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Controlled laboratory experiments have been conducted to study the kinematics of wave-current
interactions. The results confirm the conservation of waves under the steady state condition. The data
also show that the kinematic effect of the current on waves can be treated as a simple Doppler shift.
After the Doppler correction, the kinematics of the waves (either breaking or nonbreaking) follows the
linear theory very well. The experiments also confirm the blockage of the waves by currents when the

ratio #/Cy approaches —1/4.

1. INTRODUCTION

Wave-current interactions encompass a variety of compli-
cated phenomena; few of them have been thoroughly stud-
ied. There are actually two seemingly unrelated types of
interactions between waves and currents: the strong inter-
actions and the weak ones. The strong interactions concern
the changes of the waves by the currents detectable within
one wave period or one wave length. For these effects to
show, however, the current strength has to be comparable to
that of the wave group (or phase) velocity, and it also has to
show substantial variations during the life span of the waves.
The theoretical foundation for describing the strong interac-
tions is well established (see, for example, Phillips [1977]);
the approach is to apply various conservation laws to the
mean properties of linear waves. The most recent results are
summarized by Peregrine [1976], and Peregrine and Jonsson
[1983]. As was pointed out in the review by Peregrine [1976],
almost all of these results are either analytic or numerical;
few quantitative observations are available to confirm or to
dispute them. The reason for the lack of such observations is
the requirement of simultaneous measurements of the cur-
rent and the wave fields in both wave number and frequency
spaces. The wave number data need spatial coverage of the
wave field, which is hard to make.

The weak interactions, on the other hand, concern the
changes of the waves by the currents detectable only
through long-term evolution of the waves. For the weak
interaction effects to show, the current strength can be as
low as (ak)® times the phase velocity, as was shown by
Mollo-Christensen [1982]. Recently, more specific analyses
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are reported by Gerber [1987]. Qualitative observations by
Bliven et al. [1986] suggest that the weak interactions could
be responsible for the suppression of the Benjamin-Feir
instability in the laboratory. Since the effects are so subtle,
they are seldom observed in the field. However, these
results represent only the beginning of serious investigations
on the latter type of interactions.

Since the conditions for the weak and the strong wave-
current interactions are so different, the phenomena should
be expected to occur under different environments. The low
current strength requirement makes the weak interactions
the more prevailing of the two, but also the more subtle. The
cumulated effects of the weak yet persistent wave-current
interactions, however, can alter the wave field similar to the
weakly nonlinear wave-wave interactions [Yuen and Lake,
1982]. Laboratory as well as field confirmations for all the
weak interactions, whether wave-wave or wave-current un-
der more realistic environmental conditions, are the elusive
targets for wave investigators. The high current strength
requirement, on the other hand, makes the strong interac-
tions observable only at special locations such as at harbor
entrances, river mouths [Gonzalez, 1984], oceanic fronts
[McClain et al., 1982], and along the major oceanic current
systems or over the eddies [Mallory, 1974; Mapp et al.,
1985]. Yet the strong wave-current interactions can also be a
common phenomena, if one counts the long-short wave-
wave interactions as a special case where the orbital velocity
of the long wave can be treated as a periodic current field for
the short waves [Phillips, 1977; Longuet-Higgins, 1987].

Important as the wave-current interactions are in deter-
mining the final sea state, our knowledge is quite incomplete.
Even for the strong interactions, we still need the observa-
tional confirmations and validations. In the present paper we
will present our first set of experimental results concerning
the kinematics of the strong wave-current interactions only,
beginning with the experimental conditions and procedures
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Fig. 1. The wind, wave, and current interaction research facility at NASA Wallops Flight Facility. Numbered parte

are as follows: (1) test section, (2) suction fan, (3) 6000 gal./min water pump, (4) pump valve assembly, (5) p  ..aty
beach, (6) secondary beach, (7) fan discharge, (8) flexible joint, (9) air-flow duct, (10) flow turning vanes, (11) fiberglass
piping, (12) programmable wave generator, (13) air and water flow rectifying honeycomb sections, (14) plate glass side.

and followed by the data analysis methods, the salient
results, and the discussion and conclusions.

2. EXPERIMENTAL CONDITIONS AND PROCEDURES

The experiments are conducted in the Wind-Wave-
Current Interaction Research Facility at NASA Wallops
Flight Facility, Wallops Island, Virginia. The tank, as shown
in Figure 1, has a test section with dimensions of 1.22-m
depth, 0.91-m width, and 18.3-m length with an operational
water depth of 0.76 m, as described by Huang and Long
[1980]. The operational water depth allows 0.46 m in the
vertical for the wind, which is generated by a suction fan
located at the left end of the tank that gives the wind its
direction from the right to left only, when viewed as in

Figure 1. For this series of experiments, the wind was not
used at all. Currents from 0 up to 0.5 m/s can be generated in
the tank by a pump also located at the left end of the tank. A
pipe system allows the water to flow in either direction in the
tank. For this set of experiments, only the right-to-left
direction is used because of the better surge tank at the right
end that gives smoother currents. To aid in smoothing the
water flow, a plastic honeycomb section (.30 m in length and
tube of 0.01 m was placed in the entire tank cross section as
the water exited the sump. In order to create a current field
with spatially variable speed, a false bottom was installed in
the tank at the middle part of the test section, which consists
of a flat top 0.30 m in height and 2.44 m in length, with two
symmetric ramps extending 1.22 m on each side as shown
schematically in Figure 2. With the false bottom, the water
depth is reduced to a minimum of 0.45 m.
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by the TSI laser Doppler velocimeter (dashed-dotted lines) and the
Marsh-McBirney electromagnetic current meter (triangles).

Waves can be generated both by the wind and by two
programmable wave makers located at either end of the
tank. In order not to impede the current flow, the active part
of the wave maker consists of a hydraulically driven paddle
which extends across the tank, but is only 10 cm in height,
with the mean water line at the middle of the driving plate.
The front face of the paddle is flat, but the back is stream-
lined to enable the current to pass with minimum distur-
bance. For this set of experiments, monochromatic waves of
four different frequencies (2.25, 2.0, 1.75, and 1.5 Hz) were
used with two different amplitudes for each frequency.

Both a TSI laser Doppler velocimeter (LDV) model 9100-7
two-color four-beam system, and a Marsh-McBirney elec-
tromagnetic (EM) current meter (model 523) were used to
measure the currents. The differences between the two
methods in the temporal mean current observed were typi-
cally within 5% for each individual reading as shown in
Figure 3. Most of the current measurements, however, are
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made with the Marsh-McBirney, for it can be easily de-
ployed at various positions coincident with the wave sta-
tions. The LDV system is deployed at station 5 as a
reference only.

Since the LDV system has a fast time response, and since
it also has a mean frequency offset, it can measure the
reversal of the current at a high rate to reveal the turbulent
characteristics. Some typical data are examined more care-
fully as follows. Figures 4a and 4b show the probability
density functions of the current at the depths 5 and 27.5 cm
under a low mean current condition. The influence of the
wave orbital velocity is clearly visible at the shallow depth of
5 c¢m, as shown by the bimodal distribution of the velocity.
Such an influence is no longer visible at the depth of 27.5 cm.
Although the mean velocity values at the two different
depths are similar (7.91 cm/s at 5-cm depth and 8.05 cm/s at
27.7-cm depth), the variances change substantially (1.32
cm/s at 5-cm depth and 0.33 cm/s at 27.5-cm depth.) Figures
5a and 5b show the corresponding probability density func-
tions for a higher mean current condition. For this case, the
influence of the orbital velocity reversal is no longer visible.
The mean current values at both depths are again very close
(23.04 for 5-cm depth and 23.32 cm/s for 27.5-cm depth), and
the variances are again different (2.04 cm/s for S-cm depth
and 0.78 cm/s for the 27.5-cm depth.) For all the cases
checked, the identical trend repeats for the vertical compo-
nents as well. It is, however, puzzling to find that the
velocity measured at the shallower depth cannot be treated
as a simple superposition of the orbital velocity and the mean
current; the variance is consistently lower than the rms
orbital velocity computed according to the amplitude and
frequency observed. We cannot offer any further explana-
tion for this anomaly.

The turbulence intensity of the current away from the
water surface is generally in the 3% to 4% range, which is
low for water flow; therefore for the subsequent analysis the
mean current is a meaningful representation of the current
condition.

Capacitance probes were used for wave elevation mea-
surements. These probes have a accuracy of better than 5%
as reported by Huang and Long [1980]. A total of 16 wave
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Fig. 4. Typical probability density functions for the horizontal component current under a wave (rms elevation
0.938 cm; 1.75 Hz) propagating against a low current measured with the LDV system at two different depths: (a) 5-cm
depth (mean current, 7.91 cm/s; variance, 1.32 cm/s) and (b) 27.7-cm depth (mean current, 8.05 cm/s; variance, 0.33

cm/s).
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Typical probability density functions for the horizontal component current under a wave (rms elevation

1.236 cm; 1.75 Hz) propagating against a high current measured with the LDV system at two different depths: (a) 5-cm
depth (mean current, 23.04 cm/s; variance, 2.04 cm/s) and (b) 27.7-cm depth (mean current, 23.32 cm/s; variance, 0.78

cm/s).

probes were used at eight stations as indicated in Figure 2.
At each station, two probes are deployed at a fixed spacing
of 0.01 m to measure both wave elevations and slopes
through differencing.

The experiment started with a preselected current setting.
The pump was operated at the same setting for the whole
series of different wave conditions before the current condi-
tion was changed. At the beginning of each run, waves of a
preselected frequency and amplitude were generated by the
programmable wave maker at either end of the tank so that
the different conditions of waves with and opposing the
currents could be created. At least 10 min were allowed to
lapse for the test condition to settle down to a steady state
before data collection began. All the data were digitized and
processed by two HP1000 computers. The detailed analyses
steps and the results are given in the following section.

3. DATA ANALYSES AND RESULTS
Data analyses and the results of currents and waves are
presented as follows.

3.1. Current

At each wave measurement station, a current profile
consisting of at least ten 1.5-min mean readings at various
depths was made with the Marsh-McBirney current meter.
Typical current profiles without waves are shown in Figure
6. Because there was little detectable shear above the 0.40-m
depth where the waves could sense the differences and
because the turbulence intensity in the current was low as
was discussed in the last section, the measured current was
defined simply as the depth-averaged value u, computed by:
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Fig. 6. Typical current profiles measured with the Marsh-McBirney electromagnetic current meter.
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in which u(z) is the individual reading at the vertical coordi-
nate z, and z; and z, are the top and bottom depths of the
measurements. The mean current values, normalized with
respect to the station 1 reading, reflects the change of the
cross section areas very well, as is shown in Figure 7. These
profiling measurements were repeated for each test run.
While the Marsh-McBirney current meter was used to make
the current profile measurements, the LDV was also pro-
filing at station 5, with a 3-min averaged value at each level
to provide a reference.

The influence of waves on the mean current profiles
appeared to be small. Typical comparisons of the currents
with and without the waves are shown in Figures 8a and 8b
for the stations number 5 and 8. At station 5 over the top of
the false bottom, there was no detectable difference in the
current data with or without waves for all currents. At
station 8, however, a slight difference could be seen, espe-
cially for the readings near the surface with waves propagat-
ing against the currents. The differences observed were that
the cases with waves always gave a slightly lower current
value. Since the nonbreaking waves can induce current only
in the Lagrangian frame, it should not appear in the Eulerian
fixed point measurements. One possibility is due to the
strong reverse flow associated with the orbital particle
motion. Whether the EM current meter can or cannot
successfully monitor strong fluctuations with reverse flow is
quite controversial (see, for example, Aubrey and Trow-
bridge [1985] and Guza [1988]). Because such variation was
absent in the LDV data, the simplest explanation is that the
difference is within the EM current meter instrument preci-
sion limit. Furthermore, if depth-averaged current values are
computed according to equation (1), the difference between
the cases with and without waves for the EM current meter
is within 6%, which is comparable to the difference between
the LDV and the EM current meter as discussed in the
previous section. Thus the explanation based on the preci-
sion limit seems to be reasonable.

3.2. Non-Breaking Waves

As was stated in the preceding section, the wave data were
collected at each station by two capacitance probes, from
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Fig. 8. Comparison of the current profiles with (dashed lines)
and without (solid lines) waves: at (a) station 5 (waves propagating
against the current) and (b) station 8 (waves propagating with the
current).
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which the slope of the surface can be computed. The slope
data s, are defined here as

s, = (51— Lir @

in which r is the spacing between the probes and ¢; and ¢,
are the two elevation readings. Since differencing is a serious
source of noise generation, special care has to be taken in
this step to minimize the noise. Here the same method is
adopted as used by Huang et al. [1984], who forced the two
probes to have the same rms wave elevation to eliminate any
calibration error. The slope so obtained, however, is still an
approximation. The spectrum of the slope can be shown to
be

Sr(n) = k2®(n)[2(1 — cos kr)/ (kr)?] 3)

where Sr(n) is the slope spectrum, ®(n) is the elevation
spectrum, n is the apparent frequency, and k is the wave
number. For our experiments, the shortest wave lengths
studied were of the order of 0.30 m, and the spacing of the
probe was at a fixed 0.01 m; therefore the value of kr was at
most 0.2. Then the difference between Sr(n) and the true
slope spectrum is an approximate factor of

21 — (kD% (2 - 31]

which is less than four parts per thousand from unity, an
error well within the present experimental accuracy. Thus
the slope spectrum obtained here is treated as the true slope
spectrum and is hereinafter written without the subscript ,
i.e.,

Sr(n) = S(n) = k>D(n) @)
From (4), one can compute the wave number as
k = [S(n)/®(n)]"? %)

Since the wave number is derived from a ratio of the slope
and the energy spectra, it is independent of the calibration of
the wave probes. Because the wave number is also a
function of the apparent frequency », one can carry the
computation one step further to obtain the apparent phase
velocity C, as

C = nlk = n/[®(n)/S(n)]"? 6)

The apparent frequency and the apparent phase velocity
all contain the influence of the current, which can be shown
as follows. According to the kinematic conservation law of
the waves, we have

o Vn=0 7
—_—+ =
ot " @
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with various side bands propagating against the current. (c) Waves consisting of a broad band ensemble of components
propagating against the current.

Under the steady state condition, (7) reduces to where ¢ is the intrinsic frequency. Typical data from the

Vn=0 experiments presented in Figures 9¢ and 9b show that the
.. apparent frequency is indeed an invariant for the rather short
which implies waves of 2.0 Hz (wavelength without current equals 0.40 m)

n= o + ku = const (8) propagating over a current varying from 0.05 to 0.08 m/s.
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Fig. 11. Comparison between the inferred current from the elevation-slope spectra and the measured current by the
EM current meter at station 3 (triangles), station 4 (circles), and station 5 (squares).

The two spectra in Figure 9a show the wave with a peak at
2.0 Hz and side bands approaching the false bottom sections.
Even at the station over the flat top of the false bottom where
the current has its highest value, the peak is still at 2.0 Hz.
Visual observation, however, indicate a clear change of
wave lengths, which is confirmed by the wave number data

to be discussed later.
Since the dispersion relationship applies only to the intrin-
sic frequency, it follows that by dividing & through (8),
C=c+u )

with ¢ indicating the intrinsic phase velocity. Sample results

from the experiments are presented in Figures 10a, 105, and
10c¢, representing typical monochromatic waves, monochro-
matic waves with side bands, and monochromatic waves
degenerated into broad band after breaking. There are three
panels in each figure: the left panel shows the energy
spectrum; the center panel shows the slope spectrum, and
the right panel shows the apparent phase velocity as com-
puted according to (6), which is the sum of the ambient
current and the intrinsic phase velocity. With the intrinsic
phase velocity given at each frequency band, one can
compute current for each frequency band from each set of
elevation and slope data according to (9), as long as the
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Fig. 12. The measured dispersion relationship for breaking and nonbreaking waves: nonbreaking wave with the
current (solid circles), nonbreaking wave with the opposing current (solid triangles), breaking wave (circles), and the

linear dispersion relationship (line).
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waves are free propagating ones. To minimize the spurious
error derived from a single frequency band (band width of
0.025 Hz) reading, the inferred current is based on the
averaging of three spectral points which represents a band
width of 0.075 Hz. These averaged current values have a
typical standard deviation of 30%.

Figure 10a shows a gentle monochromatic wave train
(ak = 0.104) with its harmonic propagating with the current.
After the intrinsic phase velocity is deducted, both the
primary and the second harmonic peaks have a positive
residue similar to the directly measured values. Figure 105
shows a monochromatic wave train having a moderate
steepness (ak = 0.128) with many side bands produced by
Benjamin-Feir instability propagating against the current.
After the intrinsic phase velocity is deducted the wave at the
frequency band around 2 Hz shows a slightly negative
current as directly measured. It should be pointed out that
the side bands are not free waves; therefore they are
nondispersive. So the residue values other than the peak
reading do not represent additive current magnitudes. Figure
10c shows a rather steep wave train (ak = 0.147) propagating
against the current. Owing to fast side band development
and steepening by the current, the sharp-crested waves
suffer some breaking at the strongest current gradient loca-
tion. The combination of rich harmonics, side bands, and
breaking makes the spectrum appears broad band. Even in
this case, the residue again reveals a negative value as
measured directly.

The values of inferred currents are grouped together to
compare with depth averaged values from directly measured
data. The results are presented in Figure 11 for stations 3, 4,
and 5. As was shown previously, the effects of waves on
currents are small, so that the measured depth-averaged
currents under different wave conditions remain constant.
The corresponding inferred currents do show some varia-
tion. In comparing with measured values, the inferred cur-

16,209

rents in Figure 11 represent the averaged values of four
different wave conditions under the same undisturbed cur-
rent. The results show a rather good agreement, especially in
the wave opposing the current cases. In general, a larger
standard deviation exists in the wave following the current
cases.

Another way to check the kinematics of the wave-current
interaction is to examine the dispersion relationship. From
(8), one can rewrite the intrinsic frequency in terms of the
observed quantities as:

n—ku=o=[gk]"? (10)

The results of this computation are presented in Figure 12
together with the theoretical dispersion relationship. The
agreement between the measured wave number and the
inferred intrinsic frequency using the measured current
follows the linear dispersion relationship very well. It should
be pointed out that the nonlinear effects in the dispersion
relation is still very small in our case. For a steepness of
ak = 0.2, say, the nonlinear effect can only cause a deviation
of 2%. Such a deviation is too small for us to detect in this
experiment.

Finally, we examine the variations of the wave number
along the tank. Let the subscripts i and 0 indicate the
quantities at the ith station, and zero current reference case,
and then, according to Mei [1983], the kinematic conserva-
tion will give

k1?2 ¢ 1 u;\ 12
—| =—=—|1+|1+4T— an
k; Co 27 Cy

in which T is
ug | tanh koh
r=| 14 Y| 2nh koho
Co | tanh k;h;

with & as the water depth.
For our cases, the waves were all in deep water, so (11) is

reduced to
kO 172 Ci 1 u; 12
— =—==|1+|1+4—
ki C() 2 CO

The value of ky/k; was plotted against u;/C, in Figure 13
together with the theoretical curve. All the data points can
be seen to fall tightly along the theoretical curve.

(12)

3.3. Breaking Waves

For opposing currents, wave breaking and blockage have
been observed in several cases which will be discussed in
this section. The waves, breaking or nonbreaking, are mea-
sured the same way. There are two types of breaking, a
relatively gentle one and a much more violent one. Both are
accompanied by a sudden downshift of the frequency at the
energy spectrum peak. The kinematics of both types of
breaking is illustrated by specific examples as follows.

Let us discuss the gentle breaking first. For run 69, a
2.0-Hz wave train was generated against a depth-averaged
current of 8.02 cm/s. Along the path of the waves, the
spectra are shown in Figures 14a-14f, which represent
spectra at stations 8, 6, 5, 4, 3, and 1 with the spectrum at
station 8 superimposed on each spectrum in dotted lines as a
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Fig. 15. Variation of the apparent frequency (circles), intrinsic

frequency (triangles), and the wave number (squares) for the gentle
breaking shown in Figure 14.

reference. Starting from station 8, as shown in Figure 14a,
one can clearly identify the peak of the spectrum at 2.0 Hz
and numerous side bands from the spectrum. As the waves
propagated, the side bands grow relative to the peak. Be-
tween stations 5 and 4, breaking at a sharply formed crest is
observed visually. Correspondingly, the peak of the spec-
trum shifts down to a lower frequency value. This energy
shift is a continuous process. By station 1 the frequency of
the dominant peak is clearly below 2.0 Hz. Even though
there is a wave breaking event, the total energy as indicated
by the spectra does not seem to have decreased substan-
tially. This type of breaking is most likely caused by the
frequency down shift. It is a typical case of the normal mode
instabilities as discussed by Longuet-Higgins and Cokelet
[1978], which does not require the direct influence of the
currents. The current, however, can have an indirect effect
by shortening the wave length and increasing the steepness
of the waves (as shown in Figure 15), which can hasten the
growth of the side band and therefore enhance the instabil-
ities as predicted by the nonlinear theory [Phillips, 1977].
Here, before the breaking, the apparent frequency is con-
stant, but the intrinsic frequency and wave number increase
steadily. After the wave breaks, the apparent frequency
shifts, and thereafter maintains a constant lower value. The
intrinsic frequency and the wave number, however, de-
crease drastically.

The second type of breaking is a much more energetic
event. In run 75, a train of 2.0-Hz waves is propagating
against a depth-averaged current of 13.3 cm/s at station 8. By
the time the waves reach the test section, the frequency of
the spectral peak has already downshifted to around 1.5 Hz.
The spectra show a rather broad band characteristic as can
be seen in Figures 16a-16f, which represent the spectra at
the stations similar to those in run 69. The breaking occurs
much sooner at station 6 where the local current value has
reached 19.6 cm/s which is the theoretical blockage for the
1.5-Hz wave. The breaking here is quite violent, as is
reflected by the drastic energy decrease after the breaking.
The turbulence generated by the currents and the breaking
waves is strong enough to suppress all the small waves and
make the surface quite smooth as is shown by the slope
spectra. Although the peak frequency stays around a similar
value, the shape of the spectra change drastically, and the
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levels of the peaks drop 1 order of magnitude; waves having
frequencies greater than 2.0 Hz practically disappear alto-
gether.

Summaries of the kinematic characteristics of the breaking
wave cases are given in Figures 12 and 17. In Figure 12, the
breaking wave cases are represented by the solid circles.
They follow the dispersion relationship very well. In Figure
17, the ratio of the wave number is shown as a function of
#/Cy. In general, most of the data still follow the theoretical
result as indicated by the solid line computed from equation
(11) except during breaking. Of special interest here are the
variations of ky/k as a function of &/C, for the two blocking
cases from station to station. For run 75, the sequence of
events is indicated by the dotted line. The wave number
maintains constant at the beginning, with #/C, at —0.18 and
ko/k around 0.8, then both #/C and ky/k values decrease to
the lowest value at station 5, where the current reaches its
highest values, and the &/C, value is near the —1/4 limit as
predicted theoretically. After station 4 the waves disinte-
grate completely, and no more meaningful wave data can be
extracted.

A similar trend occurs in run number 77. Here the velocity
is just below the theoretical blocking limit; therefore the
wave condition can be traced for all the stations as indicated
in Figure 17. The starting point of this case is also at station
8, where the #/C, value is around —0.14 and ky/k is 0.75. As
the waves propagate further into the opposing current, the
wave number increases drastically after a slight initial de-
crease. At station 5, where the current reaches it maximum
value, the @#/C, value approaches —0.23. Then the wave
number decreases as the velocity decreases. Finally, at
station 1, the condition returns almost to that of station 8; the
a/Cy and the ky/k values also return to the initial values.

In no case in our experiment did the #/Cy value reach
beyond the theoretical limit of —1/4. Thus the theoretical
blockage limit of #/Cy = —1/4 is also confirmed.

4. DiscussioNs AND CONCLUSIONS

In this paper, only the kinematics of the strong wave-
current interactions has been discussed. In order to discuss
the dynamics, the absolute accuracy of the wave probes and
detailed monitoring of the turbulence properties in the cur-
rents are required. Although the wave probes used have
been shown to have an accuracy of 5% [Huang and Long,
1980], the wave amplitudes measured from station to station
under variable currents sometimes suffered more than a 50%
fluctuation between stations. After repeated checks of the
probes and the measurement and data analysis procedures,
no error can be identified. These large fluctuations observed
could be the result of breaking waves as discussed by
Thomas [1981]. To overcome these difficulties, one would
have to monitor the turbulence conditions at the station of
wave breaking in detail to repeat the wave measurements
eight times (once with each probe pair measuring each
station) and seek the overall mean in each case in order to
eliminate any possible error in absolute calibration. Such a
test is not possible to schedule at present. Since the Kine-
matics depends only on the ratio of the measurements, we
decided to report the results on this aspect first.

Even in limiting our consideration to just the kinematics,
the scarcity of experimental data compared with the theo-
retical results is alarming. The urgent need for such data was



LAI ET AL.: LABORATORY STUDIES OF WAVE-CURRENT INTERACTION

16,212

“f UOIB)IS O) SONUNUOD PUE ‘G UONEIS Je sue)s Suryearq ] 2InS1] Ul aouanbas sures ayy Yim pue 9oua13JaI € se pasodusadns
g uones je endads oy PIm ‘Suryoojq Aq posned soaem Juryealq JUS[OIA 3Y) JOJ suoneliea [endads jo souanbos [eoidAy 91 -Sig

zH A>vanbosj Iy A>uenbaay
[4 1 [e) 1 4
a A - .
S -
Ky -
: [
6
v 7 1
. E

adol§

A

ado]g uoneadly

uoIRAIY

P

[

3077

asd



LA ET AL.: LABORATORY STUDIES OF WAVE-CURRENT INTERACTION

1

A, 2

7 i
O ——<«—
I :

—'";\-??/" AN

16,213

0.3 0.2
u

%

Fig. 17. Relationship between ky/k and u/cq for breaking wave cases. Run 75 (dashed lines with open circles) and
run 77 (dotted lines with open triangles) are blocking cases. The station numbers are indicated by numbers beside the
symbols. The arrows in each case trace the developments from station 8 to the last station where waves still can be
identified. All other solid symbols are for gentle breaking cases.

clearly stressed by Peregrine [1976], but difficulties encoun-
tered in the measurements have severely limited the number
of investigations. The earlier experimental studies of cur-
rent-wave interaction conducted by Yu [1952], and Evans
[1955] were all concentrated on the wave breaking caused by
opposing currents. Yu’s results suffered two deficiencies:
first, the current was not measured directly, but inferred by
volume of discharge; second, he used a wrong energy
equation to compute the wave height, thus casting some
doubt on the comparison between the theoretical and the
experimental results. Interestingly, he did find the blockage
limit at &/C, equal to —1/4, which is in agreement with the
findings of the present results. Evans [1955] also conducted
experiments on the breaking limit with currents confined
only to the surface layer. He found the same blockage as
reported here.

Later, Plate and Trawle [1970] and Long and Huang
[1976] conducted experiments with wind-generated waves in
the presence of water currents. The study of Long and
Huang [1976] was more oriented toward the dynamics. They
studied the variation of the wind wave spectra over spatially
nonuniform currents. Although the spectra showed the Dop-
pler shifts clearly, no quantitative kinematic information was
derived. The study of Plate and Trawle [1970] was con-
ducted on spatially uniform currents. They found the phase
velocity of the waves following the classical dispersion
relationship with a simple Doppler shift.

Subsequent studies by van Hoften and Karaki [1976] and
Brevik and Aas [1980] were more concerned with the shallow
water wave energy dissipation caused by turbulence in
strong shear currents. Recently, Thomas [1981] conducted

both numerical and experimental studies of the wave-shear
current interactions. He found that even for currents with an
arbitrary distribution of vorticity, the variations of wave
length and amplitude can be accurately predicted simply on
the basis of the irrotational wave-current interaction model
with a depth averaged mean current. This conclusion is
confirmed by the present experiments. It also gives us the
justification in processing the current data as a depth-
averaged mean, even though there are some slight vertical
shears.

None of the previous studies have included a current with
a spatial gradient, and none of them have documented the
kinematics in all the aspects. In the present study, a current
with a spatial gradient was used, and the kinematics was
extensively tested against the existing theory. Based on
these experiments, the following conclusions can be drawn.
(1) The kinematic conservation of the waves as given in
equation (7) was confirmed for the steady state condition. (2)
The variations of the phase velocity, the wave length, the
intrinsic frequency, and the blockage limit for waves prop-
agating against currents agree well with the values predicted
by the formulae derived from the kinematic conservation
and the dispersion relation.
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