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ABSTRACT

A scaling law of wind-stress coefficients is presented to illustrate explicitly that the coefficient in-
creases with wind velocity and decreases with fetch; physical reasonings of both trends are discussed.
Besides being shown previously to be related to a criterion determining airflow separation from waves,
the Charnock relation is further associated with the critical roughness Reynolds number identifying
regimes of the atmospheric surface layer. Intrinsic errors and limitations of the Charnock relation, which
provides an overall correlation between stress coefficient and wind velocity, are illustrated. A probable
nondimensional expression, a refinement of the Charnock relation, is proposed between the roughness
length and the wind-friction velocity involving not only gravity but also surface tension and viscosity.
Previous compilation of wind-stress data obtained with eddy-correlation and wind-profile methods is found
to be consistent with recent results obtained with similar techniques. A single, linear law empirical formula
for estimating oceanic wind-stress coefficients at all wind velocities is suggested, and appears to provide
a better representation than the power law formula-proposed earlier. Finally, recent results on relating
roughness length to sea surface irregularities and on relating stress coefficient to roughness Reynolds
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number and to dominant wave characteristics are discussed.

/

1. Introduction

Studies of wind-wave interaction in the last
decade evolved around the Charnock (1955) relation
with roughness length describing the wind-disturbed
water surface as being proportional to the ratio be-
tween the square of wind-friction velocity and gravi-
tational acceleration. The values of the proportion-
ality constant, however, are scattered, and the
physical basis for the application of the Charnock
relation in the field is not so clear as that in the
laboratory. It appears that although the Charnock
relation provides an overall correlation of the stress
coefficient with wind velocity and fetch, the time
may be ripe to reexamine this relationship.

Recent studies of the wind-stress coefficient over
the sea surface have concentrated on variations
(or constancy) of the stress coefficient with wind
velocity. On the basis of a logarithmic wind velocity
profile and the Charnock relation, a Froude-number
scaling law of wind-stress coefficients has been
derived and confirmed by laboratory and oceanic
data (Wu, 1969a,b). According to this scaling law,
the wind-stress coefficient should increase with wind
velocity and decrease with fetch. Nonetheless,
despite general acceptance of the logarithmic wind
profile and the Charnock relation, the argument for
dependency of stress coefficient on wind velocity
still goes on, with little attention paid on its depend-
ency on fetch. Recent reviews by Smith and Banke
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(1975) and Garratt (1977), however, confirm essen-
tially the same variation of stress coefficient with
wind velocity as reported earlier by Wu (1969a). The
time also may be ripe to see whether recent refine-
ment of measurement and analysis has indeed pro-
duced results differing from earlier data.

In this study, the data compiled earlier (Wu, 1969a)
are selected and supplemented by recent results to
provide a better understanding and a more accurate
estimation of the wind stress. The variations of
stress coefficient with wind velocity and with fetch
are explicitly derived, and attempts were made to
explain physically both trends and to clarify the
discontinuity of the wind-stress coefficient at low
and high wind velocities. Earlier proposals on flow
separation related to wave breaking (Wu, 1968,
1969c) and on ripples acting as roughness elements
(Wu, 1970) are also further explored on the basis of
comprehensive data compiled herewith and of re-
cent studies on airflow separation (Wu, 1970; Banner
and Melville, 1976; Melville, 1977). A probable, re-
fined, nondimensional relationship describing the
equilibrium state of ' wind-wave interaction, in:
corporating the effects of surface tension and
viscosity with those of gravity, is presented. We
have also discussed recent proposals for relating the
roughness length to sea surface irregularities (Kondo
et al., 1973), and for relating the wind-stress coeffi-
cient to characteristics of dominant waves (Hsu,
1974) and to the roughness Reynolds number (Sethu-
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Raman and Raynor, 1975). Finally, the earlier data
(Wu, 1969a) excluding those obtained with the sur-
face tilting method are shown in close agreement
with recent results, indicating that we may already
have a rather reliable determination of the wind
stress over the sea surface. More studies, however,
are suggested for very high wind velocities (hur-
ricanes) and for uncovering new parameters in-
fluencing wind-wave interactions.

2. Fundamentals on wind-wave interaction developed
from Charnock relation

Recent discussions of wind-stress coefficients
and, consequently, of roughness lengths, have con-
centrated on the Charnock relation. In this section,
previous results are summarized and further explored.

a. Logarithmic wind profile, Charnock relation,
and wind and fetch dependency of stress
coefficients

1) GENERAL

Earlier as well as recent measurements have con-
firmed the logarithmic nature of the wind profile
near, but not overly close, to the water surface (Roll,

1965), i.e.,
U, 1 (z)
=_—In|—/|,
Uy K Zy

where U, is the wind velocity at a height z above
mean sea level; u, is the friction velocity of the
wind, u, = (7/p)'2, in which 7 is the wind stress and
p the density of air; « is the von Karman constant;
and z, is the roughness length of the sea surface.

An empirical formula was suggested on dimen-
sional grounds by Charnock (1955):

(1)

2

= constant = q,
u’lg

in which g is the gravitational acceleration, and a
is the so-called Charnock constant. Subsequently,
this expression was rationalized by Wu (1968) as an
equation of state characterizing equilibrium inter-
action between the wind and waves with gravity
waves acting as roughness elements. More on the
relevance and limitation of the Charnock relation
will be discussed in a later section. It suffices for
now to say that the existence of the Charnock rela-
tion has been supported earlier, among others by
Kitaigorodskii and Volkov (1965) and Roll (1965),
and recently by a great majority of investigators
(Garratt, 1977).

Substituting Eq. (2) into Eq. (1) yields an expres-
sion for determining the stress coefficients at various
fetches under different wind velocities (Wu, 1969b):
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wherein C, is the wind-stress coefficient, Z the
anemometer height located within the constant flux
layer (for clarity, z instead of Z is still used for the
subscript), and F is the Froude number. For oceanic
conditions with the standard anemometer height
of 10 m, we have F = U,,/10, where U, is in meters
per second measured at the staridard anemometer
height. The correlation shown in Eq. (3) has been
verified earlier (Wu, 1969b) with laboratory and
oceanic data obtained at extremely different fetches,
and is shown with presently compiled data in Fig. 1.
The value of a = 0.0156 was chosen (Wu, 1969b)
to provide the best correlation between laboratory
and oceanic results. The laboratory data at two

- lowest wind velocities, where surface tension rather

than gravity governs wind-wave interaction (Wu,
1968), are omitted for Fig. 1. The suggested ane-
mometer heights for various fetches and wind
velocities (Wu, 1971) are shown in the insert of
Fig. 1; the values are

Z =10cm,

Z =7.35 x 107 R (cm),

S x107<R <5 X 10
R > 5 x 101

R <S5 x 107
4

Z =10 m,

where L is the fetch, v the kinematic viscosity of
air, and R = U,L/v is the fetch Reynolds number.
The nondimensional plot shown in Fig. 1 represents
the first, and still is the only, nondimensional pres-

.entation' of the wind-stress. coefficient.

As will be discussed in a later section, the values
of the Charnock constant (a) suggested by various
investigators generally fall within the range of 0.012.
and 0.035. For various values of a, the wind-stress
coefficients were calculated from Egs. (3) and (4) and
are shown in Fig. 2 under various wind velocities
with Z = 10 m, and at different fetches with U,
= 10 m s~'. A rather strong dependency of the
stress coefficient on wind velocity is shown for
oceanic fetches with Z = 10 m. Notice, however,
that according to Eq. (4) Z = 10 m for L > 75 km;
therefore, the fetch dependency of the stress coeffi-
cient shown in Fig. 2 includes the effect of a vari-
able reference height for L < 75 km. Itis also shown
in the figure that the increase of the coefficient with

! As emphasized by Hasselmann (Favre and Hasselmann,
1978, p. 50), the wind-stress coefficient, a dimensionless
parameter, should be plotted against another dlmensmnless
parameter instead of wind velocity.
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F1G. 1. Froude number scaling of wind-stress coefficients. The open circles are oceanic data with Z = 10 m,
the solid circles are laboratory data with Z = 10 cm, and the anemometer heights for intermediate

fetches are shown in the insert.

wind velocity is only nearly linear, and the rate of
increase is smaller at a higher wind velocity. The
dependency of the stress coefficient on fetch is
rather weak at long fetches. For both variations of
Cyo with Uy, and of C,, with L, the dependency is
stronger for a greater value of a. Not shown here
are the variations of C,, with fetch under various
wind velocities, where the variation is greater at a
higher wind velocity.

The results in Fig. 2 show explicitly that the stress
coefficient determined in laboratory tanks with short
fetches is much greater than that determined in the
field with long fetches. Such a trend, also illustrated
by the data in Fig. 1, definitely indicates that the
laboratory and field results on wind-driven phenom-
ena, including wind stress, should not be compared
on the basis of wind velocity, as is customarily done.

2) OCEANIC CASE

The general expression of the wind-stress coeffi-
cient under different wind velocities at various
fetches is shown in Eq. (3), with the anemometer

i

height determined from Eq. (4). These two equa-
tions encompass the growth of roughness length and
the development of the airflow boundary layer with
wind velocity and fetch. For the oceanic case, the
development of the atmospheric surface layer be-
comes gradual, the anemometer height as discussed
earlier being kept at 10 m. From Eq. (1), the wind-
stress coefficient in this case can be shown to be

related entirely to the roughness length (Roll,
1965) i.e.,

T K

T U WnZiz)

C10 Z =10 m. (5)

It should be emphasized that for the same wind
condition the reference velocity (U,) in this case
varies longitudinally. This is unlike flows in pipes
where the cross-sectional average velocity is used,
or for flows over a flat plate where the free-stream
velocity is used. Because of the variation of the
reference wind velocity in Eq. (5), the Charnock
relation is still indispensable in determining the
variation of the roughness length with wind velocity.
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Fi1G. 2. Variations of wind-stress coefficients with Charnock
constant, wind velocity and fetch.

The roughness elements, as discussed later, con-
sist of short waves, which for a given wind condi-
tion have reached a saturated state at most oceanic
fetches and varied insignificantly thereafter. Con-
sequently, the wind-stress coefficients at upwind
and downwind fetches are the same according to
Eq. (5) for a given wind condition with the same
roughness length. However, for the same wind con-
dition, the wind velocity at the downwind fetch is
slightly smaller than that at the upwind fetch due to
the thickening of the surface layer. Taking together
the equality of the wind-stress coefficients and the
inequality of the wind velocity, the wind stress at
the upwind fetch should be greater than that at the
downwind fetch. In summary, for the same wind
condition at oceanic fetches, where the spatial rate
of wave growth becomes gradual with wave drag

becoming secondary in comparison with the wind .

stress, we have

Zo Cy, = Cro,» Where

Ul()u > Ulod, (6)

where the subscript v indicates an upwind fetch and
d a downwind fetch. Following Eq. (6), for the same
wind condition, we have again

v ZOd9

Tu > Tds
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in which AU = U,,, ~ U,,, is the wind-velocity
differential and is always positive.

On the other hand, for the same wind velocity to
make the wind velocity. at the downwind fetch
equal to that at the upwind fetch, we can illustrate
through the following sequence that the wind-stress
coefficient at a longer fetch is smaller:

= Clo,,, 7

o Tu Tq T
! pU.* p(Uyp — AUy pU.*
% U 102 - Ta
(U, — AUY? pU.o*
where the subscripts on U,, have been dropped in
favor of the equality shown in Eq. (6). Admittedly,

the velocity differential is small, but the correction is
amplified through the square of the velocity ratio

Co

®

= Clody

U (Uy — AU

In summary, even though the oceanic case ex-
hibits a unique relationship between the wind-stress
coefficient and roughness length, the Charnock rela-
tion is still needed to describe the growth of rough-
ness length with wind velocity. For the long fetches
discussed in this section, the roughness length for
the same wind condition no longer increases with the
fetch, and the wind-stress coefficient for the same
wind velocity should decrease, although very
weakly, with fetch as shown.in Fig. 2. For short
fetches, the variation of direct momentum input to
waves may account for most of the fetch dependency
of the stress coefficient.

b. Airflow-separation criterion, the Charnock rela-
tion and roughness length

On the basis of experimental evidence, a cri-
terion for determining airflow separation from wind
waves was proposed by Wu (1969c¢): airflow separa-
tion occurs from waves having a phase velocity less
than the wind-friction velocity. Recent experimental
studies (Banner and Melville, 1976), numerical cal-
culations (Gent and Taylor, 1977) and data analysis
(Melville, 1977) all tend to support this criterion.
The waves from which the airflow separates are the
roughness elements, and the height of these waves
should therefore correspond to the roughness length.

The Charnock relation discussed in the preceding
section was suggested on dimensional grounds,
while the separation criterion was established on -
physical evidence. Both efforts nevertheless involve
the same group of physical parameters, and were cor-
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related subsequently by Wu (1970) with a = 0.027.
The following sequence illustrates this correlation:

Uy = (gzola)'? = [g(k/30)/0.027]2
= [g(N7)/0.81]12

~ (g\N2m)'? =~ c, ®)
wherein the height of roughness elements k is con-
sidered to be 30 times the roughness length, i.e.,
k = 30z, (Schlichting, 1968); the wave from which
the airflow separates has the maximum wave steep-
ness k/A = 1/7 (\ is the wavelength) (Roll, 1965);
and the phase velocity of waves follows the disper-
sion relationship ¢ = (gA27)'2. It should be em-
phasized that the gravitational acceleration is con-
sidered an essential dynamic parameter in the Char-
nock relation rather than merely an added constant,
as indicated by Garratt (1977).

The scattered values of the Charnock constant
have a rather small influence on the general deriva-
tion of Eq. (9), in which the square root of a is in-
volved. If the value of the Charnock constant 0.0185
determined in a later section is used, we have u,
=~ 6¢/5. The separation criterion was first derived
from results of wind-wave interaction obtained by
Wu (1969¢) in a laboratory tank, where the rough-
ness length, and consequently the length of surface
waves acting as roughness elements, is actually
much greater than that in the field. Inasmuch as the
effects of wind-induced drift currents on the prop-
agation of surface waves are greater for shorter
waves, the propagation of waves acting as rough-
ness elements in laboratory tanks is, therefore, in-
significantly modified while that in the field is greatly
influenced. The observed phase velocity of waves
acting as roughness elements in the field can be in
excess of that calculated from the dispersion rela-
tion by as much as the wind-induced sea surface
drift current, or about u,/2 (Wu, 1975). Therefore,
itis not surprising to see that the wind-friction veloc-
ity in the field should be slightly greater than the cal-
culated phase velocity of waves (roughness ele-
ments) from which the airflow separates. The
explanation for the use of the dispersion relation-
ship for gravity waves is that, as shown below, the
wavelength of roughness elements (7k) is generally
greater than 1.73 cm, with gravitational rather than
surface tension effects being more important.

From the compiled and averaged wind-stress coef-
ficients presented in a later section, the height of
the roughness elements (k) can be calculated from
zo obtained from Eq. (5) without the Charnock rela-
tion, and can also be predicted from the Charnock
relation shown in Eq. (9). The height obtained from
Eq. (5) with the wind-stress coefficients shown in
later sections is designated as k,, and the height ob-
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Fi1G. 3. Heights of roughness elements predicted by separa-
tion criterion (k,) and calculated from wind-stress coef-
ficient (k,). The data points marked with s appear to be with the
atmospheric surface layer in the aerodynamically smooth flow
regime.

tained from Eq. (9) according to the criterion for
determining airflow separation from roughness ele-
ments, with a = 0.0185, is designated as &,. These
two quantities calculated at every integral wind
velocity are plotted against each other in Fig. 3. An
excellent correlation is seen except for few points
(Uw < 5ms™') where the atmospheric surface
layer is aerodynamically smooth. This close correla-
tion further substantiates the separation criterion.

3. Oceanic wind-stress data and analysis

It is known that the wind-stress coefficient is in-
fluenced by the stability of the atmospheric surface
layer. Stability conditions were not specifically re-
ported in many earlier investigations, most of which,
however, are believed to have been conducted under
nearly neutral conditions. Recent measurements
obtained under reportedly nearly neutral conditions
are examined in this section. Furthermore, the
earlier averaging of all data compiled from various
sources (Wu, 1969a) prevented examination of the
trend of each individual set. Such a procedure was
imposed by the limited extent of the data in most of
earlier investigations. The data published in recent
works are more extensive; it is now possible to
examine each set separately.

The previous compilation (Wu, 1969a) consists of
data from 12 laboratory investigations and 30 field
studies; from the latter, 21 studies are retained, and
another 12 sets of recent independent field investiga-
tions are added to the present compilation.
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TaBLE 1. Dependence of stress coefficient on wind velocity.

Range of
wind
) velocity n m=2n-—1)
Investigator (ms™}) e, =Ul) (Cr=U}
Brocks and

Krugermeyer (1970) 4.1-13 1.04 0.08
Miyake et al. (1970) 4-9 1.13 0.26
Hicks and Dyer (1970) 2-9.4 1.14 0.28
De Leonibus (1971) 4.5-14 1.17 0.34
Pond et al. (1971) 4-8 1.13 0.26
Hicks (1972) 3.1-9.7 1.15 0.30

. Kondo et al. (1972) 1.9-20.3 1.28 0.56
Sheppard er al. (1972) 2.3-16.2 1.37 0.74
Demman and Miyake .

(1973) 4.4-17.5 1.05 0.10
Smith (1974) 3.1-10.2 1.18 0.36
Wieringa (1974) 4.5-15 1.20 - 0.40
Smith and Banke

(1975) 2.5-21 1.33 0.66

a. Wind-velocity dependency of stress coefficients
1) SOME RECENT MEASUREMENTS

The following power law was suggested (Wu,
1969a) as the simplest possible form to approximate
the wind-stress coefficient for the open sea:

Cyo = 0.5U,p"? x 1073, 10)

in which U, is expressed in meters per second. As
discussed earlier, the above equation is dimension-
ally inhomogeneous; however, it is convenient for
practical applications. The most recent review by
Garratt (1977) suggested essentially the same law:
Cio = 0.51U* x 1072, In order to explore further
such a power-law relationship between the wind-
stress coefficient and wind velocity, recent data
obtained in various investigations were compiled
and replotted on logarithmic scales with wind-fric-
tion velocity, instead of the wind-stress coefficient,
versus the wind velocity. It was found that a straight
line could indeed fit very closely to each set of data,
and the slope n of the fitted line, u, = U}, was
determined. Therefore, the wind-stress coefficient
should vary with the wind velocity as C,, = U3y
The results, presented in Table 1, indicate that n is
always greater than unity, and thus illustrate clearly
the increase of stress coefficient with wind velocity
in each investigation. .
Some of the studies listed in Table 1 were con-
ducted at limited fetch, where the fetch variation of
wind-stress coefficient as shown in Fig. 2 is con-
siderable. Such a variation may account partially
for the scattering of the results from one set of data
to the other. However, the increase of wind-stress
coefficient with wind velocity for any one of the
studies conducted at a given fetch is well illustrated
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in Table 1. In any event, the scattering of the
results shown in Table 1 indicates that refine-
ments of the coefficient and exponent of the power
law shown in Eq. (10) appear to be unwarranted.

2) EARLIER AND PRESENT COMPILATIONS

The earlier compilation (Wu, 1969a) made no dis-
tinction between the data collection methods, in-
cluding wind profile, eddy correlation and surface
tilting. In the past decade, we have seen a steady
gain of support of the first two methods and a fast
erosion of support of the last method; among other
deficiencies, the measurement of surface tilt with a
surface wave gage was considered (Longuet-Higgins
and Stewart, 1964) to be seriously influenced by the
wave setup. Consequently, nine sets of data ob-
tained with the surface tilting method in the earlier
compilation are excluded from the present analysis.
The remaining 21 sets in the previous compilation
obtained with the eddy-correlation and wind-profile
methods are supplemented by 12 sets of recent re-
sults listed in Table 1 obtained with the same
techniques.

As in the previous report (Wu, 1969a), the com-
piled data were also averaged; the process involves
first dividing the wind velocity into bands, each
band 1 m s™* with its upper and lower bounds at the
integral velocities, and then sorting the data into
and averaging the sorted data within each band.
Since there were significant differences in the num-
ber of data points in the various investigations, care
had to be taken to avoid the dominance of the averag-
ing by those sets with numerically more data points.
Thus the data from each investigation were put
through the averaging process first before the final
averaging. In other words, if within any band there
were more than one data point from any individual
investigation, the data were averaged and the aver-
aged data were used in the final averaging.

The final averaged data from 21 sets of earlier re-
sults (Wu, 1969a) and 12 sets of recent results are
shown in Fig. 4a, and from all 33 investigations in
Fig. 4b. The empirical formula [Eq. (10)] suggested
earlier (Wu, 1969a) as the simplest form of represent-
ing the data for all wind velocities, is shown as a
dashed line in Fig. 4b. This expression does not ap-
proximate the newly averaged results as closely as
the linear-law representation

Cio = (0.8 + 0.065U,) X 1072,

Up>1ms™.

(11

The above expression is shown as a solid line in Fig.
4b and, again, is fitted for the purpose of providing
approximations in the simplest forms. It compares
very favorably with C,, = (0.75 + 0.067U ) x 1073
suggested by Garratt (1977).
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3) SOME INTERESTING TRENDS

The 21 sets of results compiled earlier (Wu, 1969a)
are shown in Fig. 4a to be indistinguishable from the
12 sets of recent data. Furthermore, the empirical
formula [Eq. (11)] suggested here is also essentially
the same as that proposed by Garratt (1977) aver-
aged from 17 selected sets of results. The latter trend
indicates that the averaging of results from various
investigations is helpful in avoiding variations due
to experimental conditions, techniques and data
analysis. The former trend indicates that despite
recent refinement of measurement and analysis tech-
niques the same results have been obtained as in
earlier investigations. In other words, further meas-
urements of the same type for the same wind velocity
range may not be necessary. More studies, however,
are needed to uncover other parameters influencing
wind-wave interactions such as wind gustiness,
swells and currents, which are believed to be the
major factors causing the discrepancies in the wind-
-stress data obtained by various investigators.

In the earlier compilation (Wu, 1969a), the wind-
stress coefficient appeared to reach a constant value
of 2.6 x 1073 for U,, > 15 m s~'. Although there
are still slight indications of this trend in the present
compilation as well as in Garratt’s (1977), the earlier
distinct discontinuity appears due to the inclusion
of the results obtained with the surface-tilting
method, mostly at high wind velocities. There are
few sets of data at the high wind velocities (U, > 20
m s™!) discussed by Garratt (1977). The quality of
these data, understandably, may not be at the same
level as those obtained at the lower wind velocities
included here. Moreover, as will be discussed later,
the general concept of using the roughness length to
characterize the sea surface, the basis of present
data analysis, may also be questionable under hur-
ricane conditions at very high wind velocities. We
choose at this time not to average these data and also
to urge more studies at high wind velocities.

b. Boundary-layer characteristics, wind-wave inter-
action regimes and the Charnock constant

From the averaged data shown in Fig. 4b, we cal-
culated and plotted the roughness Reynolds number,
R, = u,zy/v, in Fig. 5a, in which the critical values
of R, for various boundary-layer regimes (Schlich-
ting, 1968) are also indicated. The roughness
Reynolds number is seen in the figure to increase
very rapidly with wind velocity for U, > 2.5 m s7%.
The atmospheric surface layer appears to be aero-
dynamically smooth (R, < 0.17)for U,, <3 m s},
and aerodynamically rough (R, > 2.33) for U,
> 7.5 m s7!. The wind friction velocity correspond-
ing to the latter wind velocity is ~26.9 cm s™1,

JIN WU

25 T T T T
(@) ° o
20+ * .
14 o
° o
[
e © o ® ®
15 . .
e . %
® e O & )
o6 .
10+ -
oe
L ]

X I ]
H‘é 0.5 —1 ]
e
g 30 T T T
%
g b
& 1s .
e | —~
& 00~
3
£ )
z 20 Cyp=05U% x 103 N

//
\ < ]
7~
/ o

//(
° 0% ° C,o= 108+ 0.065 U, o) x 103

05 [— -

1 | 1
10 16 20 25

ol

Wind Velocity, U q (msec’!)

FIG. 4. Variations of wind-stress coefficients with wind veloc-
ity. The data averaged from 21 sets of earlier compilation (Wu,
19692a) are shown as open circles in (a) along with those aver-
aged from 12 sets of recent results as solid circles; and the data
averaged from all 33 sets are shown in (b).

We can also determine from the Charnock rela-
tion the critical friction velocity at which the surface’
layer becomes aerodynamically rough. This is illus-
trated by substituting the Charnock relation with
a = 0.0185 into the expression for the critical rough-
ness Reynolds number:

ugezZolv = 2.33, u,(0.0185u,%g)v = 2.33,

Uy =263 cms . (12)

Any slight difference in the value of the Charnock
constant used here is again not important in the
deduction, because the cube root of this value is
involved.

The roughness length (zo) is plotted against the
friction velocity in the form of u,2/g in Fig. 5b; the
data in the aerodynamically rough regime are shown
as solid circles and those in the transition region as
open circles. In this plot the Charnock constant can
be determined directly from a straight line with slope
of unity fitted to the data instead of indirectly from
the C,q vs Uy, diagram, as is customarily done. A
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FiG. 5. Boundary-layer regimes and Charnock relationship.

diagram similar to Fig. 5Sb was used in earlier studies
(Wu, 1968, 1969a); however, instead of using loga-

" rithmic scales, the data were plotted on linear scales,
on which (unlike Fig. 5b) the data at low wind
velocities are congested near the origin and more
weight was inadvertently assigned to data at high
wind velocities. Consequently, a greater value for
the Charnock constant (a = 0.027) was obtained for
the field data (Wu, 1970). '

The Charnock relation, shown as a solid line in
Fig. 5b, is a good representation of the overall trend
of the data for U,, > 5 m s™; at lower wind veloci-
ties with the data pointed marked with s, the surface
layer appears very close to aerodynamically smooth.
The Charnock line in the figure can be expressed as

-a = 0.0185. (13)

It has been shown (Wu, 1970) that the Charnock
constant depends on the value adopted for the von
Karman constant. The most recént review by Gar-
ratt (1977) provided a = 0.0144 for « = 0.41, which
accordmg to Wu (1970) corresponds to a = 0.017
for k = 0.4, differing only slightly from our earlier
result (0.0156) and the present values.

The close representation of the data in Fig. 5b by
the Charnock relation indicates, as proposed earlier
(Wu, 1968), that gravitational effects dominate wind-

zy = au*lg,

wave interactions. The presentation in Fig. Sb re-
veals that the data do not conform in very detailed
form with the Charnock relation. According to the
latter, the roughness length grows with the square of
the wind friction velocity, while the data presented
in Fig. 5b show a slightly faster rate of growth of
roughness length with wind friction velocity. This
trend, as discussed in the next section, was ap-
parently concealed in earlier presentations, where
the overall correlation rather than the detail trend is
emphasized. This trend can be even more easily seen
if we take only those data in the aerodynamically
rough regime; more will be discussed in a later
section. .

4. Limitation and refinement of the Charnock
. relation

a. Intrinsic errors in the Charnock relation and in
determining the Charnock constant

The value of the Charnock constant (a) was first
estimated from a laboratory study to be 0.012 (Wu,
1968) and from' the correlation of laboratory and
field data to be 0.0156 (Wu, 1969b). Later, as dis-
cussed earlier, the value of a was shown (Wu, 1970)
to depend rather strongly on the value taken for the
von Karmén constant. Based on compiled oceamc
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data alone (Wu, 1969a), it was suggested a = 0.027
for « = 0.4. On the basis of their compiled data,
Kitaigorodskii and Volkov (1965) suggested a differ-
ent value, 0.035. More recent compilations of oceanic
data provide the values of 0.013 (Smith and Banke,
1975) and of 0.0144 (Garrat, 1977) for « = 0.41.
Although different values of x and different sets of
data were used by various investigators, the dis-
crepancy among the values of a is believed to be
primarily due to intrinsic errors in the Charnock
relation and in the curve-fitting process used to de-
termine the Charnock constant.

1) ERRORS RELATED TO WIND-STRESS COEF-
FICIENT '

The intrinsic error in the Charnock constant re-
sults from the definition of the roughness length,
a sensitive function of the stress coefficient, and
from inevitable error in determining the stress coef-
ficient. Using Eq. (3) these errors can be expressed
as

da  gZ | kl(Q2Cy"™ — 1
dCy Uy [C exp,(«/cm"?)] 14
Aa _ Cy ACy da

@ a Gy dCy

where Aa and AC,, are the probable errors in de-
termining a and C,,, respectively. If we substitute
Eq. (10) into Eq. (14), we have da/dC,, = 100, 68
and 46 at U,, = 5, 10 and 15 m s™%, respectively.
The probable error of field measurements of C,, was
considered to be no less than 10%, or AC,,/C;
=~ 0.1. Therefore, if we take Cy/a = 0.1, a varia-
tion of a in the order of 55-70%, as shown in the
previous paragraph, is expected; this variation
doubles if the error in determining C,, reaches 20%.

2) ERRORS RELATED TO CURVE FITTING

As discussed previously, the Charnock constant
can be determined by fitting a straight line with a
slope of unity to the data presented in Fig. 5b. An
earlier compilation (Wu, 1969a) including the data
determined with the surface-tilting method shows a
much faster rate of increase of z, with u,2/g; this is
also true for portions of the data compiled by Gar-
ratt (1977), as discussed in the next section. In this
case, if more weight is assigned to data at low wind
velocities, such as in the case where data at high
wind velocities are not available, a smaller value of
Charnock constant is obtained. If more weight is as-
signed to data at high wind velocities, such as in the
case discussed previously where data are plotted on
linear scales, a greater value of the Charnock con-
stant is obtained. These trends can be easily seen in
Fig. 5b. However, as pointed out earlier, this is the

JIN WU

735
® .
‘ T 1 T
© Eddy-correlation
5 method "{
(Garratt, 1977}
® Profile [

method
{Garratt, 1977)

® Present data

Roughness Length, z,, {cm)
3
~
»0O
Cle)
(o]
(o]
O
o

“®

1098 b—

L

5 10 5 10 5 10 50 100 200

Wind:Friction Velogity, u, {cm sec’’)

F1G. 6. Variation of roughness length with wind friction
velocity. The data points marked with s are from the aero-
dynamically smooth flow regime.

first time the data have been presented in this form,
which also reveals other weakness of the Charnock
relation mentioned earlier and to be discussed in the
next section.

" In summary, with the errors discussed above, it
is not really surprising that different values of the
Charnock constant are determined from different
investigations.

b. Refinement of the Charnock relation

The roughness lengths and friction velocities cal-
culated from the averaged data reported by Garratt
(1977) and from the present data shown in Fig. 4b
are presented in Fig. 6. There are two sets of aver-
aged data presented by Garratt, one set of stress
coefficients using the wind-profile method and the
other set with the eddy-correlation method; the
present data make no distinction between the
methods. A straight line is then fitted to each set of
data, except those in the aerodynamically smooth
regime (Zou,/v < 0.17) indicated by s in the figure.
One data point at the highest wind friction velocity
of the wind-profile method compiled by Garratt,
obviously deviating from the otherwise consistent
trend, is also omitted from the curve fitting. The
slopes of the straight lines shown in Fig. 6 are pre-
sented in Table 2.

According to the Charnock relation, the rough-
ness length varies with the square of the wind fric-
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TABLE 2. Values of exponent 8 in z, = u,”.

Garratt (1977)
Data Eddy-correlation Wind-profile Present data
source method method (Fig. 4b)
B 2.25 2.45 2.25

_ tion velocity. All three sets of data in Fig. 6, how-
ever, indicate clearly that roughness length increases
with wind friction velocity more rapidly than this
rate. It has long been suggested that the equilibrium
state of wind-wave interaction should be influenced
to some extent by both surface tension and viscosity.
Including these two parameters, the following can be
grouped on the dimensional grounds:

au *2( Ml 5

4

where w is the viscosity of water, o the surface ten-
sion, and the values of 8 are shown in Table 2.

The effects of surface tension and viscosity ap-
pear to be negligible at high wind velocities in
laboratory tanks (Wu, 1968). In this case, the rough-
ness elements consist of dominant waves, from
which airflow separates. The influence of surface
tension is absent as these dominant waves are
gravity waves, and the influence of viscosity is in-
significant as the viscous dissipation of these *‘long”’
waves is very gradual. The situation, however, is
very much different in the field, where the wave
crests from which airflow separates are very far
apart. Between separation pockets th¢ airflow is re-
tarded by resistance provided by much shorter
waves, of which the propagation is undoubtedly af-
fected by surface tension and of which the viscous
damping is considerable.

More studies, especially those under controlled
conditions, are needed to establish the functional
relationship suggested in Eq. (15). A value of g8 ly-
ing between 2 and 2.5 indicates that gravity is still
seen a$ the most important parameter governing
wind-wave interaction; dynamically, the relative
contribution of gravitational acceleration is propor-
tional to u,%. Surface tension and viscosity are less
important parameters but are definitely not negli-
gible; dynamically, the combined relative contribu-
tion of these two parameters is proportional to u%72,
where -2 as shown in Table 2 very likely has a value
of about 4.

)H, 2<B<25 (15

Zo
o2

5. Discussion
a. Roughness elements and dominant waves

AUsing the data compiled earlier (Wu, 1969a), the
ratios between the dominant wave height H,; and
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the physical roughness length & for both laboratory
and oceanic conditions were calculated by Wu (1972)
and are reproduced in Fig. 7. The height of domi-
nant waves is seen to be comparable with the height
of roughness elements at high wind velocities in
laboratory tanks, and is seen to be much greater
than the height of roughness elements in'the ocean.
The choice of anemometer height and any slight
differences in wind-stress data are not crucial for the
present order-of-magnitude comparison. It is clear,
as illustrated by the inserts in Fig. 7, that the air-
flow separates from dominant waves in tanks and
separates from short waves superimposed on the
dominant waves in the ocean. :

One of the basic problems in connection with
wind-wave interaction has been to determine the
portion of the wave spectrum supporting the bulk of
the wind stress. The importance of short waves in
transferring momentum from wind to waves was
suggested earlier by a number of investigators (e.g.,
see Munk, 1955). More recently, as discussed above,
the role played by short waves as roughness ele-
ments has been more clearly established, and the
length of these short waves can also be identified
(Wu, 1970) as seven times the roughness height k,
shown in Fig. 3. The concept that long waves them-
selves do not act as roughness elements but modify
the roughness density has been illustrated through
measurements of the wind boundary layer in a wind-
wave tank with and without preexisting long, regular
surface waves (Wu, 1977). The presence of long
waves was found to reduce the density of roughness
elements. Consequently, despite the height of domi-
nant waves with the presence of preexisting waves
being about three times greater than that without the
presence of preexisting waves, the roughness length
is reduced at low wind velocities and remains the.
same at high wind velocities.

Some interesting results on the frequencies of oc-
currence of sea surface irregularities were reported
by Kondo et al. (1973); these irregularities are
ocean waves of high frequencies 10-220 rad s™'.
They then suggested that the most frequently occur-
ring height of irregularities (h,) was similar to the
roughness length. The representative heights which
they determined are plotted as a function of the
roughness lengths calculated from 30(au,*g) in
Fig. 8, where a = 0.0156, as their experiments were
performed at a relatively short fetch. Actually, the
value of thé Charnock constant is not particularly
important; if the ifregularity and the roughness
length are indeed similar, we should be able to fit
the results presented in Fig. 8 with a straight line
having a siope of unity. However, as indicated in
the figure, the data follow two broken lines with
much smaller slopes. It appears that the two quan-
tities are roughly comparable at the joint of two
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broken lines corresponding to approximately U,
= 6.5 m s~!. Toward lower wind velocities, the ir-

regularity determined by Kondo et al. overrepresents .

the roughness length, and toward the higher wind
velocities the irregularity underrepresents the
roughness length. Nonetheless, their effort is cer-
tainly worthwhile and should be further pursued.
An expression primarily for determining the
roughness length in the field was suggested by Hsu
(1974): z, = (127 Hy/(cqluy)?, where H; and ¢, are
the height and the phase velocity of dominant waves,
respectively. His expression can be rearranged into
a simpler and clearer form as zo/(ux%/g) = Hyi/\q,
where A; is the length of dominant waves. In other
words, the Charnock constant is suggested in this
form to be the same as the steepness of the domi-
nant waves. Drastically different airflow patterns
in laboratory tanks and in the field over roughness
elements and dominant waves are illustrated in Fig. 7.
Nonetheless, a combination of both laboratory and
field results on roughness lengths was used by Hsu
to substantiate his argument. In any event, such a
correlation relating roughness length and wind fric-
tion velocity to dominant waves in the field lacks a

physical basis. The dominant oceanic waves, of
which phase velocity is about the same as wind
velocity, simply do not act as roughness elements
supporting wind stress. The main point suggested
by Hsu is that the Charnock constant varies and
approaches a constant value only when the sea state
develops toward saturation. However, most, if not
all, of the results cited by him were obtained under-
a ‘‘saturated’’ state.

b. Wind-stress coefficient and roughness Reynolds
number

Over a solid rough surface, as velocity increases,
the viscous sublayer becomes thinner and the rough-
ness elements start to protrude through the sub-
layer. Subsequently, any further increase of velocity
causes more protrusion of the elements, of which
form drag shares a greater portion of the shear stress
applied by the flow on the boundary. In the mean-
time, following more protrusion of roughness ele-
ments, the roughness length, a statistical descrip-
tion of density and height of the elements, increases.
Eventually, the sublayer is totally disrupted with the
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roughness elements being fully exposed at even
higher velocities; the form drag of the elements then
supports the total shear stress. This is the fully rough
condition, where the roughness length no longer
varies with increasing velocity and the stress coeffi-
cient therefore has a constant value. The entire
sequence of development can be described by the
roughness Reynolds number u,z,/v.

Over the air-sea interface, short waves are the
roughness elements. Many of the physical argu-
ments applied over solid surface still hold here, ex-
cept that the roughness elements at the interface
grow with wind velocity even in the fully rough
regime. Consequently, the wind-stress coefficient
increases continuously with wind velocity, as shown
in previous sections. It is exactly for this reason that
we have a wind-wave interaction problem. Physi-
cally, the correlation between the wind-stress coef-
ficient and the roughness Reynolds number reported
by SethuRaman and Raynor (1975) is fully expected,
since a functional relationship between them can be
“derived from the logarithmic wind profile and the
definition of stress coefficient as discussed earlier as
well as by Leavitt (1976). Experimentally, large er-
rors in measurements of the wind stress could be
hidden in this type of C,, vs R, presentation.
Practically, relating the wind-stress coefficient to
the roughness Reynolds number (SethuRaman and
Raynor, 1975) by a series of empirical formulas for
various flow regimes has no use. For applications,
the wind-stress coefficients must be related to the
wind velocity and fetch, not to the roughness
Reynolds number, which itself must be determined
from the wind-stress coefficient.

c. Wind-stress coefficients and wind velocity

As discussed previously, the wind-stress coeffi-
cient must increase with wind velocity if the wind
velocity follows a logarithmic profile and the Char-
nock relation holds. Failing to recognize this, some
investigators have accepted the logarithmic profile
and the Charnock relation on one hand, and sug-
gested a constant wind-stress coefficient on the other.
Furthermore, as also pointed out by Garratt (1977),
in some cases, despite results which illustrate only
an approximate increase of the wind-stress coeffi-
cient with wind velocity, a mean line was drawn
through the data to represent a constant coefficient.
This is done on the basis of a rationale that the
wind-stress coefficient should be considered as con-
stant if there is no well-established trend indicated
by the data. Recently, with the refinement of meas-
urements and the demand for a more accurate esti-
mation of the wind stress, the view of the wind-stress
coefficient increasing with wind velocity has slowly
gathered more support (Smith and Banke, 1975).

Over the most frequently occurring wind velocity
range (1 ms™ < Uy, < 20 m s7!), the wind-stress
coefficient is seen in Fig. 4 to increase with wind
velocity. In any event, the rationale ought to be that
the wind-stress coefficient should be considered to
increase with wind velocity unless there is over-
whelming evidence indicating a constant stress coef-
ficient. The basis for advancing such a rationale is
simply that the stress coefficient is directly related
to the roughness length, which grows with wind
velocity, as discussed in detail in the preceding
section. A relatively large wind-stress coefficient
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is shown at U,, = 0.5 m s™!; this is also substanti-
ated by the friction coefficient over a solid surface
in an aerodynamically smooth flow, where the fric-
tion coefficient decreases with increasing velocity
(Schlichting, 1968). At high wind velocities (U,
> 20 ms™!), a constant wind-stress coefficient
again prevails. The sea surface is disrupted at high
wind velocities with intensive sea spray. Under
these storm conditions, the entire concept of apply-
ing the roughness length to the disintegrated air-
sea interface may be questionable. Intensive sea
spray occurring under these conditions should play
a major role in the air-sea momentum transfer,
although it is still questionable at how high a wind
velocity this would occur. The influence of spray is
also not in contradiction with the similarity, pointed
out by Garratt (1977), between the wind-stress data
obtained in wind flumes and in the field under high
wind velocities (hurricanes). At lower velocities
with drastically different roughnesses and dominant
wave relationships, the flume-determined stress co-
efficient is much greater than the field-determined
value; the similarity at higher wind velocities may
result from similar intensive spray.

6. Concluding remarks

The Charnock relation has been fully explored to
derive the dependence of the stress coefficient with
wind velocity and fetch, and to demonstrate its

correlation with the criteria determining airflow

separation from waves and boundary-layer regimes
of the atmospheric surface layer. On the other
hand, the intrinsic error and limitation of this
relation are also exposed. As our understanding
of wind-wave interaction advances, a more refined
parameter describing the equilibrium state between
the wind and waves is needed. One possible
grouping of three dynamic parameters—gravita-
tional acceleration, surface tension and viscosity —
is suggested for further investigations.

For oceanic applications, the wind-stress coef-

ficients reported earlier and those obtained re-
cently are very consistent. The difference between
results obtained in individual investigations ap-
pears to be due to either the variation of their
experimental program including measurement and
analysis techniques, or to the omission of some
other parameters such as wind gustiness, swells
and currents. Further measurements relating wind-
stress coefficient to the wind velocity appear to
reach the point of diminishing return; to explore
these new parameters, on the other hand, should
be actively pursued. In addition, the data are very
scarce at higher wind velocities (hurricanes). It
remains to be seen whether the disintegrated air-
sea interface with intensive wave breaking and
spray can still be described by the roughness length.
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