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Systematic measurements of drift currents below and of airflows above an air- 
water interface have been made under various wind conditions. The current near 
but not immediately below the water surface is found to follow a K&rm&n- 
Prandtl (logarithmic) velocity distribution. The current immediately below the 
water surface varies linearly with depth. The transitions of the current boundary 
layer to various regimes appear to lag behind, or to occur a t  a higher wind 
velocity than, those of the airflow. The fraction of the wind stress supported by 
the wave drag seems to vary with the wind and wave conditions: a large fraction 
is obtained at  low wind velocities with shorter waves and a small fraction is 
obtained a t  high wind velocities with longer waves. At the air-water interface, 
the wind-induced current is found to be proportional to the friction velocity of the 
wind. The Stokes mass transport, related to wave characteristics, is only a small 
component of the surface drift in laboratory tanks. However, in terms of the 
fraction of the wind velocity, the mass transport increases, while the wind drift 
decreases, as the fetch increases. The ratio between the total surface drift and the 
wind velocity decreases gradually as the fetch increases and approaches a 
constant value of about 3.5 yo at very long fetches. 

1. Introduction 
Recent intensive studies and measurements of wind-wave interactions seem 

to have concentrated principally on phenomena at  and above the air-water 
interface. The wind-induced drift current in the upper layer just below the 
interface, an important part of the mutually interacting air-sea system, has 
been investigated only fragmentarily (Keulegan 1951 ; Baines & Knapp 1965; 
Bye 1965; Plate 1970; Shemdin 1972). The studies of Keulegan and Plate con- 
centrated on the surface drift, Baines & Knapp measured the drift profiles 
for low wind velocities in a shallow channel and Bye and Shemdin observed 
the logarithmic current distribution within a limited range of wind velocities. 
The drift current not only governs momentum, mass and heat transfer processes 
across the interface, but also dissipates the energy introduced by the wind into 
the system. These dynamical processes are directly related to global weather 
and ocean circulation. Furthermore, the drift current, having a steep gradient 
near the water surface, influences to a large extent the diffusion, dispersion and 
drift of foreign masses, such as pollutants, discharged into natural bodies of 
water (Wu 1969a).  
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Systematic measurements of drift currents using various techniques (sur€ace 
floats, submerged floats and a traversing probe) and under various wind con- 
ditions are reported here. The profiles of the drift currents and the regimes of 
t,he current boundary layers are discussed and compared with those of the wind. 
The friction velocities of the wind and of the current are determined from the 
velocity profiles, and the difference, the wave drag, is found to vary with wave 
conditions. On the basis of the present results for drift currents and available 
field data on dominant waves, the wind-induced surface drifts at  various fetches 
are estimated. I t  is hoped that the results will be helpful on the one hand for under- 
standing the dynamics of wind-driven currents, and on the other hand for meeting 
practical needs of predicting drift currents near the water surface. 

2. Experiment 
Wind-wave tank 

The wind-wave tank, shown in figure 1 (a ) ,  is 1.5 m wide, 1.55 m deep and about 
22 m long. Mounted at  the upwind end of the tank is an axial-flow fan driven by 
a variable-speed motor; a permeable wave absorber is installed at  the downwind 
end. The air is sucked, passing through guiding vanes, into the tank, which is 
covered for the first 16 m. The maximum wind velocity obtainable within a 31 cm 
high wind tunnel above 124 cm deep water is 15 mfs. The test section is located at  
the 11 m station, being equidistant from the ends of the tank, where the mean 
water surface is least affected by the wind-induced set-up of the water surface. 

Wind and wave measurements 
The wind velocity profile in the tunnel was determined by vertically traversing 
a Pitot-static tube supported on a precise travelling mechanism. During the 
experiment, the tube was driven downwards from a given elevation at  a small and 
constant speed of 2-5 cm/min to measure the wind boundary layer near the water 
surface. The velocity head, sensed by a differential pressure transducer, was 
continuously recorded on an x, y plotter. 

A conductivity probe was used for wave measurements. The probe has a 
partially submerged platinum wire 0-25  mm in diameter as one electrode with a 
fully submerged aluminium plate acting as the other. The output of the probe, 
the electric current flowing between two electrodes, is proportional to the sub- 
mergence of the wire. The probe output, the temporal variation of the water level 
at  a fixed location, was continuously recorded on a visicorder. 

Current measurem,ents 
Surface and near-surface drift current. The drift current immediateIy below the 
water surface was measured by timing floats of various sizes passing two stations 
1:5 m upwind and downwind from the test section respectively. Spherical par- 
ticles of three different sizes and a thin circular disk were used as surface floats. 
The specific gravity of the floats is 0.95. The velocity of a float was interpreted 
as the drift current a t  the depth of the centroid of the longitudinally projected 
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FIGURE 1. (a)  General arrangement and ( b )  submerged floats. 

area of the submerged portion of that float. The surface drift current was deter- 
mined by extrapolating the current distribution curve to the water surface. 
This technique (Wu 1968) therefore provides measurements of the surface drift 
as well as of near-surface profiles. It is also convenient at high wind velocities, 
where breaking waves tend to sink small thin floats. 

Subsurface drift current. A Pitot-static tube was supported at  various depths 
below the mean water surface for the subsurface current measurements. At each 
depth, the velocity head, sensed by a differential pressure transducer, was con- 
tinuously recorded on a tape recorder for a period of 2min. The tape was later 
played back on an analog computer at a sampling interval of 0.01 s to determine 
the average drift current. 

As the Pitot-static tube approached the interface, the surface undulation 
made measurements with a fixed probe impossible. Submerged floats, as shown in 

4-2 



52 

200 

100 
80 
60 

J .  Wu 

zl 1 0 2 4 6 8 10 12 14 0. o.2 I 

Wind velocity, U (m/s) 

FIGURE 2. Friction veIocity of wind (open circles) and roughness length of wind 
boundary layer (solid circles). 

figure I (b) ,  were designed and used for near-surface current measurements. These 
floats consist of a triangular plywood disk and a normal metal stem. Stems of 
various lengths were used to make the floats neutrally buoyant with the disks 
submerged at  desired depths. In  order to avoid wind effects on the floats, the 
top of the stem only just protruded above the water surface, but this small pro- 
trusion was essential for stabilizing the floats at the designated depths. The 
floats were observed to maintain their constant submergence in the wind-wave 
tank. Tests were conducted by changing the protrusion of the stem; the floats 
were observed to return quickly to their designated depths with very little 
bobbing. The floats were timed between two stations along the tank and the 
speed of each float was interpreted as the longitudinally averaged current at the 
disk submergence. 

3. Wind and wave conditions 
Wind 

The wind velocity profile in the tunnel was found, as reported earlier (Wu 
1968), to follow the logarithmic law (Schlichting 1968, p. 582) near but not too 
close to the water surface. The friction velocity u*, of the wind and the rough- 
ness length zOa of the wind boundary layer, determined from the wind profile, 
are plotted in figure 2 ,  where U is the free-stream wind velocity. It should be 
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FIGURE 3. Wave heights, wave periods, wavelengths and phase velocities 
for various wind velocities. , x; 0, C.  

emphasized here that, because of the differences between scales under oceanic 
and laboratory conditions and because of the differences in the wind structure 
in various wind-wave tanks, the wind data shown in figure 2 have no general 
application. 

Waves  
Observation of wave growth in the present tank showed that infinitesimal capil- 
lary waves were first generated at a very low wind velocity U < 1-9 m/s. Rhombic 
gravity wave cells were formed as soon as the wind boundary layer became 
turbulent. As the wind velocity increased beyond 3-5 m/s, parasitic capillaries 
were first produced; this is the regime of wind-wave interaction governed by 
surface tension (Wu 1968). Wave breaking was observed at high wind velocities 
U > 9.5 m/s, where gravity replaced surface tension as the governing parameter 
of the wind-wave interaction. 
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FIGURE 4. Influence of wind drift on wave propagation. 0, Shemdin (1972); 
0 ,  Wright & Keller (1971). 

From the records, the periods and heights of more than I00 basic waves were 
obtained for each wind velocity. The wind waves generated in the tank were 
narrow banded. The standard deviations of the data for both wave periods and 
wave heights were found to be generally less than 20% of the average values. 
The average wave (trough to peak) heights H and wave periods P obtained at  
various wind velocities are plotted, along with the standard deviations, shown as 
short vertical lines, in figures 3 ( a )  and (b).  

It is known (Cox 1958; Wright & Keller 1971; Shemdin 1972) that the phase 
velocity of a wind-generated wave is greater than that indicated by the dispersion 

(1) 
relationship 

where C, is the phase velocity, g is the gravitational acceleration, h is the wave- 
length, T is the surface tension and p is the density of water. The correction factor, 
the difference between measured and calculated phase velocities, was related to 
the free-stream wind velocity by Shemdin (1972). However the surface drift 
current is the logical reference quantity because the ratio between the surface 
drift current and the wind velocity has been found (Wu 1968; Wright & Keller 
1971) to vary from tank to tank. The correction factor, reparameterized in terms 
of the surface drift current, is plotted in figure 4. In  this figure, C, is the measured 

C,2 = gh/2n -/- 2nT/ph, 
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FIUURE 5. Surface drift currents measured for various wind velocities. The current distribu- 
tions shown in (a )  from bottom to top were obtained in the order of increasing wind velo- 
cities. The surface current shown in (b)  was obtained by extending the distribution curvc 
to the water surface. 

phase velocity of the waves, V is bhe surface drift current and (T is the radian 
wave frequency (g = 277/P). A curve was fitted to the data to relate the correction 
factor empirically to the radian wave frequency. 

More studies are required to understand the effects of wind drift on wave 
propagation, however the expression showing that the wind drift has less effect 
on longer waves is certainly sound. On the basis of the correction line shown in 
figure 4 and the surface drift current to be shown later, the phase velocity C 
and the wavelength X of the average (dominant) wave were calculated and are 
plotted in figure 3 (c ) .  

4. Surface drift currents 
Determination of surface drift current 

The vertical distributions of the drift current at different wind velocities are 
shown in figure 5 (a) ,  where each data point represents the average of more than 
10 measurements. The standard deviation of the measured float speed was found 
generally to be within 10% of the average value. The drift current v appears 
to vary almost linearly with the depth z below the water surface. The exact 
shape o f  the distribution curve is hard to determine, especially at  high wind 
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velocities. However, our main interest for this series of measurements is to 
determine the surface drift current by extrapolating the distribution curve to 
the water surface. As illustrated by the data shown in figure 5 (a) ,  a slight devia- 
tion of the current from a linear distribution within this shallow region near the 
water surface should not introduce any appreciable error in the surface drift 
current. 

The surface drift current obtained, as shown in figure 5(a), from the inter- 
section of the fitted straight line with the water surface is plotted versus the wind 
velocity in figure 5 (b ) .  A smooth curve has been drawn to indicate the variation 
of the surface drift current with wind velocity. As reported earlier (Keulegan 
1951; Wu 1968), the surface drift current approaches an equilibrium fraction of 
the wind velocity as the wind blows harder and waves start to break. 

Xtokes surface transport 
A slow but continuous forward motion of the particles in a water wave was 
theoretically predicted by Stokes (1847).  The rate v, of this flow at a mean water 
depth D was expressed as 

v, = ( T H / A ) ~  Coexp ( - 4nD/A). ( 2 )  

v, = C0(TH/A)2. ( 3 )  

The Stokes transport V, at the water surface can therefore be estimated from 

Experimental verifications of the above expressions have been provided by 
Russell & Osorio (1957) and Chang (1969).  

The total surface drift current and the surface Stokes transport are shown in 
figure 6 ( a ) .  The Stokes transport is seen here to vary between 5 and 13 % of the 
total surface drift. It is noted that, as soon as the waves become very steep and 
start to break at  high wind velocities, the transport estimated from ( 2 )  and ( 3 ) ,  
which is applicable in principle only for small amplitude surface waves, may be in 
error. 

Wind-induced surface drift 
The difference between the total surface drift current and the Stokes surface 
transport is interpreted here as the wind-induced surface drift. The wind friction 
velocity is the sole parameter for correlating this component. The ratio between 
the wind-induced surface drift V,  and the wind friction velocity is plotted in 
figure 6 ( b ) ;  this ratio is seen to vary between 0.4 and 0.7.  The variation of the 
surface drift with the wind velocity is not fully understood and needs more 
study; roughly, the following empirical expression is obtained: 

V , / U + ~  = 0.53. (4) 
Earlier resultsfor surface drift currents (Heulegan 1951; Baines & Knapp 

1965; Wu 1968; Plate 1970) were compiled by Wu (1973a) .  Despite the 
different water depths and wind conditions in their tanks and the various 
techniques for measuring surface drift adopted, the data ( K / U * ~ )  as a whole 
have no obvious systematic dependence upon the wind friction velocity. The 
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FIGURE 6. Wind-induced and wave-induced surface currents for various wind velocities, 
, total surface drift current; 0, wave-induced surface current in (a) .  

compiled data on the surface drift current, including the Stokes transport, 
were averaged and were shown to be reasonably well approximated by 

V / U * ~  = 0.55. ( 5 )  
There is no discrepancy between the present and the earlier results, as the 
Stokes surface transport in laboratory tanks is in most cases about 10 % or less 
of the total surface drift current. It is noted that the wind-induced drift was also 
measured recently by Phillips & Banner (1974) in the wind-wave tank, and their 
results indicated a value of 0*55u,, for the surface drift. 
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5. Near-surface drift currents 
5.1. Stokes current 

The surface mass transport predicted by Stokes (1847) is given in (3), and com- 
pares favourably with the experimental results. As discussed earlier, the Stokes 
current at  the surface in the present tank varies between 5 and 13 % of the total 
surface drift. The subsurface Stokes current can be calculated by substituting 
into ( 2 )  the average values of the wave frequency and the wave height shown in 
figure 3. Relative to the measured subsurface drift current, to be shown later, the 
contribution of the Stokes current to the total drift current decreases with 
increasing depth: down to about half of the surface contribution at  a depth of 
2 cm, and down to about a quarter of the surface contribution at  a depth of .i cm. 

For the subsurface current, Longuet-Higgins (1953) suggested that the mass 
transport in a wave tank is strongly influenced by viscous boundary layers at  
the bottom and at  the free surface. Because of the small contributions of the 
Stokes current and uncertainty as to the effects of both the surface and bottom 
boundary layers on the mass-transport velocity, no attempt is made to separate 
the subsurface wind-induced current and wave-induced current. The total 
drift current measured in the present tank, discussed in the next subsection, is 
considered as the wind drift. 

Currents measured with submerged $oats 
If the &irmSLn-Prandtl velocity distribution for hydrodynamically smooth flow 
(Schlichting 1968, p. 567) is applicable to the wind drift, it can be written as 

where v, is the current relative to the water surface, u* is the friction velocity of 
the wind-induced drift and v is the kinematic viscosity of water. If the subsur- 
face boundary layer is hydrodynamically rough with a roughness length zo, 
(6) can be rewritten as 

( V - v)/u* = 2.5 In (z /zo)  + 8.5. (7) 

For each wind velocity, the currents at  various depths near the surface were 
measured with floats of different submergences. The measurements at  each 
depth were repeated at  least six times. From the average of the measured currents 
and the surface drift indicated by the curve shown in figure 5 ( b ) ,  the current 
relative to the moving water surface was obtained and is plotted versus the 
depth in figure 7. The origin of the vertical axis for each profile is shifted SO 

that all the current data can be plotted in the same figure. 
It may be seen from figure 7 that the current in the upper layer varies linearly 

with the logarithm of the depth below the surface. A solid line is fitted to each 
profile on the basis of the least-squares principle. As shown in figure 5, the currents 
measured with surface floats very close to the water surface tend to follow a 
linear profile, and are not included here. These two sets of measurements will be 
compared further in a later section. 
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FIGURE 7. Current distributions near water surface measured with submerged floats. 
The wind velocities from top to bottom are U = 0.95, 1-91, 2.86, 3.81, 4.76, 5.72, 6.67 and 
7.62mfs. 

Currents measured with fixed probe 
For each wind velocity, the Pitot-static tube was placed at  various depths to 
measure the wind drift near the water surface. The tube was placed at  each depth 
for a period of 2min. The dynamic pressure, sensed by a differential pressure 
transducer and recorded on tape, was later averaged on an analog computer to 
determine the local current. The averaged local current with respect to the 
moving water surface is plotted in figure 8 versus the depth below the mean water 
surface. A straight line is seen here again to fit closely the data, indicating that 
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FIGURE 8. Drift currents measured with a fixed probe. The profiles from top to bottom are 
obtained at  wind velocities 77 = 2.84, 3.82, 4.75, 5.71, 6.66, 7.64, 8.58, 9.51, 10.48, 11.45, 
12.34 and 13.34rnls. 

the current measured with a fixed probe varies with the logarithm of the mean 
depth. 

The currents measured at  depths Iess than twice the wave amplitude below 
the mean water surface are not shown in figure 8. This omitted portion of data is 
generally very scattered and appears to  deviate from the logarithmic profile. 
The scatter is undoubtedly due to measurement difficulties near the moving 
and undulating water surface, and the deviation is believed to be related to the 
motion induced by waves (Benjamin 1959; Phillips 1966, p. 89). 
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Friction velocity and surface roughness 
The friction velocity of the current and the roughness length of the current 
boundary layer, obtained from the logarithmic current profile, are plotted in 
figure 9. The friction velocity and the roughness length of the current are seen to 
vary with the wind velocity in the same fashion as those of the wind, shown in 
figure 2. The friction velocities for the current are much smaller than those for 
the wind owing to the large density difference between water and air. The density 
difference, however, has no influence on the roughness length. The friction 
velocities of the current and of the wind will be further compared in a later 
section. 

Comparing again the data shown in figures 2 and 9, the roughness lengths for 
the current are smaller than but comparable with those for the wind at  low wind 
velocities and are much smaller than those for the wind at high wind velocities. 
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This trend is interesting. The difference is small at  low wind velocities in 
the regime of wind-wave interaction governed by surface tension (Wu 1968), 
where capillary waves provide the roughness elements for the wind. At high 
wind velocities in the gravity-governed regime of wind-wave interaction (Wu 
1968), the waves become cusp shaped at the crests and airflow separation also 
occurs there; the wave troughs, however, remain flat. Crests are the tops of the 
roughness elements for the wind and troughs are the tops of the roughness ele- 
ments for the current. 

The friction velocities determined with the submerged floats are seen in figure 9 
to be in very close agreement with those determined with a fixed probe. These 
are indeed very interesting results. From the measurements with the floats 
which stayed at constant designated depths below the undulating water surface, 
we confirm, as conjectured by others (Phillips 1966), that the flow in the 
boundary layer over a wavy surface in which separation does not occur is bent 
to follow the surface configuration. The airflow in the present tank has been 
considered (Wu 1968, 1970) to separate from the dominant waves at high wind 
velocities, where the wind boundary layer is hydrodynamically rough. As dis- 
cussed in a later section, the current boundary layer in the present tank, however, 
is always hydrodynamically smooth, so no flow separation is expected. There 
has been some concern over the distortion of the logarithmic velocity profile 
by the wave-induced motion (Phillips 1966, p. 141). The present results appear 
to indicate that the wave-induced disturbances vanish at a mean depth twice the 
wave amplitude. 

There are some discrepancies between the roughness lengths measured with 
surface floats and with a traversing probe; see figure 9. More study is required to 
resolve this discrepancy; however, it may be worthwhile to mention that the 
roughness length is probably ill defined here, as the current boundary layer is 
hydrodynamically smooth. 

6. Discussion 
Regimes of wind and current boundary layers 

The local Reynolds numbers R, for both the atmospheric and aqueous boundary 
layers at  the test section are given, respectively, by ULIv, and VL/v, where L 
is the distance between the tunnel entrance and the test section. The results, 
shown in figure lO(a), indicate that for the same wind velocity the Reynolds 
number for the wind is always greater than that for the current. The transition 
of the boundary layer over a solid surface from laminar to turbulent generally 
occurs at  R, + 5 x lo5 (Schlichting 1968, p. 435). If this result is applicable 
here, the current boundary layer at low wind velocities appears to be viscous, 
a.nd the transition from viscous to turbulent flow occurs a t  U = 3 m/s. 

The roughess Reynolds numbers R, for both the wind and the current boundary 
layers are plotted in figure lO(b ) .  The division of the boundary-layer regime 
(Schlichting 1968, p. 585)  is also shown in the same figure. The wind boundary 
layer, as discussed elsewhere (Wu 1968,1970), has two regimes, both of which are 
actually, or very nearly, hydrodynamically rough. Capillary waves serve as 
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FIGURE 10. Regimes of wind and current boundary layers. 0, the atmospheric boundary 
layer; 0 ,  aqueous boundary layer. The data used here for the aqueous boundary layer are 
those obtained with floats. 

roughness elements at low wind velocities, where R, increases gradually with U ;  
gravity waves serve as roughness elements at  high wind velocities, where R,; 
increases rapidly with U. The current boundary layer appears to be hydro- 
dynamically smooth at low wind velocities. The data used here to calculate the 
roughness Reynolds number were those obtained with submerged floats. The 
roughness Reynolds number calculated with the data obtained with the travers- 
ing probe should be even smaller; see figure 9. 

In  summary, comparing the results for both boundary layers shown in figure 
10, we see that the transitions of the current boundary layer to various regimes 
lag behind, or occur at wind velocities higher than, those of the wind boundary 
layer. 
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FIGURE 11. Momentum flux from wind to  drift currents. 

Wind stress and wave drag 
The stress exerted by a flow on a solid rough boundary is completely supported 
by the form drag of roughness elements. In  laboratory wind-wave tanks, the 
wind generates waves, which grow with the fetch. AS the waves grow, their 
momentum also increases and extracts a portion of the wind stress. This portion 
of the stress is the so-called wave drag (Stewart 1964), which is the rate of direct 
momentum transfer from the wind to the waves. 

The ratio 7Jr0 between the shear stresses exerted by the current and by the 
wind on the air-water interface, calculated from the respective friction velocities 
is plotted versus the wind velocity in figure 11. It may be seen that this ratio 
increases approximately from 0.2 to 0-7 as the wind velocity increases. If we con- 
sider the difference between r0 and 7, as the wave drag, then this difference should 
be related to the wave growth. The present results are consistent with two earlier 
estimates (Wu 1968, 1973b) of wave drag from the spatial growth rate of the 
waves. The ratio between T~ and T~ was found earlier to be about 0.2 in the present 
tank with wind velocities greater than 3-5 m/s, and the rising portion of this ratio 
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shown in figure 11 is very similar to that found more recently in a smaller tank 
where the wave characteristics are very similar to those in the present cases of 
low wind velocity. 

It was shown earlier (Wu 1968, 19698, 1970) that the wind stress can be cor- 
related with the amplitude of waves from which the wind separates. These 
results indicate that these specific waves serve as the roughness elements for the 
wind, and imply that the wind stress is supported principally by pressure drag 
on these waves. A further interpretation of the results made by Lighthill (1971) 
substantiates the hypothesis that momentum transferred by wind stress goes 
principally to the waves themselves. The viscous dissipation of wave energy 
to convert the momentum eventually into shear currents was considered by 
Lighthill to be a very slow process. Such a process occurs only at low wind 
velocities in the present tank. At  high wind velocities, wave breaking dissipates 
the excess energy introduced by the wind. Therefore, in this case, the momentum 
flux is converted much faster into current, explaining the fact that the wave 
drag, shown in figure 11, is smaller at  high wind velocities than at  low wind 
velocities. 

Viscous sublayer of wind drift 
The existence of a viscous sublayer below the air-water interface has been con- 
sidered by various investigators (Wu 1972). The thicknesses of the viscous sub- 
layer (&,) and the buffer layer (&) near the interface were estimated, respectively, 
from the relations for the boundary layer over a solid surface (Schlichting 1968, 
p. 5651, 

8, = ~ I * ~ u , / v ,  8, = ~ O U , / V .  (8) 

These thicknesses at  low wind velocities were estimated from the friction velocities 
of the current, measured with submerged floats and shown in figure 9 ,  and are 
plotted in figure 12. At very low wind velocities, the depth to which the currents 
were measured with surface floats, shown in figure 5 ,  is seen to be comparable 
with the thickness of the viscous sublayer. For these cases, the friction velocity 
of the current can also be calculated from the velocity gradient u, = vdv /dy ,  
shown in figure 5 .  

The friction velocities determined from the linear profiles, shown in figure 5,  
are compared in figure 12 with those determined from the logarithmic profiles, 
shown in figure 7 .  The close agreement of the two sets of results at  very low 
wind velocities indicates that a viscous sublayer indeed exists immediately 
below the air-water interface and heaves with the surface undulation. As the 
wind velocity increases, the viscous sublayer becomes thinner ; the measurements 
with surface floats, shown in figure 5 ,  extend beyond the viscous sublayer. 
Because the maximum velocity gradient occurs within the sublayer, the 
gradient determined from the straight line fitted to the data extending beyond 
the sublayer should be smaller than that within the sublayer. Consequently, the 
friction velocity determined from the linear profile deviates from, and becomes 
smaller than, the actual friction velocity, determined from the logarithmic 
profile. 
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Surface drift currents at various fetches 
As discussed previously, the surface drift current has two components: the 
wind-induced shear current and the wave-induced Stokes current. The former is 
generated by the wind stress and the latter is related to wave characteristics. 
I n  order to determine the total surface drift current at various fetches, both com- 
ponents must first be separately estimated on the basis of the respective scaling 
laws, and then added to determine the total surface drift. 

On the basis of the logarithmic wind velocity distribution above the disturbed 
water surface and an equation describing the equilibrium state of wind-wave 
interactions, a non-dimensional expression for determining wind-stress co- 
efficients a t  all fetches has been suggested by Wu (1969 b)  : 

l /Ci  = %51n (91/C,P2), F = U,/(gy)b, (9) 
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FIGURE 13. Variation of wind-induced and wave-induced surface drift currents with fetch. 
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where P is the Froude number, U, is the wind velocity measured a t  an elevation 
y above the mean water surface, and C, is the wind-stress coefficient, defined as 
C, = rO/pa Uz.  Since the scaling law is derived from the logarithmic wind profile, 
the anemometer should be close enough to the water surface to be within the 
logarithmic-profile region, and should be also far enough from the water surface 
to avoid wave-induced air motion. Such an anemometer height was proposed 
(Wu 1971) to be 

where R = U, L/va is the fetch Reynolds number, C L  is the wind velocity measured 
at the proposed anemometer height and L is the wind fetch. 

By combining (4), (9) and (lo), the wind-induced surface drifts at various 
fetches can be determined, and are plotted in figure 13. Earlier results (Wu 1969 b )  
have established that the wind-stres coefficient decreases with increasing fetch. 

5 - 2  



68 J. Wu 

The present results indicate that the wind-induced surface drift is proportional 
to the wind friction velocity. Taken together, the ratio between the wind-induced 
surface drift and the wind velocity decreases with increasing fetch. 

Wave data obtained at  various fetches were compiled by Wiegel(1964, p. 216) 
and faired by Wu ( 1 9 6 9 ~ )  with the following results: 

and 

where c and H i  are the phase velocity and the height of dominant waves, respec- 
tively. Substituting (11) into (3), we can find the Stokes surface transport at 
various fetches; see figure 13. Contrary to the trend for the wind-induced com- 
ponent, the wave-induced surface drift is seen to increase with the wind fetch. 

The present calculation of wave drift differs from the calculations of Bye 
(1967), Chang (1969) and Kenyon (1970). They obtain the Stokes drift from a 
spectral average, while the sea is considered here as a narrow-band process. 
Undoubtedly, their procedure is more correct provided that no serious wave- 
wave interaction occurs. More study is definitely needed not only of the Stokes 
drift of random waves but also of the spectral description of short waves; there 
may be a significant contribution from short waves to the drift (Wright 1970). 
It suffices to say here that the present estimated wave drifts are in qualitative 
agreement with those obtained from the spectral average. 

The sum of the wind-induced and the wave-induced components is the total 
drift. It may be seen in figure 13 that the total drift is approximately independent 
of the wind fetch and is about 3.5 % of the wind velocity at long fetches. This value 
is only slightly greater than the commonly accepted value of about 3%. However, 
the last value is believed to be obtained with surface floats of appreciable sizes; 
as shown in figure 5, such floats generally indicate a smaller drift. 

Shemdin (1972) suggested on the basis of his laboratory data that the surface 
drift was essentially a wind-induced shear current. On the other hand, Bye 
(1 967) and Kenyon (1 970) concluded from their analyses of oceanic wave data 
that the surface drift was primarily a wave-induced mass transport. The present 
results are helpful for resolving such a discrepancy; both arguments appear to  
indicate the trend but are overstated. 

7. Conclusions 
Systematic and simultaneous measurements have been made of the wind and 

current boundary layers as well as the wave characteristics in a wind-wave tank. 
The results show that the current varies logarithmically with the distance below 
the interface, and that the transitions of the current boundary layer to various 
regimes lag behind those of the wind boundary layer. Comparing the results 
obtained with submerged floats and with a traversing probe, we see that the cur- 
rent flow is bent to follow the surface configuration. The results obtained with 
surface floats immediately below the water surface do not conflict with the 
general consideration that a viscous sublayer exists just below the interface. 
Direct measurements are presented of the portion of the wind stress effective 
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in generating currents. This has been discussed indirectly elsewhere, and is shown 
here t o  be related to the wave characteristics. Two components of the surface 
drift, the wind-induced shear current and wave-induced mass transport, are 
separately scaled and estimated. Expressed as fractions of the wind velocity, the 
former component was found to  decrease and the latter component to  increase 
with increasing fetch; the total surface drift was found to decrease gradually 
with increasing fetch and to approach a constant value. 

This work was supported by the Office of Naval Research under Contract 
N00014-73-C-0091. I am very grateful to Mr N. Lewis for conducting the experi- 
ment. 
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