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ABSTRACT

Wind-induced shear currents and wave-induced mass transports at various fetches of both clean and slick
sea surfaces are separately estimated. At the clean surface, the ratio between wind-induced current and wind
velocity decreases, while the ratio between wave-induced current and wind velocity increases, with increasing
fetch. The total surface drift current, the sum of wind- and wave-induced components, decreases gradually
with increasing fetch and approaches 3.1% of wind velocity at long fetches, comparing very favorably with
measured values. At a slick surface, the wind-induced drift current is reduced due to a decrease of the wind-
stress coefficient, and the wave-induced mass transport is increased due to an additional wave damping. As
a result of these opposite effects, the total surface drift current at a slick surface differs much less significantly
than individual components from that at a clean surface. It is also suggested that the surface mass transport
can be calculated simply from characteristics of dominant waves and that discrepancy between earlier mea-
sured currents of clean and slick surfaces is due to a direct momentum flux from wind to waves. Finally,
linear superposition of wind- and wave-induced components and effects of water depth on surface drift
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currents are discussed.

1. Introduction

Drift currents near the sea surface affect momen-
tum, heat, and mass transfers across the air-water in-
terface, and consequently, influence physical, chem-
ical, and biological processes within the upper ocean
and the atmospheric surface layer. As for practical
interests, drift currents govern dispersion of man-
made discharges near the sea surface, and influence
design, deployment, and stability of offshore struc-
tures. On the basis of scaling law of wind-stress coef-
ficients (Wu, 1969a), wave data at various fetches
(Wiegel, 1964), and laboratory measurements of drift
currents (Wu, 1975), an estimate by Wu (1975) was
presented of sea-surface drift currents consisting of
wind- and wave-induced components of all fetches
under various wind velocities.

Previous estimates of wind-induced surface drift
currents (Wu, 1975) are refined by taking into ac-
count the partition of wind stress between momen-
tum fluxes to currents and to waves. It is also sug-
gested that wave-induced drift currents (Stokes mass
transports) at the sea surface can be calculated as ac-
curately with average characteristics of dominant
waves as from a wave spectrum. The estimated total
surface drift currents agree well with other laboratory
(Lange and Hiihnerfuss, 1978) and oceanic (Hughes,
1956; Smith, 1968) data. Further comparisons be-
tween present estimates and results from other in-
vestigations also uncover several features of their
measurements, such as effects of wave drag on pro-
ducing drift currents and validity of linear superpo-
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sition of wind- and wave-induced components. The
mass transport of waves under a slick surface is
greater than that under a clean surface due to dy-
namic interactions between the surface film and
waves. On the other hand, the wind-stress coefficient
of a slick surface is smaller than that of a clean sur-
face, resulting in a smaller wind-induced drift current
under the slick surface. Available laboratory results
(Alofs and Reisbig, 1972) on slick movements and
field results (Barger et al., 1970) on wind structures
over slicks are reanalyzed to provide the basis for
estimating movements of slicks of various sizes over
waves of different lengths under various wind veloc-
ities.

2. Drift currents of clean surface

The clean surface is referred to here as the surface
free of either man-made or natural slicks.

a. Experiments in laboratories

1) SURFACE MASS TRANSPORT OF GRAVITY WAVES

A slow but steady forward motion of water particles
under surface waves was theoretically predicted by
Stokes (1847). The so-called Stokes transport at the
water surface V, can be expressed as

V, = sa’k, (1)

where ¢, a, and k are the radian frequency, amplitude,
and wavenumber of waves, respectively. The best ver-
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ification of the above expression was provided by Lange
and Hiihnerfuss (1978); see Fig. Ia, in which the mea-
sured current is plotted versus the value calculated
from (1). It is noted that although Lange and Hiihner-
fuss’s experiments were performed with monolayers,
the latter to be further discussed showed no streaming
effects.

2) SURFACE DRIFT CURRENT OF WIND WAVES

The drift current of a wind-disturbed water surface
has two components: wind-induced shear current and
wave-induced mass transport. Studies on drift cur-
rents in a wind-wave tank have been conducted,
among others, by Wu (1975). The drift currents in
the upper 3 mm were measured by timing spherical
floats of different sizes passing two stations along the
tank. The measured velocity was considered as the
current at a depth of the centroid of longitudinally
projected area of the submerged portion of the float.
The surface drift current was determined by extrap-
olating the current-distribution curve to the water
surface. In the same study, the Stokes surface trans-
port was estimated from (1) with average height and
length of dominant waves. It was found that due to
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a limited wave growth, the Stokes transport in lab-
oratory tanks was only about ¥ of the total surface
drift current; see Fig. 1b, where V' is the total surface
drift current, and U the maximum wind velocity in
the tunnel.

The difference between measured total drift cur-
rent and estimated Stokes transport was considered
as the wind-induced current. The wind-friction ve-
locity was suggested as the proper parameter for cor-
relating this component (Wu, 1975). No systematic
variation of the ratio between this component and

_wind-friction velocity with the wind velocity was-

found. The results shown in Fig. 2a obey roughly
Va
Ux

=0.53, @)

a

where V, is the wind-induced surface drift current;
Uy, is the wind-friction velocity, uy, = (/p,)"? in
which 7 is the wind stress and p, the air density.

Growing with both wind velocity and fetch, waves
increase their momentum and extract a portion of
the momentum flux from the wind. As a result of this
direct momentum flux to waves, the so-called wave
drag (Stewart, 1961), only a portion of the momen-
tum flux from the wind is used to produce drift cur-
rents (Lighthill, 1971). Consequently, the shear stress
applied by currents on the underside of the air-water
interface is smaller than the wind stress applied on
the upperside: p,,1%,, < p.ié3,, Where p,, is the density
of water and u,, the friction velocity of currents.
Obtained from Wu (1975), the ratios between the
wind-induced surface current and the current-friction
velocity are presented in Fig, 2b. The variation shown
in the figure, as in Fig. 2a, appears to be related to
wave breaking; it suffices for the present study to use
an average ratio,

Vo _ 22. 3)

Uy,

If the shear stress were continuous across the air-water
interface, we should have from (2): V,/u,, = 0.53(p,/
pa)V? = 15.2.

Earlier laboratory results of surface drift currents
(Keulegan, 1951; Wu, 1968) were compiled by Wu
(1973). These earlier data along with other results
(Baines and Knapp, 1965; Shemdin, 1972; Wu, 1975)
are presented in Fig. 2¢. The surface drift currents are
seen to increase very rapidly with the wind velocity
around #,, = 20 cm s~'. The data for u,, > 20 cm
s~! were averaged by first dividing the friction velocity
into bands of 10 cm s™! and then averaging the data
sorted into each band. The results shown in Fig. 2d
have no obvious systematic dependence upon the
wind-friction velocity, and are seen to be reasonably
well approximated by

vV

Uy,

=0.57. 4)
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FIG. 2. Laboratory results of (a, b) wind-induced surface drift currents (Wu, 1975), (c) total surface drift currents measured by Keulegan
(1951) right half solid, Baines and Knapp (1965) top half solid, Wu (1968) open circle, Shemdin (1972) bottom half solid, and Wu (1975)

solid circle and (d) averaged results from above data.

There is no significant discrepancy between (2) for
the wind-induced surface drift current and (4) for the
total surface drift current, as the Stokes surface trans-
port in laboratory tanks is, in most cases as shown
in Fig. 1b, only about % the total surface drift current.

b. Estimations for field

1) ESTIMATIONS OF MASS TRANSPORT FROM WAVE
SPECTRUM AND FROM DOMINANT WAVES

The Stokes mass transport at the sea surface can
be calculated from a wave spectrum (Bye, 1967) as

2 0
=3 fo (0)odo, %)

where g is the gravitational acceleration, and $(¢) the
frequency spectrum of ocean waves. In this calcula-
tion, the wave component at each frequency is.con-
sidered to contribute to the surface mass transport
according to (1) weighed by its energy density,
V, ~ ®(c)o>.

The spectrum of ocean waves has a skewed bell
shape. Wave components on the low-frequency side

of the spectral peak are far from saturated; their en-
ergy density decreases very rapidly from the spectral
peak. The contribution of these wave components to
the mass transport, therefore, diminishes even much
more rapidly toward the low-frequency end because
their contribution as discussed above is weighed with

- not only their energy density but also the cube of their

frequency. Owing to exactly this reason, the low-fre-
quency side of the spectrum was left out in most -
calculations of the mass transport from the spectrum
(Bye, 1967).

The wave components on the high-frequency side
of the spectral peak are fully saturated, and their en-
ergy density can be described by the equilibrium spec-
trum (Phillips, 1977) as

®(0) = g, (6)

where @ is the spectral coefficient. Consequently, for
the high-frequency side, we have from (6),

Vy ~ (670 ~ ¢72. N

The contribution to mass transport from wave com-
ponents on the high-frequency side thus also de-
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creases very rapidly toward the high-frequency end
away from the spectral peak.

In summary, contributions to the Stokes surface
current from various wave components decrease very
rapidly from the spectral peak toward both low- and
high-frequency ends of the spectrum. In order to il-
lustrate relative contributions of various wave com-
ponents, a sample wave spectrum from the JON-
SWAP Project cited in (Hasselmann, et al., 1976, Fig.
1a) is reproduced as a dashed line in Fig. 3, where f
is the wave frequency. The integrand in (5) was first
calculated from the spectrum and then normalized
with respect to its maximum value. Plotted as a solid
line in Fig. 3, the integrand (I) is seen to be negligible
on the low-frequency side of the spectral peak and
to be much greater within a very narrow band around
the frequency of dominant waves than those on the
high-frequency side. Furthermore, the energy densi-
ties of wave components with f > 0.15 Hz are seen
to be beyond the sharp dropoff; the results at these
high frequencies were probably less certain, as the
measurements were performed very close to the noise
range of the instrument. Moreover, recent discussion
on modulations of ripples by long waves (Phillips,
1977, 4.4) also casts doubt on the use of (5) neglecting
all interaction terms. In other words, contributions
to the Stokes drift current at the sea surface appear
to come mainly from dominant waves. The surface
mass transport calculated rather simply from the av-
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FiG. 3. Relative contributions of various wave components to
surface mass transport. The wave spectrum is from the JONSWAP
Project [Hasselmann er al., 1973). :
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erage characteristics of dominant waves should pro-
vide as reliable an estimation as that calculated from
the wave spectrum.

' 2) ESTIMATION OF PROBABLE SURFACE DRIFT
CURRENTS

As indicated above, the surface drift current has
two components: the wind-induced component gen-
erated by the wind stress and the wave-induced com-
ponent related to wave characteristics. Therefore, in
order to determine total surface drift currents at var-
ious fetches, both components must be first estimated
separately, on the basis of respective scaling laws, and
then summed to determine the total surface dnift cur-
rent. Such an estimation made earlier (Wu, 1973,
1975) is refined here by including the direct momen-
tum flux from wind to waves and by adopting a newly
determined Charnock constant.

A nondimensional expression for determining
wind-stress coeflicients at various fetches has been
established by Wu (1969a):

1/)CY?* = 2.5In(1/aC,F?), F = U,/(g2)"?, (8)
where a = 0.0185 is the Charnock constant (Wu,
1980), F the Froude number, C, = 7/(p,U?) the wind-
stress coeflicient, and U, the wind velocity at an ele-
vation z above the mean water surface. Staying within
the constant-flux layer, the anemometer height was
proposed as (Wu, 1971)

z=735X R X 107" m, )

where R = U,L/v, is the fetch Reynolds number, L
the wind fetch, and », the kinematic viscosity of air.

Wave data for various wind velocities and fetches
were compiled by Wiegel (1964) and fitted (Wu,
1969b) with the following expressions

¢/U, = 0.05(gL/U%"3

© 10

gH33/U? = 0.00305(gL/U%)°*% {10
where ¢ and H,;; are the phase velocity and height
of dominant (significant) waves, respectively. The
momentum of wind waves can be approximated by
that for irrotational waves

M= E_L pwgH15c, (11)
c 8

where M and E are momentum and energy of waves
per unit area of the water surface, respectively. The
coefficient of wave drag (C,), representing the portion
of the wind stress consumed to support the increase
of wave momentum in the wind direction (x-axis),
can be estimated from (10) and (11) by

C, = C‘Z—A“xl(anf)—l = 6.3(gLU;?) ™% X 107% (12)
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Combining (8) and (9), the wind-stress coeflicients
can be determined; subsequently, along with (12), the
friction velocity of currents can be obtained from

(13)

W

P 172
U, = (C, - Cv)l/ZUz(_a’) .
P

The wind-induced surface drift currents at various
fetches can now be determined from (3) and (13).
Since- the wind-stress coefficient decreases with in-
creasing fetch (Wu, 1969a) and since the wind-in-
duced surface drift current is proportional to the
wind-friction velocity, the ratio between the wind-in-
duced surface drift current and the wind velocity (V,,/
U,), as illustrated in Fig. 4, decreases with increasing
fetch. ' :

The Stokes surface transports can be obtained from
(1) and (10) by :

v

z]—'—’ = 0.0186(gLU;%)°%3,

(14)
Lines representing this expression under various wind
velocities at different fetches are shown in Fig. 4, in-
dicating that due to the spatial wave growth with fetch
the wave-induced drift current increases with fetch.

JIN WU
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Combining wind- and wave-induced components,
the ratio between the total surface-drift current and
the reference wind velocity (V/U,) is shown in Fig.
4 to decrease with increasing fetch at short fetches,
and to be independent of fetch at long fetches. The
total surface drift current is shown in the figure to be
about 3.1% of the wind velocity at very long fetches.

3) COMPARISON OF PRESENT ESTIMATION WITH
OTHER CALCULATIONS

Assuming that only wave components on the high-
frequency side of the spectral peak contribute to
the mass transport, Bye (1967) obtained from (5)

and (6)
Ve = 28g/0,, (15)

in which o, is the frequency where the spectrum is
peaked. The spectral coefficient 8 was considered to
have a constant value of 0.015 in his estimate. Sub-
sequently, Longuet-Higgins (1969) and Liu (1971)
reported that the spectral coefficient actually de-
creases with increasing fetch; at very long fetches in
the open sea, 8 = 0.0137 was suggested by Longuet—
Higgins. For these fetches, the phase velocity of the
wave component at the spectral peak is about the
same as the wind velocity, U = g/s,. Consequently,
we have from (15), V,/U = 28 = 0.0274, which is in
good agreement with the present estimates shown in
Fig. 4. Recently, the spectral coeflicient was found to
decrease with increasing nondimensional fetch
gLUZ. In other words, for the same wind velocity,
B decreases with increasing fetch; for the same fetch,
B increases with wind velocity. Coupling these trends
with (15) we see as illustrated in Fig. 4 that the mass
transport at the sea surface decreases with fetch and
increases with wind velocity.

A formula similar to (14) was proposed by Kondo
(1976). The surface mass transports for U, = 10
m s~! at various fetches were calculated from Kondo’s
and the present expressions and are shown in Table
1. In comparison with the present as well as other
results, such as those discussed above, Kondo’s esti-
mate is seen in the table to provide rather low values.

4) COMPARISON OF PRESENT ESTIMATION WITH
OCEANIC MEASUREMENTS

The present estimation of surface drift currents
does not take into consideration of Ekman boundary
layer (Ekman, 1905), according to which the direction

TaBLE 1. Ratios (%) between estimated surface mass transport

and wind velocity.

Fetch (km) 10 50 100 500 1000 5000
Kondo (1976) 1.63 1.68 170 175 177 1.82
Equation (15) 229 240 245 257 263 295
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of sea-surface currents deviates by 45° from the wind
direction. Insignificant error, however, may result by
this simplification. As pointed out recently by Mad-
sen (1977), the angle between the surface drift current
and the wind is only on the order of 10° or less, if
a realistic model for the eddy viscosity is adopted.
The actual eddy viscosity is believed to vary linearly
with water depth, while a constant vertical eddy vis-
cosity was assumed in Ekman’s (1905) classical study.
Furthermore, in a recent analysis of velocity records
of drifters, Kirwan et al. (1979) concluded that a lin-
ear law relating the wind-induced surface drift current
and the wind velocity was superior to the classic qua-
dratic law leading to Ekman-type currents.

The drift currents at the sea surface were system-
atically measured by Hughes (1956) with plastic en-
velopes floating close to the water surface. He found
that the water within 1 cm or so of the surface drifted
parallel to the wind. The drifting speeds of plastic
envelopes were averaged, and the ratio between the
average drifting speed and the wind velocity was
found to be 3.3%. This value agrees well with the
present estimate shown in Fig. 4.

In another field observation, aerial photographs
were taken of movements of oil spills from the Torrey
Canyon (Smith, 1968). Successive positions of a large
patch of oil were traced for a period of 15 days. The
oil patch was found to drift in the direction of the
wind and at 3.4% wind velocity. Again, the results
are in good agreement with the present estimation.
(As discussed later, the drift of a large oil patch should
not differ significantly from the actual surface drift
current.)

3. Drift currents of a slick surface

a. Various interactions between surface slick and
wind waves

Quite often the sea surface is covered by either
man-made or natural slicks. The slicks may be mono-
layers, which can effectively damp capillary waves
(Barger et al., 1970; Hiihnerfuss et al., 1981) due to
a surface-tension gradient produced by passing waves.
However, such a gradient generally may not be as
strong with (crude) oil slicks, which therefore may
not damp capillary waves as effectively as the mono-
layer. The sea surface becomes smoother with more
damping of ripples; consequently, the wind stress, and
therefore the wind-induced drift current, over a slick
surface are smaller than those over a clean surface.

The inextensible slick at the water surface is also
- known (Phillips, 1977) to cause additional attenua-
tion of long waves, and therefore of additional loss
of wave momentum. This additional loss is supported
entirely by the Reynolds stress just below the surface.
A so-called surface streaming relative to the fluid be-
low the boundary layer developed along the slick is
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set up. In other words, the mass transport of a slick
surface is relatively faster than that of a clean surface.
This effect on the wave-induced drift current, which
is increased due to the presence of a surface film, is
opposite to that on a wind-induced drift current,
which is reduced. It is also observed that effects of
films on surface mass transport may be much stronger
with oil slicks (Alofs and Reisbig, 1972) than with
monolayers (Lange and Hiihnerfuss, 1978).

b. Increase of mass transport due to films
1) ANALYTICAL CONSIDERATIONS

The rate of energy dissipation of deep-water waves
per unit area of the water surface E, can be shown
as (Phillips, 1977)

E, = —2u,0%a%, (16)
where pu,, is the dynamic viscosity of water. With a
densely packed surface film, the rate of energy dis-
sipation of deep-water waves per unit water-surface
area E; becomes (Phillips, 1977)

E, = —Yop,0%’n, a17)
where n = (¢/2»,)"?, and »,, is the kinematic viscosity
of water.

A film causes much attenuation of wave amplitude
but has negligible influence on wavelength. The rate -
of decrease of wave momentum AM resulting from
this additional energy dissipation of waves over a slick
surface than over a clean surface can be expressed as

AM = (E;~ E)c' = —ﬂwvzaz(g - 2k)c—'. (18)
A mean stress acting on a surface film in the direction
of wave propagation is produced by this additional
momentum flux. Consequently, the mass transport
of waves at a slick surface is faster than that at a clean
surface.

The wind-induced surface drift current has been
related in (3) to the friction velocity of the aqueous

‘boundary layer immediately below the air-water in-

terface. Extending this result to the present case with
the additional momentum flux due to a film, we can
obtain the maximum possible “additional” surface
drift current due to extra wave damping by a film

from i
V= 1)
Pw

(19)

The dissipation of wave energy per unit water-sur-
face area due to the presence of a surface film in-
creases with the size of the film, until the size of the
film reaches the length of surface waves. In other
words, the movement of a film along the direction
of wave propagation should be faster than that of
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water particles at a clean surface. The ratio between
these two movements increases with the film length
when the film length is shorter than the wavelength,
and approaches asymptotically the maximum value
when the film length approaches the wavelength.

2) EXPERIMENTAL RESULTS

Experiments have been conducted by Alofs and
Reisbig (1972) to investigate wave-induced drifts of
simulated oil slicks in a wave tank. Floats made of
thin, flexible plastic sheets of various sizes were care-
fully laid on the water surface before the experiment,

~and were found to conform to the wavy surface. The
drift of floats due to waves, verified to be very similar
to that of an oil lens, was measured with mechanically
generated waves of two different lengths: A = 25.4
and 50.8 cm; the wave height was also varied to pro-
vide various wave steepnesses. The experimental re-
sults of Alofs and Reisbig are replotted in Fig. 5a,
where V; is the float velocity and / the float length.
Lines are drawn in the figure to illustrate trends of
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FI1G. 5. Motions of surface floats of various sizes over waves. (a)
Experimental results of Alofs and Reisbig (1972) and (b) additional
surface mass transport due to wave damping by film. The experi-
mental conditions are: A = 25.4 cm, a/A = 0.138 (diamond) and
0.054 (half solid diamond); A = 50.8 cm, a/\ = 0.108 (open circle),
0.078 (top half solid), 0.054 (right half solid) and 0.024 (solid circle).
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the data: 1) the measured velocity of the float is always
greater than the calculated Stokes surface transport
of waves, not shown in the figure; 2) the float velocity
for a given wave condition increases with the float
length, and approaches asymptotically an equilib-
rium value; 3) over shorter waves, the float velocity
tends to reach the equilibrium value earlier with a
shorter float.

3) FURTHER ANALYSIS OF EXPERIMENTAL
RESULTS

For each experimental condition, we obtain from
Fig. 5a an equilibrium drift velocity V.., at which
drift current no longer increases with float length.
Inasmuch as the mass transport over a clean surface
in Alofs and Reisbig’s experiments was found to be
greater than V,, we choose to determine the addi-
tional movement due to the presence of a float from
Vmax — Vi=g, Where Vi is the velocity of the “float”
of zero length found by extending their results to
1=0.

As discussed earlier, the differential drift between
slick and clean surfaces increases with film length,
and the maximum difference is produced by a film
with a length approaching the wavelength. Conse-
quently, the ratio between the measured and the
maximum differential drifts is plotted in Fig. 5b ver-
sus the ratio between float length and wavelength. It
is illustrated in this nondimensional plot that all of
the data follow the same trend. In other words, the
movements of floats of different lengths over waves
of not only various steepnesses but also various
lengths can be incorporated by a nondimensional re-
lation represented by the straight line fitted to the
data and expressed as

V= Vieo) _(g) (1)
(Vimax — Vi=0) 1 4 log NE for IM\<1

V= Ved _

= for
(Vmax - I/I=0)

IA>1

(20)

where V.« can be calculated from (21), discussed as
follows.

The drift of surface floats used here was shown by
Alofs and Reisbig (1972) to be very similar to that
of oil films. If we consider that the interaction be-
tween surface floats and waves is also similar to that
between films and waves, we can relate additional
drifts introduced by a float, Vi — V, and Vi
— V-0, to the additional momentum flux from waves
to film, AM/p,,. The results, obtained from (19) and
shown in Fig. 6, are very much scattered but confirm
roughly the mechanism discussed in the previous sec-
‘tion. A straight line passing through the origin is fitted
to each set of data
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FiG. 6. Wave attenuation and mass transport. The open symbols
and dot-dash line are results related to ¥, and the solid symbols
and solid line related to Vi—o; the diamonds are results obtained
with A = 25.4 cm and the circles with A = 50.8 cm.
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Both values on the right-hand side of (21) are much
smaller than the maximum possible value of 22
shown in (19), the efficiency of the momentum trans-
port from wave damping to the surface drift current
is then only about 25%.

4) DIFFERENT EFFECTS ON MONOLAYER AND OIL
SLICK

The floats of monolayers were used by Lange and
Hiihnerfuss (1978) in their experiments. The floats
were longer than the length of waves tested (20 cm
< X < 70 cm). They found no streaming effects, as
the drift velocity of floats compared well with the

Stokes surface transport. This may be due to that

monolayers are much more extensible than oil slicks.

¢. Decrease of wind-induced surface drift current due
to film

Effects of the monolayer upon the wind structure
have been studied by Barger et al. (1970). The mono-
layer was generated by a spontaneous spreading of
a film-forming oleyl alcohol on the sea surface. Ver-
tical wind profiles over clean and slick surfaces were
verified to follow the logarithmic law
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where « is the Karman universal constant, and z, the
roughness length. Values of z, and u,, for both sur-
faces are presented in Fig. 7a, b. '

It is seen in Fig. 7a that over a clean surface the
roughnes$ length increases sharply at a wind velocity
of approximately 2 m s™. This sharp increase is be-
lieved to be due to a rapid growth of small waves
around this velocity, where the transition of the air-
flow boundary layer from smooth to rough presum-
ably took place. The presence of a monolayer causes

"damping of small waves; consequently, the roughness

length was drastically reduced. The transition of the
airflow boundary layer, therefore, occurred at a higher
wind velocity with the stem of the roughness-length
growth shifting to a higher wind velocity of approx-
imately 6 m s™!. Below this wind velocity, the sea
surface is smooth; above this velocity, the roughness
length of a slick surface is about the same as that of
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FiG. 7. Roughness lengths (a) and wind-friction velocities (b)
over clean (open circle) and slick (solid circle) sea surfaces.
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a clean surface. The similarity in roughness lengths
for clean and slick surfaces at high wind velocities is
probably due to disruption of the surface film by
wind.

Similar features are illustrated by the wind-friction
velocity shown in Fig. 7b. Before the disruption of
the monolayer, the wind velocity for a surface covered
with a monolayer is about twice that for a clean sur-
face having the same friction velocity. Because the
wind-induced drift current is proportional to the
wind-friction velocity, the ratio between the wind-in-
duced surface drift current and the wind velocity for
a slick surface is, therefore, about one half that for
a clean surface.

No similar study as discussed above has been re-
ported with wind blowing over a water surface cov-
ered by oil slicks.

4. Discussion

a. Components of surface drift currents and their su-
perposition

Those dealing with field conditions (Bye, 1967;
Kenyon, 1969) often considered that the drift current
of the sea surface consisted of mainly the mass trans-
port of waves, while those performing laboratory ex-
periments (Shemdin, 1972) regarded that the surface
drift current consisted of mainly the shear current
induced by the wind. As discussed earlier (Wu, 1975)
and illustrated in Fig. 4a, the major component of
the surface drift current in the field is indeed the
Stokes mass transport, and in the laboratory the wind-
induced shear current. However, the other compo-
nent in each group is always significant and cannot
be neglected.

Both field and laboratory results also indicated that
the measured total surface drift current was approx-
imately independent of fetch. On the belief that the
surface drift current consists mainly of only one com-
ponent, an erroneous consideration may be advanced
that both the Stokes mass transport and the wind-
induced shear current are independent of fetch. Lange
and Hiihnerfuss (1978) reported that the mass trans-
port comprised 25-30% of the total surface drift in
both laboratory tanks and the field. As pointed out
earlier (Wu, 1975) and shown in Fig. 4, each of the
components depends rather strongly on, but varies
differently with, the fetch. The total surface drift cur-
rent, which is the sum of two components and is also
}he measured value, is approximately independent of
etch.

Lange and Hiihnerfuss (1978) conducted a series
of experiments, first with either wind or mechanically
generated waves, and then with wind of the same
velocity blowing over the same mechanical waves.
The measured surface drift currents with both wind
and mechanical waves were found to be different
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from the sum of the currents with either wind or
mechanical waves. On the basis of these results, they
suggested that the effects of wind and waves cannot
be simply superimposed. It should be pointed out,
however, that even for the same wind velocity, the
wind-friction velocities differ for the cases with and
without pre-existing waves (Wu, 1977). Conse-
quently, the wind-induced surface drift currents with
pre-existing waves, being proportional to the wind-
friction velocity, should not be the same as those
without, Moreover, the Stokes mass transport also
changes, as the resultant waves under wind differ sig-
nificantly from pre-existing waves.

b. Direct illustration of wave drag

Following Stewart’s (1961) proposal, evidences of
the wave drag were provided, among others, by Dob-
son (1971), Hasselmann et al. (1973), and Wu (1975).
Indications of the existence of wave drag can actually
be found, however, even before Stewart’s proposal.
The setups and the drift currents of both wavy and
waveless water surfaces under wind were measured
in a laboratory tank (Keulegan, 1951) and an artificial
pond (van Dorn, 1953). The wave suppression for the
waveless case was achieved by adding either soap or
detergent to the water surface. Their results are shown
in Fig. 8a, c, where R, = VD/v,, is the depth Reynolds
number with D being the water depth.

The water-surface setup in the presence of waves
was found by Keulegan and van Dorn to be greater
than that in the absence of waves; see Fig. 8b, d, where
s is the water-surface setup. The difference in the
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FI1G. 8. Previous results from Keulegan (1951): (a) and (b),
and from van Dorn (1953): (c) and (d).
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magnitude of setups in these two sets of data is mainly
due to the difference in water depth. The additional
setup due to waves shown in Fig. 8b, d is in line with
the consideration that a wavy surface is much rougher
aerodynamically than a calm surface. Consequently,
the wind-stress coefficient should be greater for a
wavy than for a waveless surface. The ratio between
surface drift current and wind velocity obtained by
Keulegan with a calm surface, shown in Fig. 8a
(where the lines fitted very closely to his data are
reproduced), is about 7-8% greater than that with a
wavy surface. The same trend is seen in van Dorn’s
data, shown in Fig. 8b, obtained under these two con-
ditions. These results were considered surprising with
the presence of waves causing an increase of the sur-
face setup but a decrease of the ratio between surface
drift current and wind velocity. As discussed earlier,
the wind-induced drift current was found to be pro-
portional to the wind-friction velocity. Therefore, the
wind-induced current should be greater for a wavy
surface, which being rougher has a larger set-up. Fur-
thermore, the wave-induced current, the Stokes mass
transport, is present over the wavy surface and is ab-
sent over the waveless surface. Reasoning solely from
these arguments, it appears that the ratio between the
total surface drift current and the wind velocity
should be greater with than without presence of
waves.

The above discrepancy suggested a reduction of the
momentum flux from wind to currents, implying that
a portion of the momentum flux from the wind is
directly extracted by waves. Interpreting the concept
of wave drag (Stewart, 1961), the momentum flux
introduced by the wind is consumed mainly on pro-
ducing currents in the absence of waves, while only
a fraction of this flux is consumed for producing cur-
rents in the presence of waves. Considering that as

. discussed earlier the wave-induced currents are small
in Keulegan and van Dorn’s experiments conducted
at short fetches and that the difference in wind-fric-
tion velocities for wave and for waveless surfaces is
also small, the presence of the wave drag in the wavy
case and its absence in the waveless case result in
having a greater surface drift current at a waveless
than at a wavy surface. '

c. Effects of water depth on surface drift currents in
contained bodies of water

Effects of water depth on surface drift currents have
been studied much earlier by Keulegan (1951) and
recently by Kondo (1976) and Spillane and Hess
(1978). Among them, Keulegan provided the most
proper (nondimensional) presentation as well as the
most comprehensive set of data illustrating these ef-
fects. He related the ratio between surface drift cur-
rent and wind velocity (V/U) to the depth Reynolds
number R, defined earlier. The ratio V/U was shown
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to increase with R, rapidly when R; < 10° and grad-
ually when R, > 10°, and tended to approach a con-
stant at a higher Ry, say R; = 10°,

According to Keulegan’s results, the surface drift
currents in the field, because of its large depth Reyn-
olds number, should not be affected by the water
depth except at very low wind velocities. This is also
evident from the field results compiled by Kondo
(1976): one group with D < 3.4 m and the other with
D > 20 m; there was no difference between these two
groups of results. Some differences were shown for
two groups of laboratory results—D < 30 cm and 30
cm < D < 200 cm—first by Kondo (1976) and again
by Spillane and Hess (1978). The arbitrary division
of the data by D = 30 cm may hinder illustrations
of depth effects at shallow depths, and of lacking
depth effects at large depths. In any event, the effects

-of water depth on surface drift currents, if there are

still any, at those deep depths in the field discussed
by Spillane and Hess should be negligible.

Assuming that both shear stress and roughness
length are the same above and below the air-water
interface, Spillane and Hess obtained an expression
to show the variation of the ratio V/u,  with the water
depth. The weak effects of water depth can easily be
caused by their assumptions.
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