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ABSTRACT

A mechanism is proposed for a physical explanation of the increase in wind stress (drag) coefficient with wind
speed over water surfaces. The formula explicitly incorporates the contribution of both winds and waves through
the parameterization of an aerodynamic roughness equation. The formula is consistent with measurements
from the field and with results obtained by numerical models for storm surges and water level fluctuations.

1. Introduction

Many investigators have demonstrated that the wind
stress or aecrodynamic drag coefficient, Cp, increases
with wind speed over water surfaces, whether they are
small lakes or open oceans. A summary of these find-
ings during the last 10 years is given in Fig. 1. Although
it can be seen that Cp increases generally with the wind
speed, the rates of these increases vary greatly. Several
efforts have been made to explain these variations, e.g.,
by Charnock’s (1955) formulation (Garratt, 1977), by
Froude number scaling (Wu, 1982), and by state of
wave development (Donelan, 1982). However, a
mechanism that can explain and estimate these vari-
abilities satisfactorily is still needed.

The wind speed dependence of Cp, has been sought
based on Charnock’s prediction (Garratt, 1977), but
dependence upon other parameters such as fetch and
wind duration should also be considered. Donelan’s
(1982) modeling further demonstrated that Cp is also
dependent on the wave characteristics. A similar ap-
proach was suggested earlier by Hsu (1974), who dem-
onstrated that the roughness length can be parameter-
ized to include explicitly contributions of both winds
and waves. He showed that Charnock’s well-known
relationship is a special case in his general roughness
length relationship. Since Hsu’s formulation has been
further verified (Fig. 2) (see Graf et al., 1984), it is the
purpose of this paper to explicitly incorporate wave
characteristics into the roughness length parameteriza-
tion, which can then be applied to obtain Cp. A model
is thus proposed to explain the increase in drag coef-
ficient with wind speed over water surfaces. Inputs for
the model are the wind speed and the spectral wave
height and peak spectral period according to JON-
SWAP formulation (Hasselmann et al., 1976).
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2. The mechanism

In the atmospheric surface boundary layer, the mean
wind profile can be described by similarity theory (eg.,

Busch, 1973).
VA

where « is the von Karman constant (=0.40 + 0.01,
see Hogstrom, 1985), Z the height above the surface,
U, the shear or friction velocity (=(r/p)"/%, where 7 is
the wind stress and p the air density), U is the mean
wind speed, and L the Monin-Obukhov stability length.
Parameter Z/L may be derived by obtaining the dif-
ferences in both temperature and humidity between
the sea surface and the overriding air (see Large and
Pond, 1982, Eq. 13).

If one adds and subtracts 1 on the right of (1) and
integrates from the sea surface, where Z = Zgand U
= (), to an arbitrary height Z [note that in the atmo-
spheric surface boundary layer, variation of U, with
Z is less than 10% (e.g., see Wyngaard, 1973) and thus
U, is treated as constant] (e.g., see Panofsky and Dut-

«Z dU _

ton, 1984):
Uz =2 Z - %(Z)] @
D[ [-odD)E o
in which
= % . @

The functional relationships between y,, and Z/L
under various stability conditions are given in Large
and Pond (1982).
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FIG. 1. Variation of the drag coefficient (C,o) with wind speed
at 10 m above the water surface.

Note that under neutral or adiabatic conditions
L— o or Z/L — 0, and from (3)
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Thus, (2) can be reduced to the familiar logarithmic
wind profile such that
VA
Uz=—1n—
z K Zo
where Z; is defined as the aerodynamic roughness
length. '
The wind stress or aerodynamic drag coefficient, Cp,
is defined as [cf. (2)]

U* 2 K 2
Co=Cz= (Fz) B I:ln(Z/Zo) - wm(Z/L)] )

and under near-neutral conditions [cf. (6)]

(6)

2
K
=[] - @
Thus
Cp = Co1 — «™'CHWm(Z/ L)Y . )

Although the parameter Z, is obtained from inte-
gration of (1) when U = 0 at Z = Z;, this parameter
also has physical meaning. On the basis of K theory
(e.g., Panofsky and Dutton, 1984)

aU

T = pUi = pKn, 37

where K, is the exchange coefficient of momentum,
which is also called eddy viscosity.

Under steady state and near neutral conditions, (1)
states that

(10)

VA U U,
qsm(z) = $,(0) = 1. () A (11)
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FIG. 2. The roughness length Z, in centimeters versus a wave-age parameter H/(C/us) in
centimeters. Plotted are the nearshore data “Buchillon” from Lake Geneva. The data are compared
with Hsu’s (1974) relation equation (17) and its scatter (after Graf et al., 1984).
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According to Businger (1973), this expression indi-
cates an infinite shear at the surface (Z = 0), which of
course is unrealistic. In order to keep the shear finite,
a surface roughness Z, is introduced such that

U Us

3Z NZ+Zy (12)

Integration yields

_ Us Z+Zo)
U, xln( Z .

Since Z > Zo, (13) becomes (6).
From (10) and (12) we have
K, = «U(Z + Zy)
and at the surface

Km, surface = KUxZy.

(13)

(14)

Equation (14) states that at the surface, eddy viscosity
is taken to represent the product of eddy size and eddy
velocity, and we see now that Z; represents eddy size
at the surface. Clearly, the rougher the ground, the
larger these eddies can be. Thus Z, is'a measure of
surface roughness. It is thus called the roughness length.

Parameterization of Z, over the water surface was
first formulated on dimensional considerations by
Charnock (1955):

Ui

Zo=a— (15)
g

where a is the Charnock coefficient, assumed to be a
constant. , .

On the other hand, it is reasonable (e.g., see Kitai-
gorodskii and Volkov, 1965; DeLeonibus and Simpson,
1972; Hsu, 1974; Coantic, 1978; Donelan, 1982) to
assume that Z, depends upon the wave age C/U, as
well as upon the wave steepness H/L,, or

C H
af)
where C is the wave celerity, H the wave height, and
L, the wave length. A relationship that exists between
C/Uy and H/L,, (e.g., Brutsaert, 1982) states that, for
large wave age, the wave steepness is small. For waves
coming from deep water into shallow water, the wave
age decreases and the wave steepness increases (€.g.,
Graf et al., 1984). Since the effect of atmospheric sta-
bility can be explicitly incorporated into the growth
rate equation for the surface gravity waves (Janssen
and Komen, 1985), the stability parameter is not in-
cluded in the parameterization of Z,.

On the basis of these considerations and many ex-
perimental results, Hsu (1974) proposed a relationship
among these variables that includes both wind and
wave contributions, such that
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1 H 1/3 ]
Zo=—|—"= 17
o= Lty a7
where H,; is the significant wave height, defined as
the average of the highest one-third waves and H,;
and C depend implicitly on Ly

H|/3 = 4U (18)

where

[e]

0% = J; E(w)dw (19)
in which E(w) is the wave energy spectrum. Note that
a is the standard deviation of the wave record (e.g., see
U.S. Army Corps of Engineers, 1984). .

Further validation of (17) is provided by Graf et al.
(1984) as shown in Fig. 2.

Relationships of wave parameters before shoaling
are

L
— L 20
C T 20)
and
L.=2T12 @1
2%
SO
g
-£ 22
C o (22)

where T = f,,~! is the wave period and £, is the dom-
inant frequency of the spectral peak.

Since waves are dependent on the duration of the
wind, ¢, and its over-water trajectory, i.c., the fetch, F,
relationships among these parameters are needed. In
practice, a simple method for making wave estimates
is desirable, but is possible only if the geometry of the
water body is relatively simple and the wave conditions
are either fetch limited or duration limited. Under
fetch-limited conditions, winds have blown constantly
long enough for wave heights at the end of the fetch
to reach equilibrium. Under duration-limited condi-
tions, the wave heights are limited by the length of
time the wind has blown. These two conditions rep-
resent asymptotic approximations to the general prob-
lem of wave growth. In most cases the wave growth
pattern at a site is a combination of the two cases.
Equations (23) to (28) are obtained from U.S. Army
Corps of Engineers (1984) by simplifying the equation
used to develop the parametric model based on JON-
SWAP experiments and others (Hasselmann et al.,
1976).

In the fetch-limited case, the parameters required
are the fetch, F, and the adjusted wind speed, U, as
described in Chapter 3, Section IV, of U.S. Army Corps
of Engineers (1984), and represent a relatively constant
average value over the fetch. The adjusted wind speed
represents that the wind speed has been adjusted in
height to the standard 10 m above the mean sea surface
and in stability to account for the air-sea temperature



JANUARY 1986 - S. A.

difference. The spectral wave height H,,, and peak
spectral period T, are the parameters predicted.

F 1/2
ggi? = 1.6 X 10-3(5—A2) 23)
- F 1/3
‘—"ET;— =2.857 X 10-‘(5—/12) 24)
F 2/3
g—: = 6.88 X 10'(5—Az) . 25)

Note that T3 is given as 0.957,. The preceding equa-
tions are valid up to the fully developed wave condi-
tions given by

géi’;” = 2.433 X 10! (26)
%ﬂ = 8.134 @7
%’ = 7.15 X 10%, @8)

A

Note that a given calculation for a duration should
be checked to ensure that it has not exceeded the max-
imum wave height or period possible for the given ad-
Justed wind speed and fetch. '

Examples of application of JONSWAP formulations
are given in Graf et al. (1984), and in addition correc-
tion of wind difference between land and sea as well
as temperature difference between sea and air are pro-
vided in Liu et al. (1984). For our discussion we set
U]() = UA, H|/3 = Hmo’ and T = Tm.

As a further check, since

(29)

for fully developed sea, according to Pierson and Mos-
kowitz (1964) (see Komen et al., 1984, Eq. 3.3)

Tm = T1/3/0.95 or
= U10/0.95 X 0.13g = 810U10/g

which is nearly equal to 8.13U,o/g, as given in (27).

From the Charnock equation as shown in (15) we
see that Z, is related to the value of U,, which by
definition of (7) is related to the drag coefficient, wind
speed, and atmospheric stability explicitly. However,
the generalized roughness equation as proposed by Hsu
(1974) as shown in (17) explicitly incorporates the wave
parameters in addition to the wind and stability because
H,;; and C are related to the fetch, the duration, and
the wind speed through (22) through (28).

From (15), (17), and (22) it can be shown that the
Charnock coefficient, q, is

_ 2 Hys

a=Z -

(30)
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This equation shows that the Charnock coefficient is
a constant when H,;; and T are given. For example,
for fully developed seas, from (26) and (27) we have

a = 0.023, (31

which is reasonable compared to the most recent value,
0.0185, obtained by Wu (1982). Note, however, that
values of a reported in the literature vary widely, rang-
ing from 0.0144 (Garratt, 1977) to 0.046 (Schwab,
1978). Variations in a are most likely due to field mea-
surements made under conditions of partially devel-
oped seas. Furthermore, under fetch- or duration-lim-
ited conditions (29) and (30) should be applied with
(25) as a constraint.

On the basis of (7), (17), and (22) through (28), a
mechanism for the increase of drag coefficient with
wind speed is proposed. The mechanism states that Cp
is related explicitly to the wind speed, Uz, the wave
height, H, 3, and phase velocity, C, or wave period, T,
and the atmospheric stability, £ = Z/L, such that

Cp = */[InZ — InZy — Y(HF

where Z, is given in (17).

Note that for a given H,;; and stability condition,
the older the wave, i.e., large C/ Uy, the smaller the C,
value. This is explained by the following equation, de-
rived by substituting (17) into (7):

Cp = «¥*/[InZ + In(27) — InH, 3

+2In(C/Ux) — ¥l . (32)

This reasoning may explain the difference in the
variation of Cj, between lake environments such as
Lake Ontario (Donelan, 1982) and Lake Geneva (Graf
et al., 1984) and oceanic environments (Smith, 1980;
Large and Pond, 1981) (Fig. 1).

Since wave age is rarely measured, Z, may be re-
duced by incorporating (22), (23) and (24) so that

)

Zy = AC,oF U (33)
where 4 = 0.00859.
Substituting (33) into (7) and simplifying:
Cp = «¥*/[InZ + 47571 — InCyo + 0.167 InF
= 2333 InU, — ym())”. (34

Note that Cp depends more on the effect of wind speed
than on fetch.

It is now clear that for a given wind speed and sta-
bility, when the fetch is large, Cp is small, as discussed
before. On the other hand, for a given fetch and sta-
bility, the value of Cp will increase as the wind speed
increases. Equation (34) is thus the mechanism pro-
posed here to explain the increase of Cp with U,. Note
that its derivation is based on JONSWAP formulation
[(23) through (25)]. Therefore, to apply (34), (23)
through (25) should be validated. A quick way to do
this is to use the nomogram of deepwater significant
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wave prediction curves as functions of wind speed, fetch
length, and wind duration, as provided in U.S. Army
Corps of Engineers (1984, Fig. 3-23 or 3-24).

3. Results

We now apply the results from the previous discus-
sion to a simple case. Under fully developed sea and
adiabatic or near-neutral conditions, the stability pa-
rameter may be neglected. Thus

7 = 1 Hn/s _Hye Uk
T 2r (CIUL? (2m)C? g
From (22), (26), and (27), we have

2
Zy = 0.026 Us .
4

Now
Cio

Ue )’ K 2 K 2
(GI,) “-(m(zw/zo)) - {ln[zw/w.ozsv%/g)}}

2
K
{ln[gzlo(C/ Ux)*/(0.026C 2)]}

2
K
{ln{gzxo[(C/ U)*/0.026][U16*/(0.13 X 27r)]2}}

2
K
Cio = {lnA -2 anlo}
where

8Z10(C/Ux)*(0.13 X 21r)2}
0.026

Setting Z,o = 10 m and C/U, = 29 for fully devel-
oped seas (e.g., see Graf, 1984), we have

Ind = 14.56.

In4 = ln[

Therefore

2 2
co - { K } _ { 0.4 }
17 114.56 — 2 InU, 14.56 — 2 InU,o) ~
(35)

Equation (35) is plotted in Fig. 3. This figure is based
on Garratt (1977), who provided a fit of data by Char-
nock’s formulation [see (15), where a = 0.0144]. Note
that the difference between (35), the solid line in the
figure, and the dashed line, from Garratt, is not sig-
nificant. We concluded that (35) is a useful formula
based on fully developed sea conditions. Of course,
when the sea is not fully developed, both fetch and
duration of the wind should be taken into account and
(23) through (28) should be employed. Because (34) is
transcendental, an iteration scheme may be applied;
. Cyo converges after 5 to 10 iterations, typically.
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FI1G. 3. From Garratt (1977), except the solid line,
which is based on (35).’

Note that since waves incorporate explicitly the effect
of atmospheric stability (Janssen and Komen, 1985),
(17) has been applied successfully under nonadiabatic
conditions for estimating fluxes of momentum (Hsu,
1976) and heat (Hsu, 1983) over the ocean.

In order to compare (35) with other studies, it is
plotted as line number 9 in Fig. 1. It can be seen that
Co increases with wind speed and that the value of Cyo
calculated by the present method is approximately the
mean value found by the other methods. As a cross
check, under the condition of fully developed seas, i.e.,
in a region of nearly unlimited fetch and duration such
as the tropics, wind speed usually ranges from S to 10
m s~!. Equation (35) predicts that C,o ranges from 1.2
to 1.6 X 1073, which is in good agreement with the
constant value of 1.5 X 10~ from BOMEX (Pond et
al., 1971) and 1.4 (+0.4) X 1073 from GATE (Businger
and Seguin, 1977).

As a further test of (35) against other sources, Fig.
4 is provided. Except for the curve labeled “HSU,” the
figure is the same as in Donelan (1982, Fig. 2). In the
figure G' is obtained from Garratt (1977), S from Smith
(1980), L and P from Large and Pond (1981), H from
Heaps (1969), T from Timmerman (1977), and P from
Platzman (1963). The lines indicated by G/, S, and L
and P are regression lines from eddy correlation esti-
mates; the lines representing T, H, and P are the for-
mulae adopted by three storm surge modelers; the solid
circles are derived from water level fluctuation over
several months (Schwab, 1981); and the open circles
are derived from the peak storm surges for two storms
(Simons, 1974, 1975). From Fig. 4 it is concluded that
our (35) may be considered as an average line, which
is certainly consistent with the sources discussed above.
Therefore, (35) should be a useful formula for practical
applications in the marine environment.

4. Concluding remarks

Two remarks are in order. First, the results are in-
teresting in that they are capable of explaining the dif-
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FIG. 4. The neutral drag coefficient Cpy versus wind speed U from
other sources. The solid lines are regression lines from eddy correlation
estimates of u'w'; the dashed lines are the formulae adopted by three
storm surge modelers; the solid circles are derived from the water
level fluctuations over several months (Schwab, 1981); the open circles
are derived from the peak storm surge for two storms (Simons, 1974,
1975). (After Donelan, 1982.) The curve labeled HSU is based on
(35). See text for explanation.

ference in the results obtained by, among others,
Donelan (1982, Fig. 2) and Smith (1980). Note, how-
ever, that both Smith (1980) and Large and Pond
(1981) felt that the Charnock postulate does not apply
to the open ocean as far as Cp predictions are con-
cerned. They additionally indicate that even if it could
be applied, there would be limitations to where and
over which windspeed range it could be considered.

Second, questions were raised by one of the reviewers
concerning the effect of swell on the choice of the phase
speed, C, and how the modeler handles such cases if
routine ocean data is to be applied to the proposed
model. Readers are directed to a computer program
that computes waves which include seas and swells (see
Freeman, 1985). Note that when a group of waves of
various heights and periods leaves the fetch area, the
waves gradually become swell. The faster low-frequency
waves move ahead of the group, while the slower high
frequency waves drop behind. The significant swell pe-
riod increases with decay distance, whereas significant
wave height decreases. This change in swell depends
on the significant wave spectrum at the end of the fetch
and the decay distance (Kinsman, 1965). The formulas
for wave decay and travel time are also in the program.
Note that Freeman’s formula on p. 990 (Eq. 35.2) was
in error. There should be a plus sign instead of equal
sign inside the square root (Freeman, personal com-
munication, 1985).
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