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ABSTRACT

Measurements of velocity and scalar fluctuations were made using a stable platform in Bass Strait
at a height of ~5 m above the mean surface of the ocean. These measurements were obtained over a
period of time where the wind velocity increased steadily before reaching an approximately constant
value that was maintained for a duration of ~10 h. During the initial period of the experiment,
induced wave fluctuations, centered about the dominant wave frequency, are observed on spectra of
the longitudinal « and vertical w velocity fluctuations, and on the uw cross spectrum. The cross spectrum
indicates a relatively important transfer of momentum in the direction sea to air, at the wave frequency.
No measurable wave influence is detected on either temperature § or humidity g spectra, but w8 and
wq cross spectra are either negligible or show a change of sign at the wave frequency. Although the
effect on w persists, wave-induced disturbances on the cross spectra are small enough to be neglected
when the ratio of wave phase speed to friction velocity becomes smaller than ~40.

1. Introduction

The influence of waves on the turbulent surface
layer needs to be carefully assessed before accurate
estimates can be made of the sea surface stress and
mass, temperature and humidity fluxes. Laboratory
and atmospheric studies have firmly established that
wave-induced perturbations can be recognized in
measurements of the longitudinal or streamwise u
velocity and especially of the vertical w fluctuation
in the turbulent flow above the waves. Most of the
experimental evidence (e.g., Kitaigorodskii, 1973)
has been in the form of power spectral. densities
of w and u which reveal a distinct peak at the
frequency at which the spectral density of the sea
surface wave displacement is maximum or at the
main frequency of mechanically generated waves
in air-water tunnels. The uw cospectrum can also
exhibit a peak at the dominant wave frequency
corresponding to peaks in the w and u spectra.

The laboratory investigation by Lai and Shemdin
(1971) of air turbulence above mechanically
generated waves has indicated that wave-induced
perturbations decay with height above the wave sur-
face and has shown that the rate of decay depends
on the relative magnitude of wind and wave
speeds. The uw cospectrum was found to exhibit a
change of sign near the wave frequency, indicative
of a transfer of momentum in the direction water
to air, when the local air velocity was less than the
phase velocity C corresponding to the dominant
wave frequency. No such effect was noted when the
wind velocity exceeded C although a peak in the co-
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spectrum remained prominent at the wave fre-
quency, thus suggesting an enhancement of overall
momentum transfer from wind to water. More
specifically, Lai and Shemdin concluded that the
magnitude and direction of the wave-induced stress
above the waves depended critically on (U, — C)
where U, can be taken as the average wind speed
at the average wave crest level. The direction of
stress was stated to be upward when U, < C. No
significant peak in the uw cospectrum can be ob-
served in Mclntosh er al.’s (1975) observations
over wind waves and mechanically generated
waves in an air-water tunnel, although distinct
peaks, at the dominant wave frequency, are notice-
able in spectra of ¥ and w. The data of Takeuchi
et al. (1977), obtained in the same facility as that
used by MclIntosh er al., indicate a significant
negative spike in the uw cospectrum at the wave
frequency,! aithough no peak is found on the w
spectrum. The absence of this peak was attributed
to the near equality between the local wind
velocity and the phase velocity C.

Benilov et al. (1974) reported measurements
from a stable platform in the Caspian Sea (see
Zubkovskiy er al., 1974) which indicate a positive
excursion in the uw cospectrum at the main wave
frequency.? The wave-induced contribution to

! A significant positive spike in the cospectrum occurred at
the second harmonic of the wave frequency.

% Davidson and Frank (1973) observed that the wave-related
momentum transfer could change sign with height above the sur-
face of a lake. Close to the surface, the momentum transfer at
the wave frequency could be either enhanced or reduced.
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—uw was determined using a linear filtering
technique (see also Benilov and Filiushkin, 1970;
and Benilov and Zaslavskiy, 1974), based on a
correlation analysis of turbulence and sea waves.
Bentlov et al. found that the wave-induced contribu-
tion represented a reduction of 15% of the Reynolds
shear stress. This reduction, which corresponded to
increases of 29 and 18% in the variances ¢,? and
o2 of w and u, respectively, was found over
attenuated wind-generated waves for which the ratio
C/lU, (U, is the friction velocity = —uwi?) is
fairly large (85 in their case). This ratio was sug-
gested (Kitaigorodskii, 1973) to be a relevant param-
eter characterizing the dynamic interaction between
sea and wind. For developing wind-generated waves
(C/U, = 20), Benilov et _al. (1974) found that the
wave contribution to —uw was almost negligible
while contributions to o,* and o,? were only about
half those obtained for swell conditions.

It should be noted that the wave influence is
not confined to ¥ and w fluctuations. Elder ef al.
(1970) observed significant energy concentration
at the wave frequency in spectra of v, the trans-
verse velocity fluctuation. Elder et al. suggested
that this observation supported the three-dimen-
sional nature of the disturbance due to the wave
field. However, it should be mentioned that al-
though this peak in the v spectrum was ac-
companied by a peak in the w spectrum, no peak
was observed in the # spectrum. Not surprisingly
perhaps, the wave-induced contribution to pressure
fluctuations has been found to be significant
(e.g., Elliott, 1972b). Elliott observed a large hump
in pressure spectra at the wave frequency with the
amplitude and rate of vertical decay of this hump in-
creasing and decreasing, respectively, as the
mean wind speed increases.

Whereas the influence of waves on the velocity
and pressure field has received some attention,
the possible influence on scalar fluctuations, such
as temperature # and humidity g, seems to have
been less well-documented. Before we briefly
discuss the available experimental evidence, it is
worth restating Benilov er al.’s suggestion that the
amplitude of the wave-induced perturbation of any
quantity depends, not only on distance from the
surface height of the wind waves or relative magni-
tude between wind and wave phase velocities? but
also on the vertical gradient of mean velocity (or
presumably temperature or humidity). While in-
duced velocity fluctuations could still be present

3 It should also be noted that Kondo et al. (1972) found that
when the wind blows in the opposite direction from that of the
wave propagation, the wind fluctuation is in phase with respect
to the wave motion and the amplitude of wave-induced wind
component is relatively large.
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under exactly neutral conditions, there is no obvious
mechanism to explain the possibility of generation
of temperature disturbances as a result of wave
motion. Volkov (1969) (also, Kitaigorodskii, 1973)
presented temperature spectra, measured from a
ship at a height z of 2 m above the ocean surface,
which indicate a small but distinct peak at the main
wave frequency under slightly unstable stratifica-
tion (z/L = —0.02S5, where L is the Monin-Obukhov
length). Kitaigorodskii estimated that the wave-
induced contribution to the temperature spectrum is
of the same order of magnitude as the wave-
induced temperature, as inferred from his relation
(3.37). Benilov et al. (1974) noticed no significant
peak in the humidity spectrum at a height
z = 2.45 m above a sea surface characterized by
C/lU, =~ 85. At C/U, = 20, the data at z = 4.25 m
exhibit a small bump or at least a distinguishable
change in spectral slope at the main wave frequency.
However, the calculations by these authors showed
that, for both values of C/U, the contribution from
wave-induced fluctuations to the variance of g is
only ~4%. Mclntosh et al. (1975) presented several
temperature spectra for various heights and wind
speeds above wind and mechanically generated
waves. Only one of these spectra, that for the
mechanical waves, seemed to exhibit a peak at the
wave frequency. But the experimental spectral
accuracy at that frequency appears to be insufficient
to claim a significant wave disturbance. While the
wave influence on 6 or g spectra may be small,
the effect on w6 and wq cospectra may be more
significant. The wq cospectrum of Benilov er al.
(1974) exhibited a significant reduction at the main
wave frequency. One of Young et al.’s (1973) wé
cospectra (run V24) revealed a pronounced reduc-
tion at the dominant frequency of the wind-
generated waves but no significant peak was notice-
able in the 6 spectrum. »

Deviations of the behavior of parameters such as
0, /Uy, o,/Uy and o-,,/lT*l(T* = w@/U, 1is the
friction temperature) from that prescribed by Monin-
Obukhov similarity have been determined by Volkov
(1969) as a function of the ratio C/U,. The ratios
o,/U, and o,,/U . were found to increase significantly
with C/U ., when this latter parameter exceeded a value
of ~25. This increase (also observed by De
Leonibus, 1971, and Davidson, 1974) is brought
about by the decrease in —uw as C/U, increases.
In the case of temperature, o,/ IT*I remained con-
stant for C/U, = 25 but increased significantly for
C/U, < 25. Davidson confirmed that a value of
C/U, near 25 is associated with minimal wind-
wave coupling influence but could not support
Volkov’s increase in o/|T,| at low values of
C/U, in view of lack of data in this range of
C/U,. De Leonibus (1971) presented some evi-



APRIL 1980

dence of the dependence of the drag coefficient
on dimensionless wave phase velocity and dimen-
sionless wave height.

It is possible that both direct covariance and
inertial dissipation techniques for estimating the sea
surface stress can be in error if the velocity
fluctuations have a significant wave-induced com-
ponent. Stress estimates from the dissipation tech-
nique are generally higher than the directly meas-
ured values (e.g., Schmitt et al., 1978b). How-
ever, it is not clear that the discrepancy between
these two estimates is entirely due to the suggestion
by Schmitt et al. (1978b) that the anisotropy of
the velocity field, as caused by the interaction be-
tween surface waves and the turbulence, invalidates
the application of the inertial dissipation technique.

Benilov et al. (1974) have indicated that on-site
experimental studies to determine the role of wave-
induced perturbations of the turbulent flow are rare.
Zubkovskiy ¢t al. (1974) pointed out the advantages
of using a stable platform for such an experimental
investigation and the data from their Caspian Sea
platform constitute an important body of knowledge
on the influence of waves on turbulence. The aim
of this paper is to place on record some simultaneous
measurements of u, w, 8 and g obtained from a
stable oil-rig platform in Bass Strait. These measure-
ments were made over a period of time where the
wind velocity increased steadily before reaching a
value that remained approximately constant over a
period of 10 h. The measured spectra and cospectra
of u and w are significantly affected at or near the
main wave frequency. These spectral results and
those associated with temperature and humidity
fluctuations are compared, when possible, with the
data of Benilov ef al. (1974) and others.

2. Experimental arrangement

Measurements of u, w, 6 and ¢ were made from
Kingfish B, the ESSO-BHP natural gas platform
which stands in Bass Strait (148°9'E, 38°36’S)
about 80 km off the Gippsland coast of Victoria,
Australia. The instruments for recording the above
signals were mounted. at a height z of ~5 m above
the mean water level (on a vertical pipe), sup-
ported at the end of a horizontal boom fastened
to one of the western platform legs. The boom was
of sufficient length (15 m) to enable the measure-
ments to be made clear of the disturbance of the
platform. The response of the boom to the wave and
wind fields was negligible. Measurements of the
platform’s acceleration obtained by ESSO-BHP
indicated undetectable platform movement during
conditions similar to those of the present experi-
ment. A more detailed description of the instru-
ments and their relative spatial location may be
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found in Antonia et al. (1978b). The horizontal
velocity fluctuation ¥ was obtained with a hot wire
(5 um diameter, 0.8 mm long) operated by a DISA
55M01, constant-temperature anemometer. The
vertical velocity fluctuation w was obtained using a
Gill propeller array which also provided another
measurement of u. The u# propeller was aligned to
the wind direction and the w propeller was leveled
by eye to the horizon. The adequacy of the propeller
alignment is discussed in Antonia et al. (1978b). The
tilt error (w propeller) was estimated to be *15,
+20 and =*15%, respectively, for uw, w6 and
wq. Temperature # was measured with a cold
wire (0.6 um diameter, 0.8 mm long) operated by a
constant-current anemometer. The value of the cur-
rent was low enough (0.1 mA) for the wire to be
sensitive to temperature fluctuations only. Low-
frequency temperature fluctuations were also ob-
tained by a thermistor. The humidity fluctuation g
was obtained using a Lyman-alpha humidiometer.
Neither the hot wire anemometer nor the Lyman-
alpha humidiometer was linearized. The hot and
cold wires were mounted, respectively, at the levels
of the w propeller and the Lyman-alpha humidiom-
eter, at a lateral separation of ~40 cm. Schmitt
et al. (1978a) suggested that temperature measure-
ments over the ocean exhibiting ‘‘cold spikes’’ are
likely to be in error due to the humidity sensitivity
of the spray-coated temperature sensors. These
would lead to errors in wé. In the present experi-
ment there was little evidence of cold spikes in the
temperature signal. Schacher and Fairall (1976) also
indicate that salt deposits are rarely of sufficient
thickness to affect the calibration of hot and cold
wires.

Fairall and Schacher (1977) found, for non-
linearized hot wires at constant mean velocity, that
the slope s( = u/e, where e is the fluctuating bridge
voltage) increased by 30% due to salt buildup
for a group of wires used daily for several days
on a cruise. As s increased, the frequency response
of the hot-wire anemometer system decreased.
However, they expect the system frequency re-
sponse to be adequate for inertial dissipation (and
therefore direct) estimates of the surface shear
stress if s is allowed to increase to 60% provided
in situ wire calibrations are obtained. For the present
experiment, the hot wires were exposed for ~18 h
and changes in the hot-wire calibration constants
were less than 10%.

The mean water level was continuously monitored
with a resistance wave gage, consisting of a non-
conducting tube, ~2.5 cm in diameter, with a con-
ducting wire wrapped spirally around it. This wave
gage, which provided an output proportional to the
instantaneous surface displacement m, was sus-
pended from the boom at a location 2 m downwind
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Fi1G. 1. Wind speed and z/L variation during observational period.

from the vertical mast to reduce the likelihood
of wave-induced motion of the instrument mast.

- Voltages proportional to u, w, g and 6 fluctua-
tions - were usually recorded on a four-channel
Hewlett-Packard 3960 FM tape récorder. For a
number of runs, 6 (or q) was replaced by the surface
displacement 7. The recording speed was 24 mm s™!
(—3 dB point of tape recorder 375 Hz). The tapes
were played back in the laboratory at a speed of 16
times the speed recording and digitized at a sampling
frequency of 64 Hz (real time equivalent is 4 Hz)
on a DEC PDP 11/20 computer. Prior to digitization,
the signals were low-pass filtered with the —3 dB
cutoff frequency set at half the sampling frequency.
Data computed from these signals included mean
values of these quantities and of their products as
well as probability density functions, spectra and
Cross spectra.

The variation with time of the wind velocity U; at-

5 m and .U, at 49 m, as measured by a cup and
propeller anemometer, respectively, is shown in
Fig. 1 (typically 30 min averages of the cup output).
It is noticeable that following an initial increase, U
remains approximately constant, equal to ~9.2
m s~1, over the period 1300-2300 LLST. Also, shown
in Fig. 1 is the variation of L [for details of this
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computation see Antonia et al. (1978b)] over the
same period.

3. Experimental results and discussion

Spectra of the wave surface elevation n were ob-
tained at a number of different times throughout
the observational period. The frequency n, of the
main peak in the spectrum was found to be approxi-
mately constant, equal to ~0.13 Hz. It follows that
the phase velocity C associated with the energy con-
taining waves was also approximately constant,
equal to about 12 m s! (C = g2mn,). The error,
in the estimate of C, resulting from a finite water
depth was negligible as the water depth at the loca-
tion of the platform is ~70 m. As the mean wind
velocity at 5 m is always less than C (Fig. 1), all
measurements presented in this section were ob-
tained well below the critical layer height. The
horizontal velocity measured at 49 m was less than
C during 1100-1300, approximately equal to C dur-
ing 1300—-1800 and greater than C in the period
1800-2400 (all times local standard). Thus, for the
major portion of the experiment, the critical layer
height was close to or greater than 49 m. It should
be noted that the ratio C/U, given in Table 1 does
not vary significantly over the experimental period
1300-2300. Larger values of C/U, were encoun-
tered over the period 1100-1300 as a result of lower
values of U,, in the range 0.15-0.25 m s™*.

Spectra of u, w and 6 for run 1 (see Table 1) are
shown in Fig. 2 in the form ¢, vs k,z. The spectral
density ¢, (where a stands for u, w, 6, g or ) has
been normalized such that

0

[m d)ad(klz) = 1’

where the wavenumberk, = 27n/U. Fluctuations «,
0 presented in Figs. 2 and 3 were obtained using the
hot wire and cold wire, respectively. Also, shown
in Figs. 2 and 3 is the n spectrum. An equilibrium
form for this spectrum, as indicated by a —35 slope,
exists for k,z > 2. The main peak occurs near
k,z = 1. At or near this value, there are pro-
nounced peaks in ¢, and especially ¢,. There is no
noticeable bump in ¢, the variations in the spec-

TABLE 1. Mean and turbulence parameters for runs 1-4 (BASS V).

Start Duration U U, it < Oy T g

Run (LST) {min) (ms™) (ms™) —z/L Uy Cp X 10*t  Cp x 103t U, Uy Ty
1 1137 32 5.31 0.15 0.13 81.6 1.42 0.77 3.77 2.06 2.2
2 1217 26 7.33 0.26 0.08 46.0 1.23 1.27 2.94 1.32 43
3 1759 58 9.13 0.31 0.05 38.6 1.06 1.16 2.90 1.0 4.6
4 2200 60 9.38 0.37 0.05 32.6 1.66 1.54 2.83 0.98 4.9

1 Inertial dissipation values.
+1 Direct values.
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trum near k,z = 1 being of the same order as the
scatter exhibited at lower frequencies. Also shown
in Figs. 2 and 3 are the products (k,2)*3¢,, with
a = 0 or u, to identify the inertial subrange region
for temperature and velocity fluctuations. It is clear
that while (k,z)*3¢, exhibits a constant value
(~0.12) for k,z > 2, the peak in ¢, associated with
n, interferes severely with the extent and level of the
inertial subrange plateau. The inertial subrange, in
the case of temperature, does not start before &,z
is ~2.5 and, even if a bump in ¢, had existed, inter-
ference with the inertial subrange* plateau would
have been significantly smaller than in the case of
velocity. It should be noted that the extent of the
inertial subrange does not terminate at k,z = 13;

4 Note that the u, w and g spectra of Benilov e? al. (1974) do not
show a convincing —5/3 inertial subrange.
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as in Fig. 2.

redigitization of the same # and 6 records indicated
inertial subrange regions extending to at least 25 for
u and 40 for 6 (and ¢q). The quantity (k,z)*3¢,, has
not been plotted in Figs. 2 and 3 in view of the rela-
tively poor frequency response of the w propeller
(cf. Antonia et al., 1978b).

Spectra (Fig. 3) of u and 8 for run 2 (Table 1) are
similar to the corresponding spectra of Fig. 2 except
that the perturbation of ¢, due to the waves is sig-
nificantly smaller than that in Fig. 2 and the start of
the temperature —5/3 subrange is slightly delayed in
Fig. 3. The wave-induced perturbation of ¢,, (Fig. 3)
is significant, although smaller than that of Fig. 2.
The behavior of the w spectrum to the left of the
bump® in Fig. 2 is somewhat different from that in
Fig. 3. The relatively constant spectral density and
sharp dip immediately prior to the conspicuous rise
in Fig. 2 are absent in the low-frequency end of ¢,
in Fig. 3. Approximate values of contributions of
wave-induced fluctuations to o2 and 0,2 were ob-

® It is difficult to identify a —5 region on the w spectrum im-
mediately to the right of the bump, as mentioned by Zubkovskiy
et al. (1974).
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tained by estimating the spectral area enclosed by
the bump near k,z = 1 and a faired-in (by eye) inter-
polated curve joining the undisturbed spectral
densities on either side of the bump. For Fig. 2 the
contributions to the measured ¢,2 and o,,? are 13.6
and 52.5%, respectively. For Fig. 3 the correspond-
ing values are 3.2 and 48.2%. Although these esti-
mates are only crude, they are sufficiently represent-

ative of the wave-induced motion to allow compari-.

son with the data of Benilov et al. (1974). These
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F1G. 4. Covariance, coherence and phase angle for run 1: (O)
Co, (O) ¥%, (A) ¢. Arrow corresponds to dominant wave fre-
quency n,. (a) wu; (b) wo; (c) ub.

authors found that their linear filtering technique
isolated wave noise contributions to spectra and co-
spectra not only near n, but also at higher and lower
frequencies. The main wave noise contribution,
however, was associated with n,. For attenuated
waves (C/U, =~ 85), Benilov et al. found that the
contributions to 0,2 and 0,2 were 18 and 29%,
respectively. While the wave noise contribution to
o, for run 1 is not very different to that of Benilov
et al., the present contribution to ¢,2 is much
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larger. Although the ratio C/U for run 1 is relatively
large (~82),5 perhaps it should be noted that it was
obtained for a history of wind speed which is dif-
ferent from that applicable to Benilov et al.’s experi-
ment. In the latter, the mean velocity at z = 10 m
was large (13 m s™!) in the period preceding the ex-
periment and equal to ~6 m s™! during the experi-
mental run.

Cross spectra between the various quantities of
interest were computed for runs 1 and 2 and are
shown in Figs. 4 and S. The cross spectrum is given
by Co + iQ, where Co and Q are the cospectrum
and quadrature spectrum respectively. The normal-
ization of the figures is such that

J Cod(kyz) = R(0),
o
the cross-correlation coefficient at zero time delay
7, where R 4(7) = a(2)B(t — 7)/o0p5. Also, shown
in these figures are the phase  (=tan™! Co/Q) be-
tween quantities « and 8 and the coherence ?, de-
fined in the usual fashion,

Co? + Q2
Y=
¢(x¢B
where ¢, and ¢, are the spectral densities of « and
B, respectively. Conspicuous in Fig. 4a is the change
in sign of Co,,, near k,z = 1. The positive (and rela-

tively large) values of Co,,, near the main wave fre--

quency indicate atransfer of momentum in the direc-
tion water to air, as observed by Benilov et al. (1974)
over the ocean (C/U, = 85) and Lai and Shemdin
(1971) over mechanically generated waves when the
air velocity was smaller than the wave phase veloc-
ity. The coherence 4? near k,z = 1 exceeds 0.7
(significantly higher than values measured at lower
frequencies where a reasonably high correlation is
expected between v and w). Lai and Shemdin report
a value of y? at their wave frequency in excess of
0.8,” whereas, Benilov ef al. somewhat inexplicably,
state that y,,2 is close to zero near n,, although they
report values of v,,? and 7,2 equal to 0.8 and 0.6,
respectively. The phase s (Fig. 4a) is such that, at or
near n,, w leads u by nearly 3%/2 or, alternatively,
u leads w by «/2. This is essentially in agreement
with the observation of Lai and Shemdin who also
find that ¢, at n = n,, decreases with increasing
height above the surface. In Fig. 5a (C/U, = 46),
Co,,, does not change sign but is nearly zero near the
wave frequency. Nevertheless, the coherence 2 is

¢ This value was calculated using U, inferred from the direct
estimate of uw. If the inertial dissipation value for U, was used
(see Table 1) C/U, would be about 57.

7 A similar value was obtained by Kononkova et al. (1973) at
a height of 15 cm above the water surface in an air-water tunnel.
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still large (0.6) and u leads w by 7/2. Wave-induced
contributions to uw were estimated from the area
enclosed by the depression in Co,,, near k;z ~ 1,
and a linear interpolation (by eye) joining the ‘‘un-
disturbed”” Co,, on either side of the depression
(0.5 < k,z < 1.2, Fig. 4a; 0.45 < k,;z < 0.65, Fig.
5a). The contribution represents a reduction in —uw
of 24.9 and 5.4% for runs 1 and 2, respectively.

The w# and u @ cospectra (Figs. 4b, 4c; 5b, 5c) in-
dicate that, near the main wave frequency, Co,q is
negligible, while Co,4 does, in fact, become nega-
tive, suggesting a transfer of heat from the air toward
the slightly warmer sea surface. Coherences near
no (k.z = 0.9, Fig. 4; 0.6, Fig. 5) are nearly zero,
while 6 leads w by nearly #/2, in reasonable agree-
ment with the data of Benilov er al. It should finally
be noted that the main features of the data in Figs.
2-5 have, in fact, been verified with the use of dif-
ferent instruments. Spectra and cross spectra ob-
tained with the use of a u propeller (instead of the
hot wire) and a thermistor (instead of the cold wire)
are in close agreement with those in Figs. 2-5. It
must be noted that the behavior of correlation co-
efficients R,,(7) and R,47) as a function of time
delay 7 is such that maximum values for these coef-
ficients occur at positive values of 7 so that § and u
lead w for the overall time record.

Spectra of g and cross spectra between g6 and
wq are presented in Fig. 6. The quantities of interest
were measured prior to run 1 (1100-1115 LST) and
6 was obtained from a thermistor located beside
the Lyman-alpha humidiometer. There is no apparent
bump in ¢, or Coy, near k,z =~ 1, which corresponds
to the peak in the wave spectrum (Fig. 6a). The
inertial subrange of g appears well established at
k.z = 3 and Cog, exhibits a —35/3 inertial subrange
behavior for k,z > 3. The behavior of the wg cross
spectrum is qualitatively similar to Co, for runs 1
and 2. Both Co,, and vy,,? tend to zero and g ap-
pears to lead w by about 7/2 at k,;z = 1 (Fig. 6b).
There is no apparent wave effect on the Cog,, with
voq = 0.9 and ss, = 0 over the major part of the &,z
range (Fig. 6c). Behavior of the peak values in
R,,(7) and R 4,(7) is such that, for the whole record, g
leads w and is in phase with 6.

For runs 3 and 4, typical of data in the 10 h period
in which U; and C/U, were practically constant,
no significant effect was noted on cospectra or
coherences associated with quantities u, w, g at or
near the wave frequency, although ¢, continued to
show a bump at this frequency. In particular, ¢,
and ¢, as well as the cospectrum Cog, remained un-
affected throughout this period. Values of o,/U,
and o,,/U, shown in Table 1 indicate a significant
increase for runs 1 and 2 for which C/U, exceeds
40. This increase is a result of the increase in o, and
o and corresponding decrease in shear stress rela-
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FiG. 5. As in Fig. 4 except for run 2.
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tive to the undisturbed values of runs 3 and 4. The
increase cannot be explained by the difference in
z/L of runs 1-4 but is in qualitative agreement with
the dependence, established by Volkov (1969), of
o.U, and o,/U, as a function of C/U,. Values
of 0,/U, and o,U, for C/U, < 40 are in reason-
able agreement with those measured over land for a
similar value of z/L. The relatively small value of
0T, for run 1 can be almost entirely ascribed to
the reduction in U, for that run. The correlation
coefficient R,,,(0) is equal to 0.13 and 0.26 for runs
1 and 2 respectively. Although the variation of
R,.(0) with C/U, is in qualitative agreement with
that of Volkov (1970), the present values of R,,,(0)
are significantly larger than those of Volkov at cor-
responding values of C/U,. The present values of
R,,«0), which can be inferred from Table 1, do not
vary significantly from 0.2 over the range of C/U
covered in the table. They are in reasonable agree-
ment with the measurements of Volkov.

Skewness S, (=a®/0,’) and flatness factors
F, (=ad'0,") of u, w and 0 dre shown in Table 2.
Values of § and F for runs 1 and 2, where the wave
influence is noticeable in both ¢, and ¢, are not
significantly different from those of runs 3 and 4,
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Fi1G. 6a. Spectral densities of humidity and covariance of

humidity and temperature fluctuations measured prior to run 1:
(0) g, (V) Cogy, (@) (kz)*3¢h,. Straight line has a slope of —5/3.
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FiG. 6b. Covariance, coherence and phase angle for wg.
Measurement prior to run 1. Symbols as in Fig. 4.

where the only perceptible disturbance by the wave
is in ¢,. This seems to be in agreement with the
observation by Takeuchi et al. (1977) that probabil-
ity density functions and other mean statistics meas-
ured above mechanically generated waves are in
good agreement with those measured in a boundary
layer over a smooth wall. These authors commented
that the influence of the waves on the air may be
obscured by ordinary time averaging. The numerical
values of S, S,,, Fy, F,, in Table 2 are in fair agree-
ment with those tabulated by Takeuchi et al. The
present_values of skewness and flatness factors of
(uw — uw) are a little higher than those of Takeuchi
et al. It should also be pointed out (e.g., Sreenivasan
et al., 1978) that these values of S,,,_z and F,_zz
do not differ significantly from those corresponding
to the probability density function of the product
of two Gaussian variables and cannot simply be at-
tributed, as stated by Takeuchi et al., to the inter-
mittent nature of the Reynolds stress production.

4. Summary of results and concluding discussion

Spectra of u, w and uw cospectra measured at a
height of ~5 m over the ocean show a considerable
influence of the presence of the surface at or near the
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Measurement prior to run 1. Symbols as in Fig. 4.

main wave frequency for a value of C/U,, of ~82.
In particular, the estimated wave contributions to
oy, 0, and —uw are 14, 53 and —25%, respectively.
These magnitudes are slightly larger than those
reported by Benilov et al. (1974) for data corre-
sponding to a similar value of C/U,. As in the case
of Benilov et al., the uw cospectrum changes sign
at or near the wave frequency n, and acquires rela-
tively large positive values, indicating a momentum
transfer from sea to wind. At or near n,, the wé
and wq cospectra are nearly zero, the change of sign
exhibited by these cospectra not being as evident as
in the case of uw. The large coherence between u
and w at n = n, and the phase shift of ~90° between
u and w seems consistent with a description of the
interaction between waves and turbulence as a quasi-
potential wave perturbation of the turbulent flow.
For C/U, < 40, no discernible effect can be ob-
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served, at n;, on ¢, or Co,y,, Coug, Coyg but ¢,
shows a distinct peak at the wave frequency. For all
the present data, the wind velocity at the measure-
ment height was smaller than the wave phase veloc-
ity. It seems, therefore, that Lai and Shemdin’s
(1971) recommendation that the direction of the in-
duced stress is upward when the wind velocity at
the height of the wave crest is smaller than C may
be a necessary but not sufficient condition.
Spectra of 6 and g and the g cospectrum are es-
sentially unaffected by the waves throughout the
measurement period. It follows that no wave-induced
disturbance is expected on spectra of refractive in-
dex fluctuations which are important when consider-
ing the propagation of visible radiation in the atmos-
pheric surface layer. In particular, as a good —5/3
inertial subrange behavior is observed in ¢,, ¢, and
Cog, the expectation of a —5/3 subrange in the re-
fractive index spectrum is also good (e.g., Antonia
et al., 19782). While the generation. of fluctuations
of temperature (or humidity) by the waves as a re-
sult of a fluctuating mean temperature gradient (e.g.,
Volkov, 1969; Kitaigorodskii, 1969) does not seem to
be sufficiently important, the possibility of the
generation of temperature fluctuations from static
pressure fluctuations can also be dismissed. Friche
(1977, personal communication) estimated the level
of € that can be generated in an adiabatic flow from
turbulent static pressure fluctuations using the data
of Elliott (1972a,b). The estimate may be written as

op = 2.23 X 10737, [°Cj,

where 7, is the mean surface shear stress (dyn cm™2).
Identifying 7, with —uw (direct flux values in Table 1),
the above relation represents contributions of ~0.5
and 1.4% to the measured standard deviations of
runs 1 and 2, respectively. However, as suggested
by Friehe, it is possible that the contribution to oy
due to pressure fluctuations may become important
at higher wind speeds.

At C/U, = 82, a good inertial subrange can be
identified in the u spectrum although the bump at
the wave frequency does affect the start of the in-.
ertial subrange. For 6 and ¢, the beginning of the
inertial subrange occurs at a frequency significantly
larger than n, so that, even if a bump in ¢4 or ¢,
did occur, it is unlikely that estimates of heat and
humidity fluxes by the inertial dissipation technique

TABLE 2. Skewness and flatness factors for runs 1-4.

. Run Su Fu Sw Fw Suw—iTlE Fuw—lT;F 59 FO
1 -0.23 3.22 0.14 3.10 -1.69 14.12 0.39 2.72
2 —0.42 3.00 0.14 3.02 -1.11 8.35 0.14 2.81
3 -0.36 2.81 0.10 3.20 —1.94 13.95 0.86 3.54
4 —-0.40 3.07 0.15 3.09 -1.78 11.71 0.35 2.65
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would be influenced by the presence of waves. As
the Kolmogorov constants for # and g are not as
reliably known as the Kolmogorov constant for «,
there is little to be gained by the use of the inertial
dissipation technique. In the case of u, it seems
reasonable to believe that, provided the turbulence
structure is not significantly influenced by the waves,
the inertial dissipation technique should yield an
adequate estimate of the shear stress that would
apply in the absence of waves. As such, U, values
obtained from the dissipation technique, applied to
u, would be estimates of the surface tangential
stress. Table 1 gives estimates of the drag coefficient
Cp, obtained by both direct and inertial dissipation
methods, for runs 1-4. For run 1, (Cp)iperyal® is con-
siderably higher than (Cp)girect, as €xpected, since
the wave contribution to —uw is such as to reduce
the magnitude of the overall momentum flux. The
difference between these two values of C; repre-
sents ~46% of the inertial dissipation or unper-
turbed estimate of —uw. The contribution caused
by the depression in the uw cospectrum (Fig. 4) near
no was estimated in Section 3 to be ~25% of the
unperturbed value of —uw. This latter contribution
is at best an approximation in view of the relatively
crude method of determination. Also, it is possible
that wave contributions to Co,, can arise at fre-
quencies significantly different from n, (e.g., Benilov
et al.). It seems appropriate to comment on the sug-
gestion by Schmitt et al. (1978b) that local anisot-
ropy as measured by the ratio ¢, /¢, in the inertial
subrange, can lead to erroneous estimates of
(Cbplinertiar- The inadequate response of the w propel-
ler, which may have been responsible for a slightly
reduced value of (Cp)girect, dOes not enable us to cal-
culate the ratio ¢,/¢, accurately in the inertial sub-
range. However, Bradshaw (1967) found that the
Kolmogorov constant remained unaffected down to
a relatively low laboratory value of turbulence
Reynolds number where local isotropy is clearly
vitiated. It would appear that the inertial dissipa-
tion technique benefits from the relative insensitivity
of the determination of the mean dissipation to,
presumably, small departures from local isotropy.
Thus it seems attractive to identify the difference

between (Cp)iertiar and (Cp)airect With the wave con-

tribution to —uw.
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