness of the sea surface (defined as the constant in the
logarithmic wind profile obtained sufficiently far above the waves) can be derived
as a result of the dynamical balance of the turbulent and wave-induced stresses.

The wind profile and the friction velocity u. follow from the solution of the
model in the domain zg < z < h.

2.1. WAVE-INDUCED FLUX AT THE SURFACE

At this point it becomes clear that results of the present approach will depend on
the model of a wave spectrum .5 and on the choice of the growth rate parameter 3.
To proceed, we have to make choices.

2.1.1. Wave spectrum

Recently there has been an extensive discussions on the form of a wave spectrum
by Banner et al. (1989), Banner (1990), Battjes et al. (1987), Donelan et al.
(1985), Donelan and Pierson (1987) and Kitaigorodskii (1992). Following these
discussions, we use a parameterization suggested by Donelan et al. (1985) for the
energy-containing part of the spectrum 0 < k/k, < 10102:

1

S(k.8) = Soph™*\/k/kyexp(=(kp/6))3" foy 0, (23)
ap, = 0.0060%, (24)
v = 1.7+ 6log(Q). (25)
[ = exp(~(y/k/k, — 1)/207), (26)
o = 0.08(1+4Q73), 27)

where 0.83 < Q = Uio/cp < S and the angular spreading function fry 6 1s given
by

1 Py
fro= Eh1 cosh™2(h,6) (28)

7* = §i S(40) kol b A7

< =
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with
hy = 1.24, if 0<k/k,<0.31 (29)
hy = 2.61(k/k,)*, if 0.31 < k/k, < 0.90 (30)
hy = 2.28(k/k,)~%%,  if 0.90 < k/k, < 10. (31)

The wave number of the peak of the spectrum &k, = g/ cf, = g(Q/Uy0)? and the
peak wave number kg of a fully developed sea Q =0.83are

0 _ g

kp = (1.2U10)%° (32)

A dependence of the spectral level of the energy-containing part of the spectrum
(23) on wave age (~ 29-5%) has been found in several studies (Banner, 1990; Battjes
et al., 1987; JONSWAP group, 1971).

The form of the high wave number spectrum & > 10k2 is from Donelan and
Pierson (1987). The main feature of this spectrum is that it contains no dependence
on wave age.

Radar backscatter measurements of the sea surface provide an accurate estimate
of the two-dimensional wave spectrum for high frequency waves (see Donelan and
Pierson, 1987). Donelan and Pierson use these data to construct a form of the wave
spectrum for high wave numbers. The form of the high wave number equilibrium
spectrum was derived on the assumption that it results from a balance between
direct wind forcing and dissipation due to breaking and to viscosity:

_4 1/n
S(k.O) — 4 (2510 (U()\/z) _ 1)2 _ _lu_fﬁ) 2h1—1fh1,97 (33)

(43 c co

where v,, is the water viscosity and the angular spreading parameter h; is

0.46

J2(1 - 0.87/2)

The coefficients n(k) and (k) were then found by fitting the spectral level to
observations obtained by backscatter measurements. Expressions for n and o can
be found in Donelan and Pierson (1987).

The spectrum (33) has a cut-off at a wave number where the input from the
wind is equal to viscous dissipation. The functional relation (34) deteriorates in the
vicinity of the cut-off, but we shall show that the concrete form of the spectrum
near the cut-off plays an insignificant role in supporting the sea drag. The cut-
off in the gravity-capillary range is confirmed by radar backscatter measurements
in Ku-band (Donelan and Pierson, 1987). Jihne and Riemer (1990) analysed the
slope frequency spectra and reported a cut-off frequency at wave numbers between
430 — 1020 m~!, which does not contradict Donelan and Pierson (1987). However,

hy = (34)
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they argue that the cut-off is not the result of the balance between wind input and
viscous dissipation.

With a typical value of the thickness of the viscous sublayer §, ~ 10™* m and
cut-off wavelength of 6 - 1073 m, the condition that waves shorter than A < §, do
not contribute to the wave-induced stress is satisfied.

Spectra (33) and (23) can be patched by the relation

kr = 10k3(1.2U10/cp)*/?, (35)

which follows from equating spectral levels of the spectra (33) and (23), integrated
over direction.

The wave spectrum is now defined in the full wave-number range. The spectrum
(23) is associated with the energy-containing waves (k < k. ) and (33) with high
wave-number waves (k > k).

This model of the wave spectrum was originally suggested by Donelan and
Pierson (1987) for a fully developed sea with U1g9/c, = 0.83. Extension of the
model to developing seas is our assumption, which does not contradict the present
experimental evidence on the wave spectral form.

Recent reanalysis of the original data of the JONSWAP experiment was per-
formed by Battjes et al. (1987). No dependence of the high frequency part (1.5 f, <
f < 1H z) of the wave spectrum on the stage of wave development (in terms of Q)
is found.

Reliable measurements of the directional wave spectrum were performed by
Banner et al. (1989). Their analysis shows no wave-age dependence in the range of
wavelength 0.2-1.6 m. However, their analysis is valid only in the range of wind
speed 7 m/s < Ujg < 13 m/s and inverse wave age ! ~ 0.8 — 1.6, and more data
are needed to establish whether the high wave spectrum is wave-age dependent or
not (private communication, Banner).

Kitaigorodskii (1992) has analysed a number of experiments to conclude that
in the high wave-number range k/k, > 9 — 25, the Phillips parameter in the w3
spectrum ay, is virtually a constant.

The wave-age dependence of the high wave-number spectrum is a controversial
question. That is why, in order to reveal the consequences of the wave spectrum
model on the solution of the problem, we performed the following experiment. The
wave spectrum (33) was allowed to depend on the inverse wave-age parameter as
Q2%/5, while the energy-containing part (23) and the patching wave number &, were
kept the same.

To reveal the impact of the energy-containing part, we took the JONSWAP form
of the wave spectrum instead of (23). The Phillips parameter «, was taken to be
wave-age dependent, as suggested by Snyder (1974) and used in the models of
Janssen (1989), Chalikov and Makin (1991) and Chalikov and Belevich (1993):

a, = 0.57(Q)%/2, (36)
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This is a stronger dependence on ) than was originally suggested by the JONSWAP
Group (1971), ~ Q2/3. The high wave-number part of the spectrum (33) and the
patching wave number were kept the same.

2.1.2. Wave growth-rate parameter
The wind-wave interaction parameter or the wave growth rate parameter 3 is
defined as

ﬂ—&l— - 1 95
*7 pu wS ot

The well-known parameterizations of 3 based on field experimental data are by
Snyder et al. (1981):

8 =025(ps — 1), (38)

where 1 < us = Us/c < 4 (Us is a wind at 5 m height) and by Hsiao and Shemdin
(1983):

3 =0.12(p0 - 1)%, (39)

where 1 < p19 = 0.85U1¢/c < 7.4. Measured growth rates in Hasselmann and
Bdsenberg (1991) are reported to be in agreement with Snyder et al. (1981).

Donelan and Pierson (1987) made a reanalysis of the experimental laboratory
data of Larson and Wright (1975) for short waves (100 < k < 900) and suggest-
ed

8= 0.072(py/2 — 1)*%, (40)

where uy /2 = uy /e
Plant (1982) has shown that 3 values from several laboratory and field experi-
ments are quadratically dependent on p. = u./c

3= 220042, (41)
where 0.05 < p, < 3.

Dimensional analysis of the Reynolds equations describing the interaction of
the turbulent air flow with waves shows that 3 should be a function not only of
the wave age U/c (or u./c) but also of the drag coefficient Cy = (u./U)?% if a
relation between u. and U is not specified a priori (Burgers and Makin, 1993).
Numerical calculations of Burgers and Makin (1993) have shown that the growth-
rate parameter indeed depends on both: the wave-age parameter u) = u)/c and
the drag coefficient ¢\ = u2/u2. The friction velocity and wind speed are both
related to the height A.

Burgers and Makin (1993) have shown that calculations of 3 can be well param-
eterized by the functional relation suggested by Stewart (1974), who proposed it
on general theoretical considerations and some experimental knowledge:

B = aruc—*(ux - az), (42)

(37



DRAG OF THE SEA SURFACE 169

B 102 T T T TTTTIT T T T TTT1T7Im T T 7T TTTTTT T I TTTTTr

T 17T

1.0 41t

10!

T T TTTTI0T
L1 3 PELIE

LI LBLLLAL R
41ty

1071

T 1 VTt
11 ) trul

10-2 1 14123ty 1 BN RN 1 IS NEET] 1 1t 391

10° 10 ©o10? 103

—
Q

k m!
Fig. 1. The growth rate parameter § as a function of wave number k. Wind speed U/;p = 10 my/s.
Dotted line - Snyder et al. (1981), eq.(38); dashed-dotted - Hsiao and Shemdin (1983), eq.(39); dashed

- Plant (1982), eq.(41); thin solid - Larson and Wright (1975), eq.(40); thick solid - Stewart (1974),
€q.(42) with a; = 2.0, a; = 1.15. Horizontal axis - m~".

(a1 = 1.2,ay = 1), which also includes dependence on both parameters.

Relationship (42) is a convenient compromise‘between the parameterizations
of 3 based on experimental data (Snyder, ef al. 1981; Hsiao and Shemdin, 1983;
Plant, 1982; and Larson and Wright, 1975) in the full wave-number range, if we
take a1 = 2,a; = 1.15. Parameterizations of 3 are shown in Figure 1, where the
X-axis represents wave numbers & in 1/m. The growth rates are calculated for a
given wind speed Ujp = 10 m/s. To calculate friction velocity and velocities at
different levels, relation (6) is used. We shall use parameterization (42) of 3 in the
present study.

Parameterization (42) has a plausible feature: it quenches the growth rates for
short waves. As the waves get shorter towards the end of the spectrum, the wind
speed used in their growth rate drops. In the capillary range, 3 according to (42) is
additionally quenched due to the increase of phase velocity with increasing wave
number. This quenching mechanism is absent if the parameterization of Plant (41)
is used, as was already noted by Caudal (1993) .

In principle, the friction velocity in (42) should be determined by the local
structure of turbulence, i.e., at height A : u.(A) = {/u2 — 7¥()), which provides
a further quenching of the short waves. As 7% drops very fast with height due to
(17) (a few centimetres), only very short waves can be affected.

The quenching of the wave-induced stress 7" at high wave numbers depends
thus only marginally on the cut-off wavenumber of the spectrum (33).
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Fig. 2. Drag coefficient Cy for fully developed sea Uio/¢, = 0.83 as a function of wind speed
Uy in m/s. Solid lines are model results (upper: a; = 2.0, lower: a; = 1.6 in eq.(42)). Dashed
lines correspond to the Charnock relation (upper: cx» = 0.03, lower: ¢, = 0.018 in eq.(5)). Vertical
bars show the variability of Cy parameterizations based on experimental data according to Geernaert
(1990).

3. Results

To start a solution, the wind profile and the friction velocity are initialized by (2) and
(5) for a given wind speed U (in principle both the wind profile and the friction
velocity can be initialized arbitrarily). The wave spectral density is then calculated
with (23) and (33), using the patching relation (35). The wind input is calculated
(42) and the wave-induced stress then follows from (15), (16) and (17). From (20)
and (22), the roughness parameter is estimated and from (12) the turbulent stress is
determined. Equation (11) is then solved with boundary conditions (19) and (21).
Iterations continue until the total stress T is constant within 1% over height.

The sea drag Cj is thus found as a function of wind speed Ujo and the inverse
wave-age parameter () = Uyg/c,.

The drag coefficient for fully developed sea Q = 0.83 is shown in Figure 2.
To assess the sensitivity of the model on the wind input, we use two values of the
a; parameter in the parameterization (42) of 3 , namely a; = 2 and a; = 1.6.
The range of variability in the parameterizations of C; (see Table 2 in the review
of Geernaert, 1990), based on field measurements, is shown by vertical bars in
Figure 2. A bar is not shown for wind speeds of 20 m/s as there exist hardly any
measurement for conditions of fully developed sea.
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Fig. 3. Coupling parameter r§° /42 for a fully developed sea as a function of wind speed U 10;

For winds less than 2.5 m/s, the sea drag increases with decrease of wind speed
indicating that the sea surface is aerodynamically smooth. For winds higher than 2.5
m/s, the sea drag increases with wind speed. Model results closely follow the drag
coefficient resulting from the Charnock relation with ¢, = 0.018 and ¢;, = 0.03.
That means that with an increase of wind speed, the sea surface becomes rough.
The values of the drag coefficient, which are plotted in Figure 2, lie well within the
scatter of experimental data. Thus we have obtained the Charnock relation for the
effective sea roughness as a solution of the model. 3

Figure 3 shows the coupling parameter 7" /«?2 for fully developed sea Q = 0.83
as a function of wind speed U¢. For low wind speeds Ujg < 5 m/s, the stress at the
surface is dominated by the viscous drag, so momentum is transferred directly from
the air flow to the water flow. This is in agreement with observations, that the sea
surface is aerodynamically smooth for wind speeds below 2 — 3 m/s (Geernaert,
1990). Analysis of the field experiment of Snyder et al. (1981) (wind speed in
the range 2 to 7 m/s) by Harris et al. (1994) suggests that the water surface is
more likely to be transitional or even smooth, than rough for the conditions of the
experiment. Our results, presented in figures 2 and 3 confirm the analysis of Harris
at al. (1994), that for light winds, a significant part of the momentum is transferred
by viscous stress.

With wind speed increasing, most of the stress goes through waves, supporting
up to 95% of the total stress for high winds. In this regime, the roughness of the
sea surface can be described in terms of the Charnock relation. Caudal (1993) has
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Fig.4. Contribution of waves to the total wave-induced stress 7y, €q.(43). Solid line - Uy /¢, = 0.83,
dashed - Uip/cp, = 3. Wind speed Uy = 10 m/s. Horizontal axis - wavelength A in m.

assumed that all the stress is supported by waves u2 = 7o’ for wind speeds higher
than 7.5 m/s and also obtained the Charnock relation.
To assess which waves contribute most to the:wave-induced stress, a function

o0
T(k) = — | ey aw 43)
75" Jk
is plotted in Figure 4. Axis X corresponds to wavelength A(k) = 27 /k. The inverse
wave age is {2 = 0.83 for a fully developed sea and 2 = 3 for the young sea; the
wind speed is 10 m/s. Function T'(k) shows an increase in wave momentum flux
as longer waves are taken into account in the numerator of (43).

In both cases, 90% of the wave-induced stress is supported by waves shorter
than 7 m. Less than 5% of this is supported by short gravity and gravity-capillary
waves with length A < 5 cm. This result confirms the finding of Caudal (1993),
who showed that waves less than 3 cm contribute negligibly to the total stress. The
gravity-capillary waves thus play a minor role in the transfer of momentum from
wind to waves. The wave-induced stress to the gravity-capillary waves is quenched
because the wave spectrum has a cut-off and because the wind input decreases and
quenches the stress as waves become shorter.

In section 2.1.1. we have conditionally split the wave spectrum into two parts:
“energy-containing” part £ < k,, which is wave-age dependent, and the “tail”
k > k., which is wave-age independent. For the fully developed spectrum (A, = 92
m) the tail of the spectrum (A < A, = 7 m) supports 90% of the total wave
momentum flux. For a young sea (A, = 7 m), A, = 1.4 m, this amount reduces to
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speed Uyp = 15 m/s. .

75 %. For a young sea, the wave-age dependence of the energy-containing part of
the spectrum becomes important in determining the drag coefficient, as it enters the
range of wavelength 0.05 < A < 7 m which extracts momentum from the air.

Assuming that the Donelan and Pierson (1987) spectral form of the tail is valid
for developing seas as well as for fully developed sea, no dependence of the drag
coefficient on wave age for the given wind speed is found, Figure 5a. This fact
is explained by Figure 5 b-d, where parts of the wave-induced stress going to
the energy-containing part k < k, of the spectrum 7", to the tail k > k, of the
spectrum 7., and the total stress 7y’ = 7.” + 7, are plotted.

While with increase of the inverse wave-age parameter {2, the stress 7.” increas-
es due to the fact that (23) is wave-age dependent, the stress to the tail of the
spectrum 7 drops. Why this happens becomes clear from Figure 4. As the peak
of the spectrum moves to higher wave numbers with increase of the inverse wave-
age parameter, so does the patching wave number %, due to (35). Shorter and
shorter waves then contribute to 7. As the tail of the spectrum (33) is wave-age
independent, the stress 7,” drops.

When the high wave-number part of the wave spectrum is allowed to be weakly
wave-age dependent, e.g., as Q2/5, the drag coefficient is found to increase about
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30% for young seas Q=2-3, Figure 5a. The stress to the tail of the spectrum 7
now increases (Figure 5d) with inverse wave age and so does the total wave-induced
stress and the surface drag.

When for the energy-containing part of the wave spectrum the dependence Q3/2
is adopted due to (36), which is stronger than spectrum (23), the drag coefficient
is found to increase about 10% for young seas Q = 2 — 3 and about 30% for a
very young sea {) = 5, Figure 5a. The stress 72 (Figure Sc) now compensates for
the decrease in the 7" stress (Figure 5d) and the wave-induced stress is wave-age
dependent.

To summarize: if the high wave-number part of a wave spectrum (waves short-
er than 7 m, or £ > 10k2) is sufficiently wave-age dependent due to the energy
containing part or the high wave-number tail, the sea drag is also wave-age depen-
dent.

Though there is some experimental evidence (see Section 2.1.1), that the high
wave-number part of the wave spectrum is wave-age independent and that the
energy-containing part has ~ 033 dependence on wave age, the actual form of
wave spectra is not well established.

Here we want to leave open the issue of the actual dependence of the sea drag
on the sea state. The proposed model of the WBL connects the sea drag mainly to
the actual form of a wave spectrum. It is explained how the wave spectral form
influences the formation of the sea drag. In this way, the model can be used to
establish the actual form of a wave spectrum from a set of accurate drag coefficient
measurements. -

It is worthwhile to mention here that a wave spectrum in shallow water differs
from a deep ocean spectrum due to interactions of waves with the bottom. Geernaert
et al. (1986) pointed out that waves are steeper in shallow waters. The fact that the
wave spectral form determines the wave-induced stress on the surface can influence
the interpretations of combined near-shore and open ocean sea drag measurements
(e.g. Donelan et al., 1993).

The possibility of using the WBL model to simulate the field measurements
of the HEXOS experiment (Smith et al., 1992) is illustrated in Figure 6, where
measured values of friction velocity are plotted against modelled values. The
selected KNMI- HEXOS data set exactly corresponds to the one used in Smith et al.
(1992), viz., the averaged concurrent sonic anemometer and pressure anemometer
data for full runs with single-peaked spectra at the Dutch offshore research platform
Meetpost Noordwijk (MPN). The range of measured wind speeds (recalculated to
the height 10 m) is 11 — 20 m/s and the range of the inverse wave- age parameter
Uio/cp is 1 — 2. The reported values of ¢, and Uy are used to run the WBL model
with the Donelan et al. (1985) and Donelan and Pierson (1987) wave spectral form.
Modelled and experimental values of the friction velocity are then compared. The
error bars correspond to an overall error of 10% in measured friction velocity.
The modelled values of the friction velocity are found to be within the scatter of
experimental data.
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Fig. 6. HEXOS measured friction velocity against modelled friction velocity in m/s. Bars correspond
to the overall error of 10% in measured friction velocity. Dashed line indicates the regression line.

However, the regression line with a slope of 1.16 and an intercept of -0.12
(correlation coefficient 0.98) shows that the model tends to underestimate values
of the friction velocity at high wind speeds. A possible explanation is that waves at
the MPN site may have been influenced at high wind speeds by the limited depth of
18 m (Maat et al., 1991). It was already noticed in Smith et al. (1992) that the drag
coefficient at the MPN site increases faster with wind than over the open ocean,
but is similar to that at other sites with similar depth. The combined result for the
MPN drag coefficient is approximated by their Equation 11. The measured friction
velocity of the same data set plotted against the friction velocity calculated with
Equation 11 of Smith et al. (1992) gives a regression line with a slope of 1.07
and an intercept of -0.05; the correlation coefficient is 0.98. The friction velocity
calculated using their Equation 18 (our equation 7) for the roughness length gives
a slightly better approximation to the selected data set (slope of regression line is
1.03, intercept is -0.03, the correlation coefficient is 0.98).

The form of wave spectra that we use in the model is for the condition of
an open ocean and does not include a dependence on sea depth. A more precise
comparison with the HEXOS data could have been made using in the model
the one-dimensional wave spectra measured during HEXOS. However the buoy
measurements of a wave spectrum are reliable in the frequency range of 0.06 - 0.60
Hz, which for the highest frequency corresponds to a wavelength of approximately
4 m. As we have found that most of the momentum is transferred to decimeter and
meter waves, such a comparison would not be decisive before the form of wave
spectra for higher frequency waves is measured and known.
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4. Two-scale parameterization of the WBL

The two-scale parameterization of the WBL was suggested by Chalikov and Makin
(1991) for energy-containing waves. Here it is extended for the full wave spec-
trum.

The step function approximation of the vertical distribution of the wave-induced
stress:

TY(z) = 1¢’He(2y, — 2) (44)

(He(y) is a Heaviside function, He = 1 aty > Oand He = O at y < 0)) follows from
exponential decay of the wave-induced stress with height (17). The characteristic
decay height of the wave-induced stress is then:

1 (o)
-1 _ - ’
2, = 7'5”/0 2kM (k) dk. 45)
From (9), (16), (12) and (44)
d
z£=m54ﬂw%—@W{ (46)

an explicit solution for the velocity profile can be obtained:
!
u, . 2
u(z) = - In = z2 < 2y 47

and
u(z) = ;—ln———+-—*ln—, 2> Zy. (48)

From (48) and the upper boundary condition (19), the resistance law of the
WBL is obtained:

s + ro(u — 72)2 = Uy, 49)
where
m=1mi, ry= L. (50)
K Zw K 20

The drag coefficient of the sea surface Cy = u2/UZ, follows from (49):

1 'ry
ci? = (7‘1 =l = L (r? - r%)]l/z) . (639
SRR 0%

Equétion (51) with (22) and (45) is solved by iterations as a function of the
wind speed Uy¢. The wave- induced stress follows from (15), (16), where the wave
spectrum and the growth wave parameter are updated due to the change of the wind
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profile (47), (48) and the drag C;. The drag coefficient for a fully developed sea
is compared with the previous WBL model calculation in Figure 7. The difference
does not exceed 10%. That shows the validity of the two-scale parameterization
of the WBL. The two-scale parameterization thus can be a useful tool in coupling
atmospheric models with waves.

Equation (48) can be rewritten in the form

u(z) = . (52)

K Ze

The effective roughness parameter 2. is defined sufficiently far above the waves as
the constant in the logarithmic wind profile (52) and from (48)

2\ 1= (1—ac)?
2 = 2 (—“’-) , (53)

]

where o, = 73’/ u? is the coupling parameter.

The effective roughness is determined by the dynamical coupling of the wave-
induced stress and the turbulent stress and strongly depends on the sea state. When
the coupling parameter c is zero, which means there is no momentum flux due to
waves, 2. = 29, and the flow is aerodynamically smooth.

When a. approaches 1, the coupling between waves and wind is strong, 2z, — 2y,
and the sea surface is rough. As the coupling parameter is bounded by the condition
o. < 1, the effective roughness parameter can never reach the height z,,. From
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Fig. 8. Local roughness parameter zo, eq.(22) (dashed-dotted line), effective roughness parameter,
q.(52) (solid line) and the decay height of the wave-inducedstress zu, €q.(45) (dashed line) in meters
as a function of wind speed Ujp and for a fully developed sea.

(53) it follows that for rough flow the effective roughness 2. is to a great extent
determined by z,,. It means that to obtain a proper value of the effective roughness
(the sea drag), the proper height dependence of the wave-induced stress, which
determines this height (17), (45), should be chosen. With our choice of (17), we
were able to reproduce the well known drag relations and accurate observations
such as those of HEXOS.

Parameters z, 2. and z,, as a function of the wind speed U are shown in Figure
8 for a fully developed sea. While z,, increases slightly with wind, the effective
roughness z. is sufficiently determined by the wind speed (see also figure 2 for the
sea drag Cy = 2/ 1n%(10/z¢) ).

For high winds, the local roughness zp becomes virtually a constant, which
according to (20) means that the local friction velocity becomes a constant, Figure
9. The increase of the wave-induced stress with wind is thus compensated by the
increase of the bulk friction velocity u. at the top of the WBL. As the height z,,
is only a few centimeters, it is very difficult to estimate experimentally the actual
value of the turbulent stress at the sea surface.
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5. Discussion

The main objective of our paper is to develop a model of the WBL, which explains
the formation of the sea drag for light to higﬁ winds for fully developed and
developing seas. The drag of the sea surface is obtained as a result of the self-
consistency between the wave spectral form, wind input, balance of the turbulent
and wave-induced stress in the WBL and the boundary condition on the water
surface.

By choosing the proper surface boundary condition, we were able to avoid the
description of the background roughness parameter in terms of the Charnock-type
relation, which is crucial in the former approaches of Janssen (1989), Chalikov and
Makin (1991) and Chalikov and Belevich (1993). Instead, we have obtained the
Charnock relation as a solution of the coupled system “waves-atmosphere” with a
constant which is close to the experimentally observed one.

We show that the model is capable of simulating accurate field data of the
HEXOS experiment within the 10% error in the measured friction velocity.

For high wind speeds (Ujp > 15 m/s), most of the stress is supported by
waves. For lower wind speeds, a considerable part of the stress is supported by
viscous drag; for light winds, this permits aerodynamically smooth or transitional
conditions of the sea surface.

It is shown that the gravity-capillary waves in the range of less than 5 cm
are unimportant in supporting the sea drag. The cut-off in the momentum flux to
those waves is a consequence of two mechanisms. First, the viscosity of the water
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takes .over the wind input and limits the growth of waves. Second, the growth-
rate parameter quenches the wave growth, as the phase speed of capillary waves
increases while the reference wind speed decreases with decrease of wavelength.

The problem is found to be sensitive to the wave spectral form in the full wave-
number range, in particular the high wave-number part. If this latter part of the
spectrum is wave-age independent, the sea drag appears to be virtually wave-age
independent. If the high wave-number part depends on wave age, so also is the sea
drag. That is consistent with earlier findings of Janssen (1989), Chalikov and Makin
(1991) and Chalikov and Belevich (1993), who showed a strong dependence of the
sea drag on wave age if the JONSWAP spectral form is adopted with an ~ Q312
dependence on inverse wave-age parameter in the full wave-number range. When
a weaker dependence ~ 22/3 on inverse wave age was adopted, the dependence
of the drag coefficient on wave age diminished.

It appears that the form of the wave spectrum to a large extent determines
the sea drag. There is contradictory evidence as to the actual form of the wave
spectrum. Therefore, additional experiments are needed to settle this issue. More
experimental evidence is needed to establish the relation of the drag coefficient on
wave age.
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