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Laboratory study of the effect of mean water
current on the evolution of young wind waves
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The spatial evolution of various statistical parameters of fetch-limited waves generated
by steadily blowing wind over mean water flow in a wind-wave flume is investigated
experimentally. Measurements are performed in both along- and against-wind current
conditions, and compared with measurements in the absence of current. A rake of
capacitance-type wave gauges is used to measure surface elevation for a wide range of
wind and water current velocities; additionally, an optical wave gauge is used to measure
the directional properties of the wind-wave field in the presence of a mean water current
at multiple locations. The variation with fetch of essential wave parameters such as
characteristic wave energy, dominant frequency, power spectra and temporal coherence,
as well as higher-order statistical moments that characterize wave shape, is presented for
co- and counter-wind water currents, and compared with the no-current condition. The
findings in the presence of mean water flow are interpreted in the framework of the viscous
shear flow instability model of Geva & Shemer (Phys. Rev. Lett., vol. 128, 2022, 124501).
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1. Introduction

Wind waves excited over water flow are often observed in harbour entrances, river mouths
and lakes, as well as in regions of strong oceanic currents. The effect of uniform current
on propagating deep-water gravity waves has been studied extensively in the field as
well as in laboratory settings (see Thomas 1990; Wolf & Prandle 1999; Haus 2007,
Onorato, Proment & Toffoli 2011; Toffoli et al. 2015; Waseda et al. 2015; and references
therein). In some recent studies, waves propagating over a vertical shear current were also
investigated in laboratory settings (see Smeltzer & Ellingsen 2017; Smeltzer et al. 2019;
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Ellingsen et al. 2024; Zheng, Li & Ellingsen 2023, 2024; and references therein). The
presence of a mean background current results in a Doppler shift of wave frequencies,
modulation of their amplitudes, and so on. Propagation of surface waves over the current
field may lead to an increase in bottom friction in shallower water, and affects shelf
dynamics, coastal erosion, occurrence of rogue waves, and so on. Those phenomena
make the problem of the combined effect of mean current and wind on water waves of
fundamental importance in coastal engineering and physical oceanography (Ardhuin et al.
2017; Rapizo, Provis & Rogers 2017; Boas et al. 2020; Li & Chabchoub 2024).

However, so far, no extensive investigation of diverse facets of the process of excitation
of waves by wind over flowing water has been carried out. Since the wind direction in
nature usually differs from that of the water flow, field studies of waves excited by wind
over current deal mostly with wind-wave refraction. In a notable exception, high-frequency
radar-based measurements by Haus (2007) also considered the effect of lateral shear
current on fetch-limited growth of wind-wave energy. A significant reduction of the rate
of wave energy growth was observed for along-wind current at a short non-dimensional
fetch. This study also associated the suppressed wave growth with the reduction of wind
stress. In smaller-scale laboratory facilities, the wind is usually aligned with the current,
and blows either in the current or in the counter-current direction. The experiments in
wind-wave tanks therefore allow us to study the net effect of mean current on wind waves
under controlled conditions in a unidirectional setting that eliminates the refraction effects.

So far, results of laboratory measurements of waves excited by wind in the presence
of current were reported in a limited number of studies. Plate & Trawle (1970) measured
water surface elevation and phase velocities of the dominant waves excited by a steady
wind blowing over water flowing with uniform velocity in either wind or counter-wind
direction. They found that a Doppler-shifted linear dispersion relation is satisfied with
reasonable accuracy. Long & Huang (1976) carried out laboratory experiments in which
deviations of the vertical laser beam by a wavy water surface were utilized to estimate the
variation of the surface slope spectra of wind waves for uniform co- and counter-current
blowing wind for a wide range of wind velocities. They demonstrated the existence of a
notable current effect on the spectral shapes and on the growth of spectral components.
Lai, Long & Huang (1989) conducted experiments in a wind-wave flume to study
the variation of phase velocity, wavelength, peak frequency and the blockage limit of
waves propagating against flowing water. Their experimental results compared favourably
with predictions by linear wave theory; those conclusions were later confirmed also for
extremely strong wind conditions by Takagaki et al. (2020). Suh et al. (2000) carried
out experiments in a wind-wave flume to analyse the effect of current on the equilibrium
range in the wave energy frequency spectra. They found that for water current in the wind
direction, the energy density in this frequency range exceeds that in the absence of current;
an opposite effect was observed in the case of water flowing against the wind. These results
are in general agreement with the theoretical predictions by Gadzhiyev, Kitaygorodskiy
& Krasitskiy (1978) and Suh, Kim & Lee (1994). The observed effects were attributed
to wavelength modulation resulting in higher energy transfer from air to water (in the
absence of breaking) in co-current conditions, and to decrease in energy transfer from
wind to waves for water flowing opposite to the wind direction.

In more recent experiments in a wind-wave flume carried out by Chiapponi et al.
(2020), the observed change in wave height in the presence of current was attributed
to the variation in relative velocity between air and water. It was assumed in this study
that energy and momentum transfer between air and water governed by total shear stress
at the air—water interface v = puﬁ, where u, is the friction velocity, is modified in the
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presence of current. However, this assumption is not supported by later measurements of
Kumar, Geva & Shemer (2023), who estimated the values of u, in the presence of co-
and counter-wind currents by two independent methods: first, by logarithmic fit of the
mean turbulent velocity profile in air over young wind waves measured with high spatial
resolution, and then using the integral von Kd&rmdn momentum equation that accounts for
the measured pressure gradient along the test section. The friction velocities estimated
from those measurements for a wide range of wind and current conditions yielded the
values of u, that, for a given wind velocity U,, were only weakly dependent on the velocity
and direction of water current.

So far, only limited experiments have been conducted to study the wind-wave generation
and evolution over mean water flow for strong counter-current conditions where |U,,|/cg >
0.1. The evolution along the test section of diverse statistical parameters of waves excited
in initially stagnant water by steady wind forcing has been studied in detail in our facility
(see Shemer 2019; Kumar, Singh & Shemer 2022; and references therein). Those studies
are extended here to investigate the effect of mean water current on the spatial variation of
wind waves excited by wind blowing over water flowing in either the wind or counter-wind
direction. Measurements are performed for a wide range of wind and water current forcing
conditions; the resulting extensive data set allows us to characterize the effect of water
current on wind waves and to identify the main physical mechanisms that cause the
observed effects. The total body of the accumulated results is discussed in § 4 based on
the approach suggested by Geva & Shemer (2022), with particular emphasis given to the
effect of mean water flow on differences between the temporal and spatial growth rates of
wind waves.

2. Experimental facility and procedure

Experiments were carried out in a closed loop wind-wave facility that consists of a 5 m
long test section made of glass and a wind tunnel atop of it; see figure 1. The test section
is 0.4 m wide and 0.5 m high; the channel is filled with distilled water to depth 0.18 m.

The airflow with velocity up to 13 m s~ is generated using a computer-controlled blower.
The roof of the test section is made of removable Perspex plates with 3 cm wide slots in
the centre, effectively sealed with fine brushes that enable introducing the sensors into
the test section. The wind tunnel has inlet and outlet settling chambers, approximately

1 m3 in volume each, so the air in those large chambers almost comes to rest. The airflow
from the inlet chamber is guided through a honeycomb mesh into a converging nozzle
connected to the test section that ensures parallel and uniform airflow at the entrance of the
test section. The outlet settling chamber effectively eliminates back pressure fluctuations.
A sloping beach made up of permeable mesh absorber is installed at the far end of the
test section to reduce wave reflection. The water current in the test section is generated
using a computer-controlled pump capable of generating mean velocity up to 0.20 m s~ !;
the current velocity is determined by a rotary vane flow meter connected to a digital
tachometer (SANYOU-FA 8). The valves attached at both ends of the test section enable
changing the current direction. Water flows via holes in the bottom at both ends of the
test section. The identical inlet and outlet water flow inlet/outlet devices with a small
mixing chamber and a hexagonal honeycomb mesh are installed over those holes, with
their openings to the test section facing the end walls. Thus for both flow directions, the
in-flowing water passes through a honeycomb mesh to the mixing zone and then flows
over the inlet section, resulting in a nearly uniform vertical water velocity profile in the
upper half of the water layer (Kumar et al. 2023). The instantaneous surface elevation 7 ()
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Figure 1. Schematic of the experimental facility with conventional wave gauges.

Blower setting (%) U, ms™1) uy (ms™h) Ug10 (ms™h)
25 5.54 0.37 9.36
30 6.83 0.44 11.77
35 8.10 0.52 14.05
40 9.35 0.57 16.43

Table 1. Representative maximum wind velocity U,, friction velocity u,, and wind velocity estimated at the
elevation above the water surface z = 10 m, U, 1o.

is measured using a set of five capacitance type wave gauges made of a pair of 0.5 mm in
diameter tantalum wires; each wave gauge is supported by a horizontal bar placed along
the test section, with a spacing of 10 cm between the adjacent gauges. The bar is attached
to a vertical stage connected to a carriage that can be placed at any location along the
fetch. For additional details on the facility and data acquisition procedure, see Liberzon &
Shemer (2011) and Zavadsky & Shemer (2018).

Measurements were carried out at carriage positions corresponding to the first probe
placed at x = 100, 150, 200, 250 and 300 cm from the inlet, thus covering 25 fetches
along the test section. A Pitot tube placed 10 cm above the mean water surface is used
for monitoring the air velocity during the experiment. The experiments were conducted
at four blower settings; the representative wind velocities U, are presented in table 1.
The corresponding friction velocities u,, and wind velocities extrapolated to z = 10 m
above the mean water surface U, 1o based on the vertical air velocity profiles measured
in the presence of water current by Kumar er al. (2023), are also given in this table.
The representative values of the friction velocities u, in table 1 for each wind velocity
U, are also based on those measurements that were carried out at numerous fetches and
current velocities U,,. The data were recorded for 900 s at 200 Hz channel ! at each wind
velocity, carriage location, and the values of the water current U,, = 0, +0.06, £0.09 and

4+0.12 m s~!, the positive and negative signs denoting co-wind and counter-wind water
flow direction, respectively.

In a separate series of experiments, simultaneous measurements of surface elevation 7(¢)
and its slope components were performed using an optical wave gauge. The instrument
consists of a laser slope gauge (LSG) for measurement of instantaneous along-wind

996 A21-4


https://doi.org/10.1017/jfm.2024.768

https://doi.org/10.1017/jfm.2024.768 Published online by Cambridge University Press

The effect of mean water current on wind-waves’ evolution

10 : : :
54ms! +U,=9.35ms!

nrms (mm)

015 010  -0.05 0 0.05 0.10 0.15
U, (ms™)

Figure 2. Variation of characteristics wave amplitude 7,,,s as a function of water current velocity U, at
x = 245 cm for different wind velocities U,.

Ny = 0n/0x(t) and cross-wind n, = dn/dy(?) slope components, and a high-speed camera
that is positioned outside the test section and is directed at the laser beam allowing
determination of the instantaneous surface elevation 7(f). The LSG set-up consists of a
position sensor detector (PSD), a Fresnel lens with a 9 inch focal length, a diffusive screen,
and a 650 nm, 0.2 W laser diode. The laser beam is placed below the glass bottom of the
test section and is directed vertically. The PSD records the laser spot location on the screen
with spatial resolution 0.75 wm, which is then translated into 7, and 7y. The image of the
laser beam that is visible in water and not in air is recorded by the camera; the coordinate
of the beam tip is translated into the surface elevation. The camera and LSG thus measure
the surface elevation and the slope components at the same location, and are synchronized
using LabView software. For more details on the optical sensor and its working principle,
see Zavadsky, Benetazzo & Shemer (2017), Zavadsky & Shemer (2017a, 2018) and Kumar
et al. (2022). Continuous 900 s measurement of synchronous surface elevation and its two
slope components were performed at the rate of 150 Hz channel ™! at six locations along
the fetch, x = 120, 180, 211, 245, 296 and 335 cm; wind and water-forcing conditions were
identical to those in experiments with wave gauges.

3. Results
3.1. Effect of current on energy and steepness of young wind waves
Characteristic wave amplitudes are represented by the root mean square (rms) values of the

instantaneous surface elevation and related to the wave energy E by 1,5 (x) = n%(x)!/ 2=
E(x)'/2. The values of Nrms are presented in figure 2 as a function of water current velocity
U,, at a single fetch x = 245 cm, and for all wind velocities. In the presence of turbulent
mean water flow, the water surface in the test section ceases to be smooth. As expected,
the values of 7,,s with no airflow in the test section applied, also plotted in figure 2, do
not depend notably on the flow direction but grow with increase in water velocity. Figure 2
demonstrates that the relative contribution of irregularities at the surface induced by the
mean water current to the resulting wind-wave field is insignificant. At all wind conditions,
increase in water velocity U,, in the wind direction has only a minor effect on 7y;.
Contrary to that, when the mean current is directed against the wind, the characteristic
wave amplitudes increase significantly with |U,,|.

The variation with fetch of the characteristic wave amplitude 7,,,5(x), measured using
both the conventional wave gauge (open symbols) and the optical wave gauge (solid
symbols), is plotted in figure 3 for all wind velocities U,. The dimensionless fetch
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Figure 3. Effect of water current U,, on variation with fetch x of characteristic wave amplitude 7,5 for
different values of the wind velocity U,.

x=x(g/ ui) and the dimensionless characteristic wave amplitude 7),,,,5(x) = (g/ (ui))n,ms
introduced by Kitaigorodskii (1961) are now adopted. The values of dimensionless fetch x
in the present experiments vary from 30 to 243. The solid lines in figure 3 correspond
to the fit 7,,(X) = ﬁo(ui/g)fc”, where 79 = fms(X = 1), with a single value of the
exponent (n = 0.5) corresponding to the Mitsuyasu (1970) law, which was adopted for
all experimental conditions. The reference value of the dimensionless fetch X = 1 in the
present experiments corresponds to a very short dimensional distance from the inlet
of a few mm; the value of 79 can thus be seen as the effective dimensionless initial
characteristic wave amplitude. For all wind velocities, water flow in the wind direction
(Uy, > 0) has no notable effect on 7g; the reference value 1y = 0.013 estimated in
the present experiments agrees reasonably well with the results of Wilson (1965) and
Mitsuyasu (1970), as well as with the previous measurements in our facility (Zavadsky,
Liberzon & Shemer 2013; Shemer 2019). The values of 7 also remain unaffected by water
current in the wind direction, U,, > 0, for all wind velocities. For the counter-wind current
case, however, the wave energy at each fetch increases notably with |U,,|, and the initial
effective dimensionless wave amplitude increases from 7o = 0.017 for U,, = —0.05 ms~!
to fjo = 0.023 for the strongest counter-current, U,, = —0.12 m s~ !,

Time records of orthogonal slope components enable direct estimates of mean wave
steepness defined as ak = 2 + 773,)1/ 2 that is a measure of wave field nonlinearity. The
variation with fetch x of the wave steepness for two wind velocities, U, = 6.83 m s~ !
and U, = 9.35 m s~!, presented in figure 4, shows that its values remain almost constant
along the test section for both wind velocities U,. Somewhat higher values of steepness
were measured as the value of U, increases. In the absence of current, these results are
consistent with the steepness behaviour reported by Zavadsky et al. (2017), Zavadsky &

Shemer (2017a). Mean water current in wind direction practically does not affect ak, while
the counter-wind current causes a slight increase in the wave steepness at all fetches (with
a possible exception of the shortest one).

The effect of wind velocity U, in the presence of water current is studied further in
figure 5. The variation with current velocity U, plotted in this figure at a single fetch
x = 245 cm for all wind velocities U, clearly demonstrates that the mean steepness ak
increases with the wind velocity; the change in the steepness with U, does not depend
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Figure 4. Effect of mean current on variation of mean steepness ak along the fetch x for two wind velocities
U,. Notation as in figure 2(a).
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Figure 5. Effect of mean current U, on variation of the mean steepness ak at x = 245 cm for all wind
velocities U,. Notation as in figure 2.

significantly on U,,. For all wind and water velocities in the present experiments, the values
of mean steepness exceed approximately 0.15, indicating that the young wind-wave field
is notably affected by nonlinearity; the waves become very steep and attain high values of
ak =~ 0.25 for adverse water current. The shape of all curves in this figure is quite similar to
that of the corresponding curves showing the variation of the characteristic wave amplitude
with current in figure 2.

3.2. Variation of wave spectra with mean current

All spectra plotted in the sequel are based on 900 s long time records of n(#) for a given
fetch x, U, and U,, that are divided into 10 s long segments with 50 % overlap. The
resulting spectrum represents the average of 180 power spectra computed for each segment
with frequency resolution Af = 0.1 Hz. The variation with fetch of the surface elevation
power spectra E,(f) at multiple locations is presented in figure 6 for wind velocity
U, = 6.83 m s~ and water current velocities U,, =0m s~! and U,, = £0.12m s~ !.
The downshifting of peak frequency and increase in overall wave energy with fetch are
clearly visible in both plots of this figure. The presence of current significantly modifies
the spectral shapes. The counter-wind current (figure 6a) results in the spectrum dominated
by longer waves with a lower peak frequency and much higher energy, compared to the
wind-only power spectra in figure 6(b). The current in wind direction, while not affecting
notably the total wave energy (cf. figure 3), results in spectra that are flatter and wider,
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Figure 7. Power spectra of surface elevation E; (f) at x = 296 cm for (a) U, = 6.83 m s~ and

b)U,=9.35m s~!. Colour scheme as in figure 3.

with waves characterized by higher peak frequency and smaller amplitudes, including at
the spectral peak; see figure 6(c).

The effect of the wind velocity U, on the wave energy spectra E,(f) in the presence of
current is examined further in figure 7 at a single fetch x = 296 cm for two extreme wind
velocities. As expected, for each water current U,,, an increase in the wind velocity causes
a rise in the peak spectral amplitudes accompanied by a decrease in peak frequencies.
Figures 7(a,b) emphasize the notable effect of the water current on the spectral shapes,
with the co-wind current resulting in a more uniform wave energy distribution among the
frequency harmonic, while the opposite effect is observed for the counter-wind current.

Since the spectra plotted in figures 6 and 7 exhibit certain scatter, it is advantageous
to use robust integral spectral moments to determine the dominant frequency fy,, as the
principal statistical parameter, rather than the peak frequency f,. The jth spectral moment
of the omnidirectional power spectrum of the surface elevation E; (f) is defined as

mj:/ FE(Hdf, j=0,1,2,.... (3.1)

The integration in (3.1) is carried out within the free wave domain around the peak
frequency f,, defined here by fy,in = 0.5f, and fiqx = 1.5f,. The imposed restriction limits
the analysis to free waves only and eliminates the excessive contribution of second-order
bound waves to higher-order spectral moments. The frequency f, for each spectrum is
defined by applying the parabolic fit in the vicinity of the spectral peak. Note that the
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zeroth moment myg also defines the total energy of free waves; the adopted integration
limits in (3.1) result in characteristic wave amplitudes that are somewhat below the 7
values; however, the difference is less than a few per cent. The dominant frequency fom,
defined as

Jdom = my1/my, (3.2)

is less prone to experimental error than f,,; however, the values of fy,,, and f, usually do not
differ significantly. The variation of f,,, with fetch is plotted in figure 8 for wind waves
propagating over water with no mean current, as well as for the two extreme values of the
water current velocity U,,. The plots correspond to each wind velocity U,. The dominant
frequency fy,m decreases with fetch for all current conditions and wind velocities; for
all operational conditions at any given fetch; fg,,, is higher for current in the wind
direction, and lower for counter-wind water current, as compared to the corresponding fiom
for U,, = 0. For all current conditions, the dominant frequency at all fetches decreases
with an increase in current. The solid lines in figure 8 correspond to the power-law fit

for the dependence of the dimensionless dominant frequency f”dom = faom(g/us) on the
dimensionless fetch & = x(g/u2),

Fitom = Faomo®) ™13, (3.3)

where the fitting coefficient is fdom,o = fdom (x = 1). Note that the fitting exponent in the
power law for all cases in figure 8 is close to n = —0.33, as suggested for deep-water wind
waves, in agreement with previous studies cited in relation to figure 3. The coefficient

fdom,o is close to unity in the absence of current, again in agreement with Mitsuyasu (1970),
Zavadsky et al. (2013) and Shemer (2019). All curves for U,, > 0 in figure 8 are above
those corresponding to the U,, = 0 cases. Accordingly, the reference values of ]A‘d(,m,o are
somewhat higher. The largest value of fdom,o = 1.3 is attained at low wind velocity; the
effect of co-wind current decreases with an increase in U,, approaching fdom,() ~ 1 at
higher wind velocities. The values of f‘d(,m,o in case of counter-wind current are consistently
below unity and seem to be independent of U,; they vary from fdom,o ~ 0.57 for U,, =
—0.12m s~ to fyom.0 ~ 0.78 for U,, = —0.05 m s\

3.3. Effect of current on statistical properties defined by higher spectral moments

Additional integral statistical parameters, such as dimensionless spectral width v,
skewness A3 and kurtosis A4, are now examined. The spectral wave energy
concentration around fy,, is estimated using the second-order central moment
nmy = f (f — fdom)2 E( f) df; rendered dimensionless by fjommo, it defines the spectral
width v (Massel 1996):

moma3
YV =

- 1. 34

my

The values of v plotted in figure 9 for two wind velocities allow quantitative refinement
of the qualitative assessment of the mean current effect on v made by examining the
spectral shapes in figures 6 and 7. For both wind velocities and at any given fetch x,
the spectral width v for the co-wind current conditions (figure 9c¢) is higher than that
corresponding to the values of v with no mean current (figure 9b) as observed in figures 6
and 7. In figures 9(b,c), the spectral width v decreases slightly with fetch. In the absence
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Figure 9. Variation of the spectral width v with fetch for U,, values (a) —0.12 m s~ (h))0ms~! and
(©)0.12ms~ !, with U, = 6.83 ms~! and 9.35 ms~ L.

of current, such a decrease in v was reported by Zavadsky et al. (2013). For counter-wind
current, no clear pattern can be seen in the dependence v(x) in figure 9(a); for lower wind
velocity Uy, the spectral width v in this plot does not vary significantly with fetch and
is comparable to that in figure 9(b) with U,, = 0 m s~!, while for U, = 9.35 m s~!, the
values of the dimensionless spectral width show a tendency to grow with fetch.

Higher-order statistical moments such as skewness A3 and kurtosis A4, as well as
asymmetry A, provide additional insight into the effect of water current on the wind waves’
shape. These statistical parameters are presented in figures 10 and 12 as functions of water
velocity U,, for two values of U, i.e. 6.83 m s~land 9.35 m s~ !, at three fetches, x = 100,
200 and 300 cm. The dimensionless nth-order moments are defined as

nn
n

The third-order moment A3 (skewness) characterizes wave asymmetry with respect
to the horizontal axis. The positive skewness of gravity waves with notable steepness
represents wave crests that are larger than troughs, mainly due to the contribution of
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Figure 10. Variation with current velocity U,, of (a,c) skewness A3, and (b,d) kurtosis A4, at three fetches x
and wind velocities (a,b) U, = 6.83 m s~ ! and (¢,d) U, = 9.35m s~ !.

second-order bound waves. The values of A3 plotted in figures 10(a,c) are indeed positive
for all values of U,,. In the absence of mean current, the skewness of wind waves measured
in the present facility for a wide range of wind velocities U, and several fetches by
Zavadsky & Shemer (2017a) and Shemer (2019) remains positive and tends to increase
with U, and with fetch x; this result is confirmed in figures 10(a,c). For counter-wind
current, U,, < 0, the waves become steeper as the current becomes stronger; the more
pronounced nonlinearity contributes to increase in 43. When wind and current are aligned,
U,, > 0, A3 decreases slightly with increase in U,,,.

The fourth-order moment, kurtosis A4, characterizes the wave height probability
distribution; 44 = 3 corresponds to the normal (Gaussian) distribution. In the absence of
current, the kurtosis does not vary notably with fetch and U,, remaining close to 14 = 2.5,
thus indicating that the wave height distribution is somewhat narrower than Gaussian. As
seen in figures 10(b,d), this observation is still valid in the presence of current, although for
U,, > 0 the values of A4 tend to increase with U,,, tending to the Gaussian value 14 = 3.
The effect of current on wave height distribution can also be examined by plotting the
exceedance distribution function of wave height 4,, that for narrow-banded linear Gaussian
waves has Rayleigh distribution

2

h
fhy) =exp| ——== ). (3.6)
8n?

The height h, of each individual wave is defined as the difference between the
consecutive crest and trough between two consecutive positive zero crossings; for more
details, see Kumar er al. (2021). The exceedance functions estimated at two extreme
fetches x = 100 and 300 cm at U, = 6.83 m s~! and water flowing in both directions are
compared with the no-current case in figure 11 as a function of the normalized #,,. Note
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Figure 11. Exceedance distribution function F(h,,) of wave height A,, at fetch x values () 100 cm and
(b) 300 cm, at U, = 6.83 m s—!, for U,, = 0 and £0.12 m s~ .
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Figure 12. Variation with current velocity U, of asymmetry A at three fetches x and wind velocity U, values
(a)6.83ms ! and (b) 9.35 ms™ .

that for no-current and counter-wind current cases at fetch x = 100 cm, the characteristic
wave height is still very small (see figure 3), the probability of higher waves with heights
exceeding approximately 47, is below that corresponding to the Rayleigh distribution.
At higher fetch x = 300 cm, the probability of waves with h,, > 61, falls below that
of the Rayleigh curve. No extremely steep waves or rogue waves with heights exceeding
81yms Were observed.

The symmetry of the wave shape relative to the vertical axis is often defined using
the differences in location between successive crests and troughs Babanin et al. (2010).
However, for a three-dimensional random wind-wave field, Elgar & Guza (1985) and Elgar
(1987) offered a more robust estimate of vertical wave asymmetry A based on the Hilbert
transform H (n) of the measured surface elevation 7 ():

Im(H@)?
—3,2
772

3.7

The wave asymmetry A calculated according to (3.7) plotted in figures 12(a,b) is
positive for all fetches and all current velocities, indicating that for young wind waves, the
windward part of the wave is on average longer than the leeward part. In the absence of
current, the asymmetry A decreases somewhat with fetch, in agreement with observations
by Shemer (2019); both co- and counter-wind currents tend to decrease the asymmetry
with an increase in absolute current velocity.
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3.4. Dispersion relation in presence of current

The Doppler-shifted linear dispersion relation for gravity-capillary waves propagating over
uniform current with velocity U, is

(0 — kUy)? = <gk +2Z k3) tanh kh, (3.8)
0

where @ = 2nf is the angular frequency, p is the water density, o is the water
surface tension, and & is the water depth. Single-point synchronous measurement of
surface elevation and surface slope components 7, and 7, allows direct determination
of the relation between the wave frequency and the absolute value of its wave vector
k(f) = (k)%( )+ k§( f))l/ 2 In the absence of mean current, those spectra have been
presented in Zavadsky & Shemer (2017a); the present study examined the power spectra
E, = k)% E,(f) of ny(?), and E,, = k§ E,(f) of ny(?), and found that they are not affected
qualitatively by the mean current and therefore not given here. The wavenumber k(f)
as a function of frequency f is determined from the power spectra of the synchronous
single-point measurements of 7(z), n.(¢) and ny(¢) as in Longuet-Higgins, Cartwright &

Smith (1961):
_ [Ep () + Eyy ()
k(f) = \/ T E(H (3.9)

In the present experiments, wavenumbers k(f) estimated at each fetch x at dominant
frequency fiom(x) are plotted in figure 13; the error bars represent the standard deviation
of k(f) estimated at frequencies around fy,,, (x) that satisfy the condition on the magnitude
squared coherence, M, = |E;E,7x|2 /(EyEy) > 0.8. At any given frequency f, due to
wind-induced shear current, the experimentally determined wavenumbers k for wind
waves in the absence of current are consistently below those corresponding to the
gravity-capillary dispersion relation, kg.. This effective Doppler shift is accounted for in
the empirical dispersion relation by Zavadsky & Shemer (2017a) in the form

ke (f)
k

=1+ ak + bk>, (3.10)

where a = 0.006 m and b = —2.2 x 107> m? are the empirical fitting coefficients and
agree well with the present experimental results.

The ratio kg./k suggested in the dispersion relation by Zavadsky & Shemer (2017a) is
substituted into (3.9) to account for additional Doppler shift induced by uniform current
U,,; the result is plotted in figure 13 by solid lines. For co-wind current, the dominant
frequencies fy,, are shifted to higher values, and for counter-wind current they are shifted
to lower values, as compared to the no-current case. The empirical dispersion relation by
Zavadsky & Shemer (2017a) seems to retain its validity also in the presence of uniform
current.

3.5. Temporal coherence of wind waves propagating over mean current

To illustrate the essentially random nature of wind waves with and without mean current,
it is instructive to look at the temporal variation of the ‘amplitude’ of instantaneous
‘frequencies’ using wavelet analysis (Kumar & Shemer 2024). The 20 s long Morlet
spectrograms starting at = 20 s are plotted in figure 14 for a single fetch x, a single wind
velocity U,, and two extreme values of water current; the spectrogram in the absence of
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Figure 13. Dominant wavenumber kg, as a function of frequency fyopm-
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Figure 14. Wavelet spectrograms of surface elevation S, (f, ) as functions of frequency and time a
x =250 cmand U, = 6.83 m s, for three values of U,,,.

mean water current is also presented for comparison. The vertical section of the wavelet
‘spectrum’, or ‘map’, at any time ¢ provides an instantaneous ‘amplitude’ as a function of
frequency f. The horizontal solid lines in all plots of figure 14 correspond to the dominant
frequency fyom(x = 245 cm) plotted in figure 8. The characteristic frequencies at which
the highest amplitudes in each wavelet spectrogram are attained indeed agree well with
their corresponding fop,-

At all current velocities, the spectrograms exhibit significant variability with time,
thus confirming the essentially random character of wind waves, as demonstrated in
figure 14. To quantify the effect of mean water current on the temporal wave coherence, the
auto-correlation analysis of the temporal records of 7(¢) is studied here. The dependence
of the auto-correlation coefficient R(t) on the time shift t for a function with zero mean
F(?) is defined as (Bendat & Piersol 1971)

R(z) = Forute (3.11)
F2

Statistically reliable estimates of R are obtained by computing the values of R(f) over
each one of the 10 s long segment cuts of the whole record, and averaging the outcome
over all segments. The resulting averaged auto-correlation coefficient is plotted in figure 15
at two extreme fetches, x = 100 and 300 cm, for two extreme current velocities. The lag
T is normalized by the local dominant frequency fum (see figure 8). In each plot, the
values of R oscillate at the local dominant frequency and decay within a few dominant
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Figure 15. Temporal coherence function R(t) at U, = 6.83 m s~! and U,, values (a) —0.12m s~ 1,
(b)0m s 'and (¢) 0.12ms L.
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Figure 16. Dimensionless decay rate oy as a function of dominant wavelength A, for all wind velocities.

wave periods. The decay of the local maximum of the auto-coherence coefficient at each
fetch x is approximated by an exponent as ~e~%(/Td) where ay is the dimensionless
decay rate. In the absence of mean current, the decay rate oy in figure 15(b) decreases
with fetch and thus with the wavelength, in agreement with Shemer & Singh (2021) and
Kumar et al. (2022). Waves propagating over water flowing against the wind retain their
coherence longer compared to waves in the absence of current, while waves propagating
over co-wind current lose their coherence within less than one dominant wave period; see
figure 15(c).

The dimensionless decay rates o for all operational conditions employed in the present
experiments are summarized in figure 16 for all forcing conditions; they are presented as
functions of dominant wavelength A;. For the reference wind-only cases, decay rate oy
decreases with increase in both wind velocity and wavelength, in agreement with Shemer
& Singh (2021). The dimensionless decay rates for waves in the absence of mean current
and for counter-wind current show similar dependence on Ay. Contrary to that, for the
along-wind current, the values of oy are significantly higher and widely spread.

3.6. Two-dimensional characterization of the wind-wave field in the presence of current

The two simultaneously measured slope components allow two-dimensional
characterization of the instantaneous surface by projecting the vector normal to the surface
on the horizontal plane. Instantaneous surface slope is defined as 6 = arctan(#,/n,). The
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Figure 17. The p.d.f.s of instantaneous surface slope 6 at fetch x = 335 cm for U,, values (@) —0.12 m s~1,

) 0ms!and (¢)0.12ms™ .

probability distribution function (p.d.f.) of instantaneous surface slope at a single fetch

and for all wind forcing conditions is presented in figure 17 for extreme values of current

velocities and compared with U,, = 0m s~!.

All p.d.f.s in figure 17 are characterized by two distinctive peaks at 8 =0 and T,
indicating the prevailing direction of waves along the wind. For all wind and current
forcing conditions, the probability of a forward-leaning slope (6 = 0) is smaller than
that of the windward slope at & = 7, showing front-back asymmetry. This asymmetry
decreases with an increase in wind velocity, and nearly vanishes when stronger wind
forcing is applied. For a given wind velocity, the angular asymmetry behaves similarly
for co-wind current and no-current conditions, while in counter-wind current, the angular
distribution approaches the symmetrical one. This is in agreement with the asymmetry
plotted in figure 12. For a random wind-wave field with directional spreading, the
probability of a wave vector normal to the surface that is perpendicular to the mean
wind direction, & = +m/2 is non-negligible for all wind and water current conditions.
Though there is a well-defined wave asymmetry along the wind direction as documented
in figures 17 and 12, there is a left-right symmetry near the vicinity of & = £nmn/2, thus
effectively showing cross-wind symmetry of the p.d.f.

4. Discussion

The experimental findings on the effect of velocity and direction of mean water flow on
the statistical parameters of young wind waves presented in the previous section may seem
somewhat contradictory. On one hand, figure 2 suggests that when water flows in the wind
direction, the current velocity U,, seems to have only a minor effect on the characteristic
wave amplitudes at a given fetch. At those water flow conditions, figure 3 demonstrates
that the variation with fetch of the total wave energies E(x) = 12, is also not affected
significantly by U,,, and remains approximately linear with x for all wind velocities U,.
Similarly, the fetch dependence of the dominant frequency fy,,(x) is only weakly affected
by the presence of the co-wind mean water current; the upshifting of fz,, due to the
Doppler shift for U,, > 0 becomes noticeable only at lower wind velocities (see figure 8).
Contrary to that, the counter-wind water current, U,, < O affects notably both the wave
energy and the dominant wave frequency. At all wind velocities, the characteristic wave
amplitudes 7,5 grow when the water flow rate in the counter-wind direction increases
in figure 2, while the Doppler downshift of the dominant frequency fz,, becomes more
pronounced, as seen in figure 8. It should be stressed that the spatial changes in both 7,
and f,, in the presence of mean current in both directions still comply with the Mitsuyasu
(1970) law that states that both the total wind-wave energy and the dominant frequency
evolve as a power of the dimensionless fetch. The effect of current manifests itself only in

996 A21-16


https://doi.org/10.1017/jfm.2024.768

https://doi.org/10.1017/jfm.2024.768 Published online by Cambridge University Press

The effect of mean water current on wind-waves’ evolution

the values of the empirical scaling coefficients that define the initial conditions as shown
in figures 3 and 8.

It is therefore somewhat surprising that while the total wave energy and the dominant
frequency for each wind velocity remain only weakly sensitive to the co-wind water
current, the spectral shapes in this case vary significantly with U,,, as shown in figures 6
and 7. For each wind velocity, the co-wind current causes apparent widening of the
spectra, while water current in the counter-wind direction has an opposite effect on the
spectral energy distribution, so that the spectra for U,, < 0 look narrower than those in the
absence of the mean current. This is also evident in the wavelet spectrograms presented
in figure 14, which show broadening of the range of instantaneous ‘frequencies’ with
substantial amplitudes with an increase in the mean water velocity U,, from negative to
positive. Variation of the dimensionless spectral width v with fetch plotted in figure 9
supports this conjecture quantitatively.

The approach to analysis of the spatial and temporal evolution of a random wind-wave
field suggested by Geva & Shemer (2022) (referred to here as the GS model) is now applied
to provide a framework to understanding the modifications of the essential wind-wave
statistical parameters due to the presence of mean water current that are identified in
this study. In the quasi-linear GS model, the random wave field is seen as a stochastic
ensemble of multiple harmonics, each harmonic growing due to shear flow instability with
the growth rate obtained by solving the coupled Orr—Sommerfeld (OS) equations in air and
in water. While the initial growth of each harmonic is exponential due to linearity of the OS
equations, at a later stage it is capped by the essentially nonlinear effects of breaking and
sheltering. The GS model utilizes the experimentally determined fact that for a given wind
velocity U,, the friction velocity u, that characterizes the momentum exchange between
wind and waves does not vary significantly with fetch (Zavadsky & Shemer 2012). The GS
model was successfully verified by carrying out comparison of the model prediction with
detailed measurements of the temporal and spatial variation of the wave field from initially
quiescent surface to rough quasi-steady state under impulsively applied wind (Zavadsky &
Shemer 2017b).

Kumar & Shemer (2024) examined the GS approach further to study experimentally
the spatial variation of energy of individual harmonics in the gravity-capillary range of
frequencies that characterizes a young fetch-limited wind-wave field excited by steady
forcing. They demonstrated that the frequency spectrum at very short fetches is broad, so
that the wave energy E(f;) is distributed nearly uniformly among multiple small-amplitude
harmonics. Each such harmonic indeed initially grows exponentially with fetch, E(f;, x) =
E(f;, x0) explai(x — xg)], where E(f;, xo) is the energy of the ith harmonics at the initial
short fetch xo; its spatial growth rate «; decreases with decreasing frequency, in agreement
with computations based on the OS viscous shear flow instability model by Zeisel,
Stiassnie & Agnon (2008).

Kumar & Shemer (2024) demonstrated that the quasi-linear GS approach leads to the
distinction between the factors that limit the growth of harmonics at different frequencies.
The exponential growth of shorter harmonics in the spectrum ceases at a fetch where the
limiting wave steepness akj;,, mostly determined by the amplitude of waves around the
local dominant frequency, is attained. Shorter harmonics are sheltered by the relatively
high local dominant one, and cease to grow, while long waves with smaller growth rates
still have low amplitudes and small steepness at those fetches. Those long waves are not
affected by sheltering due to their length scales, and therefore continue to grow. At a more
distant fetch, those longer harmonics may attain amplitude that exceeds that of all other
spectral harmonics and thus become the dominant ones in the wave field. The eventual
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height of the longer spectral harmonics is defined by their initial amplitude, the growth rate
and the maximum possible for a given fetch x duration of growth 7(x, f) = x/c.(f). The
GS model therefore elucidates the mechanism by which the dominant frequency of wind
waves downshifts with fetch. The model allows us to resolve the apparent contradiction
between the exponential growth rate of individual harmonics predicted by the linear shear
flow instability model, and the close to linear growth with fetch of the total wave energy
of the ensemble of all spectral harmonics as observed in experiments.

The viscous unidirectional shear flow instability approach is now modified to account
for steady mean current. In the GS model, the temporal growth rate of each harmonic
with the wavenumber k is obtained under the assumption of spatial homogeneity as
y (k) = Im{w(k)}, the complex radian frequency w(k) being the eigenvalue of the OS
problem; the real part Re{w (k)} determines the dispersion relation. Experiments of Kumar
et al. (2023) demonstrated that for a given wind velocity in the test section, the values of
uy are not affected significantly by water velocity U,, and remain approximately constant
along the fetch. Since |U,,| < U,, and the friction velocity u, that determines the slope of
the mean air velocity profile does not change notably with water current, the Galilean
transformation to a frame of reference moving with the constant current velocity U,
does not affect the eigenvalues w (k) of the OS problem. Figure 13 indeed demonstrates
that the mean water current Doppler shifts only the wave frequencies that correspond
to Re{w (k)} by kU,,; see (3.8). Smeltzer et al. (2019) recently developed a sophisticated
technique to estimate the Doppler-shifted dispersion relation based on any complicated
water current profile. However, the empirical correction to the wavenumber k in the
presence of wind-induced shear current relative to the wavenumber that corresponds to
the gravity-capillary dispersion relation kg suggested by Zavadsky et al. (2017) remains
applicable also in the presence of mean water current.

Similarly, the temporal growth rate y (k) for a given wavenumber that represents the
imaginary part of the complex eigenfrequency, Im(w), is practically unaffected by the
mean water current, thus enabling extension of the random unidirectional shear flow
instability approach to study the evolution of wind waves in the presence of mean water
current. However, wind waves under steady forcing grow in space rather than in time; the
spatial growth rate o of each frequency harmonic is related to its temporal growth rate y
by the wave energy propagation (group) velocity as o« = y/cg, as shown by Gaster (1962)
and confirmed by Zeisel et al. (2008) in their numerical studies of spatial and temporal
instability governed by coupled OS equations. The measured spatial growth rates a(f)
for the fetch-limited waves are usually translated into the temporal growth rates y (f(k))
to enable comparison with additional experimental data (see Mitsuyasu & Honda 1982;
Peirson & Garcia 2008; Zhang et al. 2023; Kumar & Shemer 2024; and references therein).

Wave parameters in laboratory or field experiments are typically measured by fixed
sensors as a function of frequency. Since the temporal growth rates y (k) of harmonics
defined by their lengths (rather than frequencies) remain unaffected by U,, it is
advantageous to base the study of mean water flow effect on the spatial evolution of
wind waves on wavenumbers k rather than on frequencies f. To this end, growth rates
y (k) calculated applying the coupled OS equations (Kawai 1976; Valenzuela 1976; Tsai,
Grass & Simons 2005; Zeisel et al. 2008; Geva & Shemer 2022) can be used. Those
computations are sensitive to the adopted shape of the velocity profiles in air and in water
that correspond to the initially undisturbed water surface, as presented in the experiments
of Caulliez, Ricci & Dupont (1998), where it was shown that the wind-induced drift current
significantly affects the spatial growth rate of initial wavelets. However, waves excited
by steady wind modify the air velocity profile (Kumar et al. 2023); moreover, turbulent
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Figure 18. (a) Variation with frequency of group velocity cg(f;) as a function of frequency f. (b) Growth
rate coefficient «(4;) as a function of wavelength A in the presence of current; the vertical black solid line at
A = 4 cm corresponds to the waves with 8 Hz frequency in the absence of current.

water flow introduces significant disturbances at the surface even in absence of wind; see
figure 2. Since the present study is aimed at gaining a better understanding of the mean
water flow effect on wind waves, the empirical relation for y (k) suggested by Plant (1982)
for deep-water gravity waves is chosen here for this purpose.

For a given wind velocity U, and mean water velocity U,,, the frequency f that
corresponds to each wavelength 4 =27 /k is calculated using the dispersion relation
(3.8), with the empirical fit (3.10) to account for wind-induced shear current suggested
for short young wind waves by Zavadsky et al. (2017). For a given wavelength, the
wind-wave frequency f(k) measured by a fixed sensor may vary dramatically with U,,,
in co-current flow being higher than f(k;) in absence of mean water flow, and lower in
counter-wind current; see figure 13 and § 3.4. The Doppler shift induced by the mean
current also strongly affects the propagation velocity of the energy of each harmonic,
cg(f) = 2w df/dk, that relates the temporal y (k) and spatial a(f(k;)) = y (f(ki))/cg(fi)
growth rates (Gaster 1962). The group velocities for the two values of co- and counter-wind
water current U,, used in this study are compared in figure 18(a) with cgo(f) that
represent the group velocity of wind waves in the absence of mean water flow. For a
given wavenumber harmonic ., the group velocity is modified by the mean current as
cg = Cg,0 + Uy,. The slowly propagating short waves in counter-wind water flow may get
blocked by the opposing water current. The group velocities ¢, plotted in figure 18(a) for
U,, < 0 are thus truncated at f = 6 and 3 Hz for U,, = —0.09 m s~' and —0.12m s~!,
respectively, frequencies at which the velocity of propagation with wind of wave energy in
the presence of current, cg, equals the counter-wind water velocity (Mei 1989).

For each frequency harmonic f(k;), the temporal growth rate is calculated using the
Plant (1982) empirical relation

2
y(f) = B2 (2) . ()
Pw N C

The spatial growth rates a(4;) estimated using (4.1) and ¢, (f;) plotted in figure 18(a) are
presented in figure 18(b) as function of wavelengths A. Since the empirical fit (3.10) based
on data accumulated in the absence of current is valid up to wind-wave frequencies f <
8 Hz (i.e. waves longer than A &~ 4 cm), waves shorter than this limit are not considered in
this figure.

The temporal growth rate y decreases, and the group velocity ¢, increases with increase
in wavelength, resulting in a sharp decrease of the spatial growth rate o with A. Hence at
each frequency, the spatial growth rate in the co-wind water flow is significantly smaller
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Figure 19. Variation of wavelength 1, as a function of water current velocity U,, for U, values
(@) 6.83m s~ and (b)) 9.35ms .

than in the absence of current. The wave field in the co-wind current is thus characterized
by a wide spectrum of frequencies, including relatively long waves that — due to their
advection by mean current — have higher frequency but low growth rates. This observation
clarifies why the spectra in figure 6(c) are broad and contain numerous harmonics with
amplitudes comparable to the no-current case. Although the spectra in along-wind current
are characterized by relatively small amplitudes, the total energy nfms that represents the
time-averaged contribution of multiple random frequency harmonics is not very different
from the no-current case; see figure 3.

The higher values of «(4;) for harmonics in counter-wind water flow result in the rapid
growth of shorter harmonics up to the limiting maximum steepness; they then decay
due to various nonlinear mechanisms, as discussed in detail in Kumar & Shemer (2024),
while long waves continue their relatively slow growth but attain higher amplitudes. The
narrow frequency spectrum at all fetches in figure 6(a) is also associated with the blockage
of the shorter waves with c¢(4;) + U,, < 0 by counter-wind current that prevents their
propagation in the wind direction; note that in our experiments with counter-wind current,
[Uwl/cg,0(4;) is between 0.22 and 0.37. This limit imposed on wave energy propagation

direction results in the dominant frequency fi,,(x) that for U,, = —0.12 £ 0.01 m s~1
remains consistently below blocking frequency 3.5 Hz at all fetches and at all wind
velocities; see figure 8.

Variation with fetch of the length of the dominant wave A4, for two wind velocities
is presented as a function of the water current velocity U, in figure 19. Although the
Doppler shift in co-wind water flow results in waves with higher frequency, the values
of A4 remain comparable with those in the wind-only case. The counter-wind water flow
fosters propagation and growth of longer waves along the wind, while higher-frequency
waves can be generated only locally, and decay. As depicted in figure 3, the characteristic
wave energy nfms is higher and is comparable with the no-current case for counter- and
co-wind water flow, respectively. This combined effect of variation of 72, and k results in
the representative wave steepness 1,,,sk that is almost unaffected by current and remains
nearly constant along the fetch; see figure 4. The conjecture adopted in the GS model that
the wave steepness limits the growth of each wave harmonic is thus also applicable in the
presence of current.

The water current also notably affects the temporal coherence of wind waves. In the
absence of current, wind-generated waves retain coherence up to 3—4 dominant wave
periods Ty, in agreement with Shemer & Singh (2021), Kumar et al. (2022) and references
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therein. In counter-wind current, the wave field dominated by longer waves with narrower
spectrum retains higher temporal coherence for multiple dominant wave periods. The rate
of coherence decay oy decreases with length of the dominant wave A, for no-current and
counter-wind water current; see figure 16. The presence of multiple coexisting harmonics
with random phases in the co-wind current results in rapid loss of coherence that occurs
after a single dominant wave period (see figure 15¢), as well as in notably higher values of
coherence decay rate coefficient oy(Ay).

5. Conclusions

To assess the effect of mean water current on generation of surface waves by steady wind,
detailed measurements of the statistical wave parameters were carried out in a laboratory
wave tank. Experiments were performed for a range of wind velocities U,; for each U,,
experiments were carried out for several mean water flow velocities U,,, in both co-wind
and counter-wind directions. For each U, and U,,, measurements of the instantaneous
surface elevation were carried at multiple densely spaced locations along the test section.
In addition, synchronous measurements of the instantaneous surface elevation and of the
two orthogonal slope components performed at several fetches for all operating conditions
allowed the extraction of data on the water flow effect on the directional properties of wind
waves.

In the absence of current, the characteristic wave energy 1?2, . and the dominant wave
frequency fyom that characterize the fetch-limited wind-wave field follow the Mitsuyasu
(1970) power laws. It is demonstrated that these empirical relations remain valid also in the
presence of current; the mean water flow affects only the conditions at the inlet, expressed

through the initial dimensionless roughness 7y and the dimensionless frequency fo, which
are affected by the surface roughness generated in the test section by the turbulent water
flow.

Morlet wavelet spectrograms of the measured surface elevation were computed to
assess the effect of mean water flow on the random character of the wind-wave field.
The vertical slice of the spectrogram ‘map’ at any time ¢ thus gives an instantaneous
wavelet ‘amplitude map’ as a function of characteristic frequency f. For all experimental
conditions, the spectrograms clearly demonstrate that the wave field is stochastic, and the
instantaneous ‘frequencies’ corresponding to the maximum instantaneous wave energy
vary significantly with time. For mean water current aligned with wind, the spectrogram
‘map’ has comparable ‘amplitudes’ for a range of frequencies, with no pronounced
characteristic frequency. In counter-wind current, the wavelet spectrogram exhibits
significantly higher amplitudes, with a significantly narrower range of energy-containing
instantaneous wind-wave ‘frequencies’.

The quantitative statistically reliable characterization of the wave energy distribution
among frequencies observed in the wavelet spectrograms was carried out by analysing
the variation of the surface elevation power spectra with fetch for different operational
conditions. Along the whole test section, waves propagating over co-wind current indeed
have smaller spectral amplitudes distributed over a broad range of frequencies, while the
counter-wind current wave field is dominated by longer waves with higher amplitudes in
notably narrower spectra. The variation with the fetch of the spectral width v defined by
(3.4) for different current settings is presented.

The effect of current on the shape of wind waves is investigated using integral statistical
moments, such as the third-order moment A3 (skewness) and the fourth-order moment
A4 (kurtosis), as well as asymmetry A. The variation with water velocity U, of those
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parameters is presented for several fetches and wind velocities U,. The temporal coherence
is also notably affected by mean water current at each fetch and wind velocity; the rate of
decay of the temporal coherence «y increases when the current velocity changes from
counter-wind to co-wind direction.

The synchronous single-point measurement of surface elevation and the orthogonal
slope components enable direct estimates of wavenumber k as a function of frequency
f. In the absence of mean current, the experimentally determined wavenumber k follows
the empirical expression proposed by Zavadsky et al. (2017) that allows us to estimate the
effect of the wind-induced shear water current on the variation of the wind waves’ length
relative to that predicted by the linear gravity-capillary dispersion relation. This empirical
estimate of the wind-induced current effect appears to be applicable in the presence of
mean water flow as well. For each wavenumber £, the effect of water current on frequency
f is expressed solely by the mean flow-induced Doppler shift kU,,.

The experimental findings accumulated in this study on the variation of diverse wave
statistical parameters in the presence of current are discussed in the framework of the
viscous shear flow instability model of Geva & Shemer (2022). As assumed in their
approach, at all operational conditions, the wave energy at the inlet is distributed nearly
uniformly among multiple wavenumber harmonics. The energy of each wave harmonic
then increases along the test section due to viscous shear flow instability. It is shown in this
study that the temporal growth rates y (k) that govern the initial exponential wave energy
growth of each harmonic are practically not affected by mean current. The group velocity
of each harmonic cg(k(f)) at which the energy of harmonic propagates along the test
section, however, varies notably with mean current U,,, being larger for co-wind current
and smaller for counter-wind water flow, as compared to ¢, in the absence of mean current.
The spatial growth rate «(f) for each wavenumber k and the corresponding Doppler
shifted frequency f(k), i.e. a(f) = y (f(k))/cg(f(k)), is thus affected significantly by the
mean current.

In a fetch-limited wind-wave field under steady wind forcing, the initial spatial
exponential growth of each harmonic with its growth rate a(f) is limited by the maximum
possible steepness. The present results show that the limiting steepness remains unaffected
by the mean flow. Alternatively, the evolution of the energy of each harmonic along
the tank can be seen as its growth in time while it propagates along the test section
from the inlet to fetch x with the exponential temporal growth rate y(f(k)). In this
interpretation, the upper limit on the possible duration growth of each harmonic is given
by T(f(k)) = x/cg(f(k)). Due to variation of the group velocity for a given k with the
mean flow U,,, (k) of each harmonic in co-wind current decreases, whereas it increases
significantly in counter-wind water flow. Therefore, in a test section of a fixed length,
presence of current notably modifies the effective length available for the growth of each
harmonic. The faster evolving with fetch x waves in counter-wind current thus make the
test section effectively longer, while co-wind current reduces the available length. The
variation of effective length of the test section in the presence of current thus clarifies the
observed variation of the spatial growth rates «(f) in the presence of mean water current,
and the resulting effect on wind-wave statistical parameters.

Funding. This work was supported by the Israel Science Foundation (grant no. 735/23).
Declaration of interests. The authors report no conflict of interest.

Author ORCIDs.
Krishanu Kumar https://orcid.org/0000-0002-7648-983X;

Lev Shemer https://orcid.org/0000-0003-0158-1823.
996 A21-22


https://orcid.org/0000-0002-7648-983X
https://orcid.org/0000-0002-7648-983X
https://orcid.org/0000-0003-0158-1823
https://orcid.org/0000-0003-0158-1823
https://doi.org/10.1017/jfm.2024.768

https://doi.org/10.1017/jfm.2024.768 Published online by Cambridge University Press

The effect of mean water current on wind-waves’ evolution

REFERENCES

ARDHUIN, F., GILLE, S.T., MENEMENLIS, D., ROCHA, C.B., RASCLE, N., CHAPRON, B., GULA, J.
& MOLEMAKER, J. 2017 Small-scale open ocean currents have large effects on wind wave heights.
J. Geophys. Res. Oceans 122, 4500-4517.

BABANIN, A.V., CHALIKOV, D., YOUNG, I.R. & SAVELYEV, I. 2010 Numerical and laboratory investigation
of breaking of steep two-dimensional waves in deep water. J. Fluid Mech. 644, 433-463.

BENDAT, J.S. & PIERSOL, A.G. 1971 Random Data: Analysis and Measurement Procedure. John Wiley and
Sons.

BoOAsS, A.B.V., CORNUELLE, B.D., MAZLOFF, M.R., GILLE, S.T. & ARDHUIN, F. 2020 Wave—current
interactions at meso- and submesoscales: insights from idealized numerical simulations. J. Phys. Oceanogr.
50, 3483-3500.

CAULLIEZ, G., RiccI, N. & DUPONT, R. 1998 The generation of the first visible wind waves. Phys. Fluids
10, 757-759.

CHIAPPONI, L., ADDONA, F., DIAZ-CARRASCO, P., LOSADA, M.A. & LONGO, S. 2020 Statistical analysis
of the interaction between wind-waves and currents during early wave generation. Coast. Engng 159,
103672.

ELGAR, S. 1987 Relationships involving third moments and bispectra of a harmonic process. IEEE Trans.
Acoust. Speech Signal Process 35, 1725-1726.

ELGAR, S. & Guza, R.T. 1985 Observations of bispectra of shoaling surface gravity waves. J. Fluid Mech.
161, 425-448.

ELLINGSEN, S.A., ZHENG, Z., ABID, M., KHARIF, C. & LI, Y. 2024 Dispersive wave focusing on a shear
current: part 1 — linear approximations. Water Waves 6, 367-411.

GADZHIYEV, Y.Z., KITAYGORODSKIY, S.A. & KRASITSKIY, V.P. 1978 High-frequency portion of
wind-wave spectra in the presence of currents in a shallow sea. Oceanology 18, 267-270.

GASTER, M. 1962 A note on the relation between temporally-increasing and spatially-increasing disturbances
in hydrodynamic stability. J. Fluid Mech. 14, 222-224.

GEVA, M. & SHEMER, L. 2022 A comprehensive approach to the problem of excitation of waves by wind: a
theoretical model and experimental verification. Phys. Rev. Lett. 128, 124501.

Haus, B.K. 2007 Surface current effects on the fetch-limited growth of wave energy. J. Geophys. Res. 112,
C03003.

KAWAL, S. 1976 Generation of initial wavelets by instability of a coupled shear flow and their evolution to wind
waves. J. Fluid Mech. 93, 661-703.

KITAIGORODSKII, S.A. 1961 Application of the theory of similarity to the analysis of wind generated wave
motion as a stochastic process. Izv. Akad. Nauk SSSR, Ser. Geofiz. 1, 105-117.

KUMAR, K., FERSHTMAN, A., BARNEA, D. & SHEMER, L. 2021 Evolution of waves in a horizontal pipe
propagating on a surface of liquid films sheared by gas. Phys. Fluids 33, 062115.

KUMAR, K., GEVA, M. & SHEMER, L. 2023 Turbulent boundary layer profiles in airflow over young wind
waves in co- and counter-wind water current. Intl J. Heat Fluid Flow 103, 109210.

KUMAR, K. & SHEMER, L. 2024 Spatial growth rates of young wind waves under steady wind forcing. J. Fluid
Mech. 984, A22.

KUMAR, K., SINGH, S.K. & SHEMER, L. 2022 Directional characteristics of spatially evolving young waves
under steady wind. Phys. Rev. Fluids 7, 014801.

LAL R.J., LONG, S.R. & HUANG, N.E. 1989 Laboratory studies of wave-current interaction: kinematics of
the strong interaction. J. Geophys. Res. 94, 16201-16214.

L1, Y. & CHABCHOUB, A. 2024 How currents trigger extreme sea waves. The roles of Stoke drift, Eulerian
return flow, and a background flow in the open ocean. Geo. Res Lett. 51, €2023GL10738]1.

LIBERZON, D. & SHEMER, L. 2011 Experimental study of the initial stages of wind waves’ spatial evolution.
J. Fluid Mech. 681, 462-498.

LONG, S.R. & HUANG, N.E. 1976 Observations of wind-generated waves on variable current. J. Phys.
Oceanogr. 6, 962-968.

LONGUET-HIGGINS, M.S., CARTWRIGHT, D.E. & SMITH, N.D. 1961 Observations of the directional
spectrum of sea waves using motions of a floating buoy. In Ocean Wave Spectrum: Proceedings of a
Conference, pp. 111-136. Prentice-Hall.

MASSEL, S.R. 1996 Ocean Surface Waves: Their Physics and Prediction, 1st edn. World Scientific.

MEI, C.C. 1989 The Applied Dynamics of Ocean Surface Waves, 2nd edn. World Scientific.

MITSUYASU, H. 1970 On the growth of the spectrum of wind-generated waves. Coast. Engng Japan 13 (1),
1-14.

MITSUYASU, H. & HONDA, T. 1982 Wind-induced growth of water waves. J. Fluid Mech. 123, 425-442.

996 A21-23


https://doi.org/10.1017/jfm.2024.768

https://doi.org/10.1017/jfm.2024.768 Published online by Cambridge University Press

K. Kumar and L. Shemer

ONORATO, M., PROMENT, D. & TOFFOLI, A. 2011 Triggering rogue waves in opposing currents. Phys. Rev.
Lett. 107, 184502.

PEIRSON, W.L. & GARCIA, A.W. 2008 On the wind-induced growth of slow water waves of finite steepness.
J. Fluid Mech. 608, 243-274.

PLANT, W.J. 1982 A relationship between wind stress and wave slope. J. Geophys. Res. 87, 1961-1967.

PLATE, E. & TRAWLE, M. 1970 A note on the celerity of wind waves on a water current. J. Geophys. Res. 75,
3537-3544.

RAPIZO, H., PrROVIS, D. & ROGERS, W.E. 2017 Current-induced dissipation in spectral wave models.
J. Geophys. Res. Oceans 122, 2205-2225.

SHEMER, L. 2019 On evolution of young wind-waves in time and space. MDPI Atmosphere 10, 562.

SHEMER, L. & SINGH, S. 2021 Spatially evolving regular water wave under the action of steady wind forcing.
Phys. Rev. Fluids 6, 034802.

SMELTZER, B.K., £s@Y, E., ADN(Z)Y, A. & ELLINGSEN, S.A. 2019 An improved method for determining
near-surface currents from wave dispersion measurements. J. Geophys. Res. 124, 8832—-8851.

SMELTZER, B.K. & ELLINGSEN, S.A. 2017 Surface waves on currents with arbitrary vertical shear. Phys.
Fluids 29, 047102.

SuH, K.D., KiM, Y.Y. & LEE, D.Y. 1994 Equilibrium-range spectrum of waves propagating on currents.
J. Waterways Port Coast Ocean Engng ASCE 120, 434-450.

SuH, K.D., OH, S.H., THURSTON, S.W. & HASHIMOTO, N. 2000 Influence of currents on equilibrium range
spectra of wind waves. J. Waterways Port Coast Ocean Engng ASCE 126, 79-87.

TAKAGAKI, N., SUZUKI, N., TROITSKAYA, Y., TANAKA, C., KANDAUROV, A. & VDOVIN, M. 2020 Effects
of current on wind waves in strong winds. Ocean Sci. 16, 1033-1045.

THOMAS, G.P. 1990 Wave—current interactions: an experimental and numerical study. Part 2. Nonlinear waves.
J. Fluid Mech. 216, 505-536.

TOFFOLI, A., WASEDA, T., HOUTANI, H., CAVALERI, L., GREAVES, D. & ONORATO, M. 2015 Rogue
waves in opposing currents: an experimental study on deterministic and stochastic wave trains. J. Fluid
Mech. 769, 277-297.

TsAIL Y.S., GRASS, A.J. & SIMONS, R.R. 2005 On the spatial linear growth of gravity-capillary water waves
sheared by a laminar air flow. Phys. Fluids 17, 095101.

VALENZUELA, G.R. 1976 The growth of gravity-capillary waves in a coupled shear flow. J. Fluid Mech. 76,
229-250.

WASEDA, T., KINOSHITA, T., CAVALERI, L. & TOFFOLI, A. 2015 Third-order resonant wave interactions
under the influence of background current fields. J. Fluid Mech. 784, 51-73.

WILSON, B.W. 1965 Numerical prediction of ocean waves in the North Atlantic for December, 1959. Dtsch.
Hydrogr. Z. 18, 114-130.

WOLF, J. & PRANDLE, D. 1999 Some observations of wave—current interaction. Coast. Engng 37, 471-485.

ZAVADSKY, A., BENETAZZO, A. & SHEMER, L. 2017 Study of spatial variability of short gravity waves in a
wind wave tank by optical methods. Phys. Fluids 29, 016601.

ZAVADSKY, A., LIBERZON, D. & SHEMER, L. 2013 Statistical analysis of the spatial evolution of the
stationary wind-wave field. J. Phys. Oceanogr. 43, 65-79.

ZAVADSKY, A. & SHEMER, L. 2012 Characterization of turbulent air flow over evolving water-waves in a
wind-wave tank. J. Geophys. Res. 117, C00J19.

ZAVADSKY, A. & SHEMER, L. 2017a Investigation of statistical parameters of the evolving wind wave field
using a laser slope gauge. Phys. Fluids 29, 056602.

ZAVADSKY, A. & SHEMER, L. 2017b Water waves excited by impulsive wind forcing. J. Fluid Mech. 828,
459-495.

ZAVADSKY, A. & SHEMER, L. 2018 Measurements of waves in a wind-wave tank under steady and
time-varying wind forcing. J. Vis. Exp. 132, e56480.

ZEISEL, A., STIASSNIE, M. & AGNON, Y. 2008 Viscous effects on wave generation by strong winds. J. Fluid
Mech. 597, 343-369.

ZHANG, J., HECTOR, A., RABAUD, M. & MoISsY, F. 2023 Wind-wave growth over a viscous liquid. Phys.
Rev. Fluids 8, 104801.

ZHENG, Z., L1, Y. & ELLINGSEN, S.A. 2023 Statistics of weakly nonlinear waves on currents with strong
vertical shear. Phys. Rev. Fluids 8, 014801.

ZHENG, Z., L1, Y. & ELLINGSEN, S.A.2024 Dispersive wave focusing on a shear current: part 2 — nonlinear
effects. Water Waves 6, 413-449.

996 A21-24


https://doi.org/10.1017/jfm.2024.768

	1 Introduction
	2 Experimental facility and procedure
	3 Results
	3.1 Effect of current on energy and steepness of young wind waves
	3.2 Variation of wave spectra with mean current
	3.3 Effect of current on statistical properties defined by higher spectral moments
	3.4 Dispersion relation in presence of current
	3.5 Temporal coherence of wind waves propagating over mean current
	3.6 Two-dimensional characterization of the wind-wave field in the presence of current

	4 Discussion
	5 Conclusions
	References

