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Laboratory study of wind impact on steep unidirectional waves
in a long tank
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Understanding the effect of wind forcing on steep unidirectional waves is important for
the study of wind-wave interaction. In this paper, unidirectional random wave experiments
are carried out in a large-scale wave tank in which waves interacted with turbulent wind
generated by wind fans. The properties and evolution of deep-water gravity waves subject
to following wind forcing are investigated through parametric laboratory experiments.
The effect of wind forcing on the significant wave height varies with the initial wave
steepness. Wind forcing increases the growth of waves of small initial steepness but
attenuates large, steep waves as a result of the vertical angle of the wind to the free surface
in our experiments. The energy input by wind forcing increases the high-frequency tail
of the wave spectra, and this effect increases with fetch. The mean frequency increases
under wind forcing. The effect of wind forcing on the probability of extreme events
is investigated. Wind forcing enhances wave steepness, resulting in a deviation of the
exceedance probability from first-order and second-order theoretical distributions and an
increased value of kurtosis but not skewness.

DOI: 10.1103/PhysRevFluids.9.104801

I. INTRODUCTION

The accurate description of extreme events is the basis for the design of much offshore infras-
tructure, and effective prediction can improve the safety of operation of these structures [1]. In
recent decades, accidents involving floating offshore structures could be related to extreme events
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[2], which has prompted scientists and engineers to pursue further research on wave evolution and
dynamics [3,4]. With the rapid development of nonlinear dynamics in theory and experiment, dif-
ferent physical mechanisms have been proposed for extreme waves [5], such as dispersive focusing
[6], wave-current interaction [7], and nonlinear interaction leading to modulational instability [8,9].
Recently, there has been renewed interest in how wind forcing enhances modulation instability
by investigating the effect of wind forcing on a Peregrine breather [10]. It is therefore important
to investigate the role of wind-wave interaction in wave evolution and consequent extreme wave
generation.

In air-sea interaction, wind is the driving force that generates surface waves. There is an exchange
of momentum and energy between the wind and these waves. Here, we focus on the local interaction
on a wave-by-wave basis, a different scale from the extensive existing body of work on wind energy
transfer at a wave-averaged level in spectral wave models. Wind impact on waves has been studied
extensively in the past decades, especially examining wave growth. Although phase-averaged mod-
eling of energy input from wind to waves is relatively mature, the effect of wind on wave evolution
on a wave-by-wave basis has received less attention [11], especially after innovative offshore struc-
ture booms such as offshore renewables [12—14] and floating islands [15—17]. Three aspects of the
wind’s impact on waves can be distinguished. First, the pressure at the air-sea interface drives wave
motion. Second, wind-induced currents are generated by the tangential shear stress imposed by the
wind at the interface. Both the wind’s driving force and wind-induced current affect the evolution of
wave groups [18]. Third, wind forcing has an impact on modulation instability. Onorato and Proment
[19] investigated the effects of wind forcing and dissipation on modulational instability. Brunetti and
Kasparian [20] compared the effect of modulation instability in weak and strong wind forcing and
suggested that strong wind forcing can enhance modulation instability. Maleewong and Grimshaw
[21] developed a modified, fully nonlinear model and compared wave group formation with and
without wind forcing. Their results suggested that wind forcing induces an exponential growth rate
in the maximum amplitude of waves. In addition, they also observed wave breaking in cases with
high wave steepness. Chabchoub et al. [22] performed an experimental investigation to study the
evolution of Peregrine breathers with wind forcing. Their results suggest that weak wind forcing
does not have a significant impact on the evolution of Peregrine breathers but that strong wind does
enhance its amplitude. Recently, Toffoli et al. [23] presented a set of field observations to reveal
the effects of wind forcing and nonlinear interactions on the wave statistics. The results suggest that
waves can develop into a strong non-Gaussian process with the wind forcing and the extreme waves
frequently generated, leading to the heavy-tailed statistics with non-Gaussian properties.

Table I summarizes the findings of the different numerical simulations and laboratory experi-
ments investigating wind-induced growth and attenuation of waves in recent decades. The effects of
wind on wave growth (or attenuation) found in these studies are not consistent on first inspection (cf.
two rightmost columns of Table I, which show whether the study reports growth or attenuation of
the wave height due to wind). Amplification of wave height is the strongest evidence of wave growth
and can be used to evaluate the effect of wind forcing on a dispersively focused wave group. Kharif
et al. [26] and Touboul et al. [41,42] studied wind impact on focused wave groups theoretically
and experimentally. Their results suggest that an asymmetric response of wave height amplification
between wave focusing and defocusing leads to an enhancement of the duration of extreme wave
events. Tian and Choi [27] carried out experiments on unidirectional dispersively focused wave
groups with a following wind and compared these with numerical simulations, developing a wind-
wave model based on wind-induced currents and wave breaking. Zou and Chen [29] investigated
the effects of wind and wind-driven current on wave group evolution using a two-phase flow model.
They showed that the airflow separated at the steep wave crest and generated a pressure drop at
the leeward side of the wave crest. The form drag induced by the pressure asymmetry significantly
affected extreme wave heights, increasing them for following wind and reducing them for opposing
wind. In addition, extreme waves enhanced the momentum and energy transfer at the air-water
interface [29]. Waseda and Tulin [43] performed a laboratory experiment to investigate the impact
of wind on the instability of nonlinear deep-water wave trains. Their results suggest that the growth
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rate of the sidebands decreases with wind forcing but increases in strong wind forcing. It is worth
noting that in the laboratory experiments of Kristoffersen et al. [36], both the growth and the
attenuation of waves were observed in the cases with following wind. Their results suggest that the
number of breaking waves increases with wind speed, and the reason for wave attenuation is energy
dissipation induced by wave breaking. In contrast to traditional experiments with mechanically
generated waves, Toffoli er al. [44] investigated the statistical properties of wind-induced waves
and the formation of extreme waves in an annular wave flume. Wind-induced waves were generated
by a constant and quasi-homogeneous wind blowing over an annular wave flume, allowing the
sea state to become fully developed. Significant deviations from Gaussian statistics were observed
in the evolution of wind-induced waves. Recently, Lee and Monty [33] performed a laboratory
experiment to investigate the impact of wind on an existing random sea. They found that the
amplitude modulation of wave groups within this random sea increases with additional wind input,
and a theoretical argument for this is given in Adcock and Taylor [45].

An alternative robust method for evaluating wave growth (attenuation) is to use the wave growth
(attenuation) rate parameter determined by form drag and wave steepness. Cao et al. [32] performed
a wall-resolved large-eddy simulation (LES) to investigate the interaction between waves and
opposing turbulent wind and developed a viscous model that used nonorthogonal computational
coordinates. The slight pressure asymmetry induced by viscous stress plays a crucial role in wave
attenuation. The form drag exerted by the turbulent wind on the opposing wave attenuates the wave.
On this basis, Cao and Shen [34] investigated the effect of fast-propagating (i.e., faster than the wind
speed) water waves on wind and clarified the mechanism through which form drag affects the wavy
surface. Their results suggest that there is a threshold for wave age (c/u = 20 with ¢ the wave
phase speed and u the friction velocity in the air), where wave growth decreases when wave age is
below the threshold (and waves are “young”) and increases when wave age is above the threshold
(and waves are “old”).

In summary, wave growth arises mainly due to pressure asymmetry caused by the wind flow-
ing over the waves [25,29,32,34,37-40] and the enhancement of wave modulation by the wind
[10,19,20,33,45]. Opposing wind is an important but not the only factor leading to wave attenuation
[24,29,37—40]. The growth of extreme waves is limited by wave breaking as the local wave steepness
of waves increases with wind speed [33]. Although extensive research on wind-wave interaction
has been carried out, the physical mechanism governing the interaction between extreme waves
and wind forcing has not been well understood. In experimental studies, the scale of the wave
flume typically limits the evolution of waves in the propagation direction and makes it difficult
to avoid the effect of boundaries due to the sidewalls in the direction normal to this. Similarly,
due to the limitation imposed by computational cost in numerical simulations, regular waves
[46] or dispersively focused irregular waves [39] instead of random waves are typically used as
input.

In this paper, the effect of wind forcing on the probability of extreme waves is examined by
carrying out a laboratory study of random waves subject to wind forcing generated by wind fans in
a very large (L =300 m, w = 16 m, d = 7.5 m) wave tank, with the aim of providing a deeper
understanding of wind-wave interaction in complex ocean conditions. Compared with previous
wind-wave experiments, the scale of the tank is larger, which ensures the full development of steep
unidirectional waves and turbulent wind. In addition, the airflow generated by the mechanical wind
fans above our open tank has a higher turbulence intensity (approximately 12%) than previous
experiments (e.g., the turbulence intensity is only 0.5% in [33], who use a closed wind-wave tank),
which is more similar to values observed in the atmospheric boundary layer [47]. The atmospheric
boundary layer is characterized by high turbulence intensities of 10%—-20% [48,49]. We take as our
starting point as the pioneering deep-water, unidirectional extreme wave experiments by Onorato
et al. [50] (henceforth O04), which we modify by adding wind generation.

The remainder of this paper is organized as follows. In Sec. II, the setup of the experimental
facility is described. The experimental results are given in Sec. III, followed by a detailed discussion
of wave growth and attenuation in Sec. IV.
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FIG. 1. Diagram of the multifunction towing tank at SJTU and the location of the wind fan array (not to
scale).

II. EXPERIMENTAL SETUP

The laboratory experiments were conducted in the multifunction towing tank at Shanghai Jiao
Tong University (SJTU), which has previously been used to study aspects of wave evolution
[51-53].

In the equipment design for wind-wave experiments, people must choose between either fully
developed waves with a developing wind or a fully developed boundary layer (wind) with devel-
oping waves. A typical scenario of wind-wave interaction in the ocean is that waves interact with
developing wind in their evolution to form a complex sea state. In this paper, we focus on the
effect of wind on (fully developed) wave evolution. Therefore, whether the wave spectrum is in
equilibrium when the wave reaches the wind fan array is the basis for the study. We used similar
waves as in the pioneering experiments by Onorato et al. [S0], which are the benchmark for studying
extreme waves. On this basis, we designed and installed a fan array to generate the wind forcing.

A. Facility description

The tank is 300 m in length, 16 m in width, and 7.5 m in maximum depth, as shown in Fig. 1.
During the experiment, the working water depth was 7.5 m. There is a 40-paddle hinged-flap-type
wave maker at one end of the tank. At the opposite end of the tank a parabolic beach is located. In
addition, to reduce the influence of reflected waves, the tank’s wave generation system is equipped
with active wave absorption and a sidewall wave suppression system.

To study the impact of wind on the wave field, we designed and installed a movable wind
fan array above the free surface, as shown in Fig. 2. The array can be installed at designated
locations along the 300 m length of the tank. The array consists of 15 accurately calibrated wind
fans positioned along a line with their centers 760 mm above the free surface and with a radius of
390 mm each. The maximum working length of the wind over which it is of acceptable quality is
40 m, as shown in Fig. 1. The height of the ceiling above the wind fans is 20 m, and the presence
of the ceiling does not affect the wind field. As the characteristics of the wind field are not the main
focus of this paper, we include a detailed assessment of the wind field as an appendix (Appendix A).

We use two coordinate systems to distinguish the evolution of the waves (without wind) and the
distance of wind-wave interaction. As shown in Fig. 1, the coordinate origin of the wave system
(in blue) is the wave maker, and the distance from the wave maker is defined as X. The distance
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FIG. 2. Wind fan array designed and installed in the multifunction towing tank at SJTU.

from the wind fan array is denoted by x (in red). In our experiments, the wind fan array was set at
Xaray = 78.5 m. The X and x are related by x = X — X,y

B. Experimental conditions

We take as our starting point the pioneering experiment by Onorato et al. [50] (henceforth
004), which examined the occurrence of extreme waves in random seas (without wind). Their
experimental conditions were previously recreated in the multifunction towing tank at SJTU used
in the present study in Tang et al. [S1] (henceforth T21). O04 used Joint North Sea Wave Project
(JONSWAP) spectra with different peak enhancement factors y to represent different sea states.
The fundamental nonlinearity of a sea state, its steepness €, for random deep-water surface gravity
waves is defined as

ey

where k, is the peak wavenumber and H; is the significant wave height. This parameter acts as
input for the Benjamin-Feir index [9], which is a ratio of steepness to spectral bandwidth; it acts
as a measure of the strength of nonlinear wave-wave interactiong/and, consequently, of extreme
wave prevalence. The Benjamin-Feir index is defined as BFI = 2&/(2v), where v = f/f, is
the frequency spectral bandwidth with  f the half-width at half-maximum and f;, the frequency at
the spectral peak [9]. For broad-banded spectra such as the JONSWAP spectrum, the BFI is most
robustly extracted from time series using the method given by Serio et al. [54]:

v __ v__
BFI = ~mgk,Q, 2m, 2
where my = H2/16 is the zeroth moment of the wave spectrum, 0, is the Goda parameter
[55], and k; is the wavenumber given by the (deep-water) dispersion relation, gk, = 03 with g

the acceleratlon due to gravity and W, the peak wave frequency. The sensitivity of Qp to the
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TABLE II. Parameters of the laboratory experiments. The experimental parameters of O04 and T21 are
reported for reference. We show the input parameters of the experiment and (in square brackets) the parameters
measured at the first wave probe (i.e., x/A,y = 1.4, where x = 0 corresponds to the location of the wind fan
array and A, is the peak wavelength from the first probe without wind). In the table, H is the significant
wave height, y is the peak enhancement factor, € is the wave steepness, V is the spectral bandwidth, Q, is the
Goda parameter, and BFI is the Benjamin-Feir index. NW corresponds to the cases without wind forcing and
W presents the cases with wind forcing. In the present paper, the wind speed is 8.2 m/s.

Authors Case H(m) y € \Y 0, BFI
004 Case 1 0.11 1.0 0.098 0.28 0.2
Case 2 0.14 33 0.125 0.09 0.9
Case 3 0.16 6.0 0.142 0.08 1.2
T21 Case 1 0.125 1.0 0.113 0.14 3.88 0.6
Case 2 0.143 33 0.129 0.09 5.92 1.3
Case 3 0.182 6.0 0.150 0.08 8.68 1.9

Present paper Case 1 NW 0.11 [0.108] 1.0 0.098 [0.100] 0.289 [4.49] 0.24 [0.55]
W 0.11[0.113] 1.0  0.098 [0.105] 0.289 [4.59] 0.24 [0.57]

Case2 NW  0.14[0.144] 33  0.125[0.129] 0.090 [6.48] 0.98[1.04]
w 0.14[0.122] 3.3  0.125[0.111]  0.090 [6.69]  0.98 [0.97]

Case3 NW  0.16[0.158] 6.0 0.134[0.137] 0.075 [7.51] 1.26[1.29]
W 0.16[0.144] 6.0 0.134[0.130] 0.075 [8.06] 1.26[1.30]

high-frequency tail of the spectrum is lower than that of other bandwidth metrics; it is a dimen-
sionless parameter to measuring the spectral bandwidth [54,56] and can be computed as

0,=— SIS, (3)
my o
where S(f) is the energy density spectrum.

We consider three distinct experimental cases with different peak enhancement factors corre-
sponding to the three experiments of O04. Compared to the experiments of O04, we obtain a larger
BFI from our time series. We note that the value of BFI strongly depends on the calculation method
of bandwidth (see also the discussion in T21). We measured 15 m downstream of the wind fan array
(approximately four peak wavelengths) in the mean wave direction (see Fig. 1 for details). Here, we
focus on the effect of wind on wave nonlinearity at short distances.

We have repeated each case a total of three times with a new random seed generated in each
instance. The wave duration in each experiment was 32 min, and the first 100 s in each time series
was deleted in our analysis. This time duration was calculated as the approximate time needed for
the wave of twice the peak frequency to reach the last probe. Three capacitance wire wave probes
(see Fig. 1 for their locations) with a sampling frequency of 100 Hz were used to measure surface
elevation. The wave parameters in the experiments are listed in Table II. The wave peak period 7},
in our experiments is 1.5 s and the duration of the wind forcing is 32 min. The wind fans are run for
at least 10 min before wave generation and data acquisition, which ensures that the wind-generated
waves in the tank are statistically stable. In our experiments, the wind speed at the center of the fan
is 8.2 m/s, measured using an ultrasonic wind speed indicator. The turbulence intensity of the wind
is 11%-12%. See Appendix A for measured vertical profiles of the wind velocity.

III. RESULTS

In this section, we examine the properties of the wave field with and without the effect of
wind, considering the effect of wind on wave statistics (Sec. III A), the evolution of wave spectra
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(Sec. III B), and extreme value distributions (Sec. III C). The experimental results are summarized
in tabular form in Tables V and VI in Appendix C.

Due to linear (viscous dissipation, generation of directionality due to the walls) and nonlinear
(nonlinear wave-wave interactions) mechanisms, the statistical properties of the free surface change
as the waves propagate down the tank, as most evident from the build up of the high-frequency
tail of the spectrum. Whether the spectrum is already in equilibrium when waves reach the fan
array or is still undergoing change will be important for studying the interaction between wind and
waves. In T21, who used equivalent input spectra in the same experimental facility, the spectrum
has reached its equilibrium at the location of the wind fan array (Xuray/Apo = 22.4, where A, g is
the peak wavelength at the first probe in the case without wind) chosen in the present study.

A. Statistical properties of the surface elevation

To evaluate the effect of wind forcing, we define an operator,
A =Aw — Anw, “4)

where Aw represents the value of parameter A with wind forcing and Axw the value without wind
forcing. Below, we will examine the significant wave height H;, steepness €, peak wavenumber k,,
skewness Az, and kurtosis A4.

We normalize the horizontal distance from the wind fan array x by the peak wavelength A, o,
which we always obtain from the wave spectrum at the first probe in the case without wind. We
use the linear dispersion relationship to obtain A, o from f, o, where the subscript 0 denotes the first
probe in the case without wind.

1. Significant wave height Hs, peak wavenumber k;,, and steepness €

In Fig. 3(a), we show the variation of the significant wave height along the tank without wind
forcing. Error bars show the 95% confidence interval based on the standard deviation. We show the
input values (represented by different colored lines) of significant wave height in the experiment
for reference. The significant wave height measured is consistent with that input to the wave maker.
In addition, Hj is stable for each case and does not change with distance from the wind fan array
x. Next, Fig. 3(b) shows the spatial evolution of the relative change in Hy due to wind forcing. For
case 1, which has the smallest BFI, Hy increases slightly after the introduction of wind forcing,
as we expect. Surprisingly, for cases 2 and 3, the significant wave height decreased significantly,
by 6%—8%. In principle, this could be caused by wave breaking. To further examine the potential
effect of wave breaking on the cases with large BFI, we also consider the steepness of the waves.
As shown in Fig. 3(c), steepness increases with BFI for the cases without wind forcing. Note that
the steepness  is calculated as the product of the peak wavenumber k, and half the significant wave
height H, (i.e., = k,H). InFig. 3(d), wave steepness increases in case 1 but reduces in cases 2 and
3. Figure 3(e) shows the variation of the peak wavenumber along the tank without wind forcing. The
result suggests that the wavenumber decreases with the fetch increases due to the resonant four-wave
interactions. In Fig. 3(f), the wavenumber slightly increases with the wind forcing. Although we did
not find that wind promotes wave breaking, we emphasize that breaking stills occurs occasionally
in all experiments due to the random nature of the waves.

We consider that the reason for the attenuation of large-BFI waves found in our experiments
is related to the structure of the wind generated by the fan array. Due to the absence of a device
for airflow straightening, the wind’s mean direction is at an angle to the water surface, having
both vertical and horizontal components. The effect of the vertical wind on the surface is non-
negligible compared with the horizontal wind speed and may attenuate the waves. Therefore, it is
highly conceivable that the significant wave height decreases due to the suppression of the waves
by the vertical wind. For case 1, the suppression is not significant because the individual crests are
still too far (vertically) from the fan outlet, and the significant wave height still increases due to the
horizontal wind component.
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FIG. 3. Effect of wind on (a),(b) significant wave height H;, (c),(d) steepness €, and (e),(f) peak wavenum-
ber k, for three cases with increasing BFI. The left panels show the case without wind (NW), and the right
panels show the percentage increase of the three parameters due to wind. Error bars show the 95% confidence

interval based on the standard deviation.

To further examine the effect of wind on the significant wave height, we use LESs. See
Appendix B for details. LESs have played an increasingly important role in turbulent wind-wave
interaction due to their high fidelity. Compared to direct numerical simulations (DNSs), LESs
can describe small-scale turbulence without excessive demands on computational power. Because
the computational requirements remain very significant even for LESs, we selected regular waves
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FIG. 4. Effect of wind on skewness A; for three cases with increasing BFI. The left panels show the case
without wind (NW) and the right panels show the percentage increase due to wind. Error bars show the 95%
confidence interval based on the standard deviation.

instead of the irregular waves used in the experiment to qualitatively study the effects of wind on the
significant wave height. We used a high-turbulence wind to shear the wavy surface, consistent with
the experiment. In the results of the simulations (case 2 NS and case 3 NS) we also observe wave
height suppression in case 2 and case 3. We find that the airflow at low fetches is not streamlined
due to the insufficient development of the high-turbulence airflow at low fetches; the boundary layer
has not adapted to the wavy surface, which leads to wave height suppression by the wind.

2. Skewness Az and kurtosis A4

Skewness and kurtosis are calculated from the measured free surface according to

11N 11N
M= — — N — 3 d M= —— = 4’
3 TN (N, —n)" an 4 TN N, —1) &)

n=1

n=1

where 1, is the surface elevation at discrete sampling times, ] is the mean surface elevation, Nyys is
the root mean square of the surface elevation, and N is the length of the signal.

In Fig. 4(a), we show the skewness at different distances from the wind fan array. The positive
skewness is typical for water waves, corresponding to sharper crests and flatter troughs caused by
second-order bound waves. Figure 4(b) shows the spatial evolution of the difference in skewness
due to wind forcing. For cases with large BFI (case 2 and case 3), the skewness decreases, due to
the suppression of the wave height by the vertical component of the wind (see above). For case 1,
the skewness increases considerably, and the increase in skewness gradually decreases with fetch.

The evolution of kurtosis without wind forcing along dimensionless fetch is shown in Fig. 5(a).
The kurtosis of the free surface is greater than 3 (the value for a Gaussian state), indicating that
the free surface no longer follows the Gaussian distribution predicted by linear theory, as expected
for the nonlinear unidirectional surface gravity waves considered here. The BFI is determined by
the steepness of the wave and the spectral width; BFI is known to have an important influence
on kurtosis in unidirectional waves [57]. In deep-water, unidirectional waves with larger steepness
and more narrow-banded spectra and thus a larger value of BFI, the waves, which all have a value
of kurtosis equal to 3 at the wave maker, reach a higher value of kurtosis at distance from the
wave maker. The kurtosis reaches its maximum value between 20 and 30 wavelengths from the
wave maker, which is consistent with previous results [51,58]. For cases with smaller BFI (case 1
NW), kurtosis is almost constant, with an average value of 3.2. Generally, the increase in kurtosis is
significantly dependent on BFI. The kurtosis of the waves increases further due to wind forcing, as
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FIG. 5. Effect of wind on kurtosis A4 for three cases with increasing BFIL. The left panels show the case
without wind (NW), and the right panels show the percentage increase due to wind. Error bars show the 95%
confidence interval based on the standard deviation.

shown in Fig. 5(b). Furthermore, we found that kurtosis increases more significantly due to wind in
cases with larger BFI, although not all variation is significant, as is evident from the error bars. This
suggests that the likelihood of extreme waves is increased despite the reduction in significant wave
height for the higher-BFI cases.

B. Evolution of wave spectra

During wave evolution, nonlinearity causes wave energy to be redistributed across the spectrum.
If the waves become very steep, breaking leads to wave energy dissipation. In Fig. 6, we show
the wave spectra with and without wind forcing on a logarithmic scale at the three different
dimensionless positions x/A, o = 1.4, x/A, 0 = 2.8, and x/\, o = 4.2 for the different BFI cases,
where x is the distance from the wind fan array and A, ¢ is the peak wavelength from the first probe
without wind. First, we focus on the cases without wind forcing (dashed lines in the figure). In
all three cases, only a negligible amount of dissipation occurs during the short distance of wave
evolution, and the total energy of the waves is constant. No change in the spectrum occurs over
the distance shown (x/Ayp = 1.4 to x/Ay o = 4.2), confirming that the spectrum is in equilibrium.
Upon introduction of the wind (continuous lines), the energy exchange between the wave and the
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FIG. 6. Spectral evolution with (W) and without (NW) wind forcing: (a) case 1 NW and case 1 W; (b) case
2 NW and case 2 W; (c) case 3 NW and case 3 W.
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FIG. 7. Evolution of mean frequency with (W) and without (NW) wind forcing: (a) case 1 NW and case 1
W; (b) case 2 NW and case 2 W; (c) case 3 NW and case 3 W. Error bars show the 95% confidence interval
based on the standard deviation.

high-speed airflow causes the high-frequency tail of the spectrum to be increased. The growth of the
tail increases with fetch and appears to have reached an equilibrium at the final probe (x/A, o = 4.2).

The significant wave height examined above is obtained by calculating the zeroth-order moment
of the wave spectrum. In Fig. 6(a), the magnitude of the spectral peak has increased, which is
consistent with the increase of the significant wave height due to the wind observed for this case.
The magnitude of the spectral peak decreases significantly for cases with a large initial wave height
and steepness (and thus a large BFI), as shown in Figs. 6(b) and 6(c), corresponding to the decrease
in significant wave height due to the wind observed for these cases. At large enough fetch, we
observe a small but significant upshift of the frequency of the spectral peak in all three cases
[cf. Fig. 3(f)]. This is different from the suggestion by Hara and Mei [59] that the peak frequency
downshifts with the increase of wind forcing. We consider that the nonlinear process of wind-wave
interaction does not fully develop in a short distance. Therefore, there is not a significant downshift
in the mean frequency. In addition, we consider that wave breaking plays an important role in the
evolution of the spectrum. The wave breaking limits the growth of waves and has a negative impact
on the statistical results.

To further study the impact of the wind on the wave spectra, we investigate the variation of the
mean frequency f. Compared with the peak frequency Jfp» the mean £, an integral quantity, is less
affected by fluctuations of the wave spectrum estimated from experiments and therefore more robust
[35]. The mean frequency f is determined by the moments of the spectrum. For a discrete power
spectrum F'(f,,), the moments are defined as

Smax
m;= fIF(f). (6)
Smin

Here finin and finax denote the limits of the spectral domain. The mean frequency f is then given
by

- m
f== (7)

mo
Figure 7 shows the evolution of the mean frequency with and without wind forcing for unidi-
rectional waves. As in all cases without wind forcing, the mean frequency downshifts with fetch
due to wave nonlinearity, but appears to have reached an equilibrium at the start of the wind fan
array. Compared to the cases without wind forcing, we found an upshift of the mean frequency
due to wind forcing, and the upshifting increases somewhat with fetch. We consider that the main
reason for the increase in mean frequency is that the upper tail of the spectrum absorbs the energy
from the wind in the wind-wave interaction. To sum up, we note that the mean frequency upshift
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FIG. 8. Comparison between the exceedance probability of wave height H with (W) and without (NW)
wind forcing at different locations, also showing the Rayleigh distribution: (a),(d),(g) x/A, 0 = 1.4; (b),(e),(h)
x/h,0 = 2.8; (),(),(1) x/\,p = 4.2 for (a)—(c) case 1; (d)—(f) case 2; (g)-(i) case 3. The shaded regions
correspond to 95% confidence intervals based on the bootstrap method.

occurs for all values of BFI despite the reduction in significant wave height for the two larger BFI
cases.

C. Exceedance probability
1. Wave height

Figure 8 shows the exceedance probabilities of wave height H at the three different locations
(x/Apo = 1.4, x/\, 0 = 2.8, and x/A,, o = 4.2) with and without wind for cases 1-3. It is difficult to
discern a significant deviation from the Rayleigh distribution for the case without wind. Of course,
we are interested in the impact of the wind. For case 1, the wind appears to weakly increase the
probability of large wave heights at the second probe (x/A; o = 2.8) and third probe (x/A, o = 4.2),
but this effect is hardly significant, as shown in Figs. 8(b) and 8(c).

For cases 2 and 3, which have enhanced nonlinearity and BFI compared to case 1, Figs. 8(d)-8(f)
and 8(g)-8(i), show that the tail begins to deviate more from the Rayleigh distribution under the
influence of wind, and this effect becomes more significant. In other words, extreme events become
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FIG. 9. Comparison between the exceedance probability of crest amplitude . with (W) and without (NW)
wind forcing at different locations, also showing the Rayleigh, Tayfun, and Forristal distributions: (a),(d),(g)
x/, 0 = 1.4; (b),(e),(h) x/ A, 0 = 2.8; (c),(),(1) x/Ayp = 4.2 for (a)—(c) case 1; (d)-(f) case 2; (g)-(i) case 3.
The shaded regions correspond to 95% confidence intervals based on the bootstrap method.

more frequent in steep sea states because of wind, despite the reduction in significant wave height
observed for these cases in our experiments. The increase in case 3 is not necessarily greater than in
case 2, suggesting some kind of saturation. We emphasize the limited significance levels in the tail.
It is worth noting that the confidence interval for the exceedance probability increases with H/H;
increases because the number of rogue waves sampled is small.

2. Crest amplitude

Figure 9 compares cases 1-3 with and without the wind forcing to investigate the impact of wind
on the crest amplitude distribution. For case 1, the crest amplitude distribution with wind forcing
is close to the second-order Tayfun distribution [60]. The results of the Forristall distribution [61]
and the Tayfun distribution [60] are almost identical. The BFI of case 1 is small, suggesting only
minor effects of (third-order) modulational instability and thus agreement with the second-order
distributions of Forristall [61] and Tayfun [60]. The input of wind energy leads to the growth of the
tail of the crest amplitude distribution. For case 2, BFI = 0.98 is close to 1 (BFI = 1 is considered as
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a threshold above which modulation instability becomes important). Therefore, the crest amplitude
distribution is expected to deviate from the Tayfun distribution. After the introduction of wind
forcing, the crest amplitude distribution shows a similar increase as in case 1, and the effect is
somewhat larger than in case 1. For case 3, the wind forcing increases the wave crest amplitude, but
the crest amplitude growth due to the wind decreases with fetch, suggesting some kind of saturation.
Again, we emphasize the limited significance levels in the tail. In addition, the uncertainty range of
the exceedance probability increases in the tail due to the decrease in the number of rogue waves
sampled.

IV. DISCUSSION

The goal of this paper has been to study the impact of wind on unidirectional waves. Specifically,
we have focused on the exceedance probability of extreme events, which is important for offshore
engineering and, for example, the safety of supercarriers. Therefore, unidirectional random wave
experiments were carried out in the multifunction towing tank at Shanghai Jiao Tong University.
Compared with previous studies, we consider realistic levels of turbulence intensity of the wind and
specific attention to the impact of the wind on wave evolution because the wind is one of the causes
of extreme events.

In the present work, we have observed that the effect of wind forcing on the significant wave
height of waves with different initial wave steepness is different. On the one hand, wind forcing
can lead to the growth of waves. Specifically, the significant wave height of cases with small initial
steepness increased under the effect of wind forcing (case 1). On the other hand, a decrease in
significant wave height due to wind forcing was observed in waves with large initial steepness
(cases 2 and 3).

For case 1, our findings of a slight increase in significant wave height due to wind forcing for low
initial steepness are consistent with previous experimental studies [24,33]. Airflow separates on the
leeward side of the wave crest and results in a pressure drop over the wave crest [29]. This pressure
asymmetry produces wave growth [32]. In our spectral analysis, the growth of the high-frequency
tail of the wave spectrum, corresponding to the generation of short waves, provides evidence of the
transfer of energy from the wind to the waves, and this is consistent with the experimental results of
Lee and Monty [33].

For case 1, we have also examined the effect of wind on wave nonlinearity (steepness) and the
probability of extreme waves. Steepness increased by a small amount due to wind. The increase of
skewness under the effect of wind forcing indicates that the wind increases the asymmetry between
the wave crest and the wave trough [62], but this effect decreased with fetch in our experiments.
‘We found that kurtosis increases under the effect of wind forcing, which corresponds to an increase
in the probability of extreme events. Therefore, the wind input increases the probability of extreme
waves for low initial steepness waves.

However, in cases 2 and 3, the wind forcing produced wave attenuation in contract with case 1.
The significant wave height decreases under the effect of wind forcing. We consider that this wave
attenuation is due to the absence of a device for airflow straightening in our experiment and the
resulting vertical impact of the mean wind on the wavy surface. In previous experiments, the wind
forcing generated by mechanical fans blew horizontally over the waves [26,27,33]. However, the
wind generated in our experiment shears the free surface at a certain angle. Therefore, the effect
of wind on the wavy surface is more complex. We consider that the vertical component of the
wind provides a downward forcing on the wavy surface, producing wave attenuation. This is also
observed in large-eddy simulations we have performed to test this hypothesis. The mean frequency
of waves increased with fetch under the effect of wind forcing, which corresponds to short waves
being generated by the wind-wave interaction. Despite the differences in the effect on significant
wave height and steepness, the effect of wind forcing on the probability of extreme waves in cases
2 and 3 is consistent with case 1. Wind forcing increases the probability of extreme events.
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FIG. 10. Calibration of the wind field. (a) Vertical mean wind velocity profiles as a function of distance
above the still-water surface (i.e., z = 0) at the first probe (i.e., x/)\p,o = 1.4), where U, is the wind speed at
the center of the fan. The wind profile is fitted well by a power law. The shaded bands of different colors show
the 95% confidence intervals of wind speed. (b) Histograms of TI, TKE, and CTKE.

There are several limitations to our experimental study. In our experiment, the wind-wave
interaction occurs within 40 m downstream from the wind fan array (approximately 11 peak
wavelengths). However, the wave nonlinearity induced by wind input may not fully develop in
a short distance. Onorato et al. [50] suggest that it is necessary for 15-20 wavelengths to develop
strong non-Gaussian behavior in sea states. Therefore, we need to optimize the setup in the following
experiment. We consider increasing the measurement range or reducing the characteristic wave-
length to ensure the full development of nonlinear processes. In addition, wave propagation in the
ocean is multidirectional and not unidirectional, as considered here. The directional propagation of
waves is a key factor affecting the nonlinear physics, which should not be ignored [63]. In addition,
the work of Latheef et al. [64] and Karmpadakis et al. [65] shows that the competing mechanisms
of nonlinear amplification and wave breaking have a profound impact on crest amplitude statistics.
Wave breaking is common in our experiments, even in the case without wind.

In future work, we will focus on the effects of wind gusts on wave evolution. The impact of wind
gusts on nonlinear wave growth may be significant [66].
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APPENDIX A: CALIBRATION OF THE EXPERIMENT
1. Wind generation

In the experiment, the wind fan array is installed at X = 78.5 m downstream from the location
of wave generation. The wind fan array can generate different wind speeds. Figure 10(a) shows
the vertical average wind speed as a function of the distance above the still-water surface at the
first probe (i.e., x/A,,0 = 1.4, which follows well. To maintain a high-quality wind profile, we also
control the turbulence level and its structure. We first consider the turbulence intensity, which can
be obtained from the three components of the velocity field, which is first decomposed into a mean
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FIG. 11. Diagram of the computational domain used for the large-eddy simulations. The turbulent wind
field is driven by the velocity profile U(z) above the wavy surface. The surface waves propagate in the x
direction.

u and a turbulent perturbation u :
u=u-+tu, (A1)

where u = ui + vj + wk. The horizontal velocities are defined so that u is aligned with the direction
of wave propagation, V is perpendicular to this in the horizontal plane, and W is in the upward
vertical direction. We report the turbulence intensity (TI), the turbulent kinetic energy (TKE), and
the coherent turbulent kinetic energy (CTKE) at the first probe [i.e., x/Ap o = 1.4, as shown in
Figure 10(b)]. TI, TKE, and CTKE are defined by

=2
u
1 — ——
TKE= 2(i? +V7 +w?), (A2)

CTKE=% (uv )+ ww )+ (vw)?,

where 0y, is the standard deviation of a 10-min segment and the overline indicates a 10-min average.
Results are shown in Figs. 10(a) and 10(b). They show that the wind profile is comparable to a
realistic ocean-atmosphere boundary layer [67].

2. Wave generation
The elevation of random waves is synthesized as the sum of independent harmonic components,
which can be calculated as

N

Nt = acos2mfit + @), (A3)
i=1

v s .
where a; = 2S(f;) f is the free wave component with ith frequency f; and phase @;, f is the

frequency domain sampling interval, and the phase @, is sampled from a uniform distribution on
[0, 2m]. In this experiment, the target wave spectrum used is the JONSWAP spectrum, which is
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TABLE III. Overview of the different numerical simulations.

Case H (m) € Wind? (Y/N)
Case 1 NS NW 0.11 0.098 N

w 0.11 0.098 Y
Case 2 NS NW 0.14 0.125 N

w 0.14 0.125 Y
Case 3 NS NW 0.16 0.134 N

w 0.16 0.134 Y
given by

ClHZf4 (= fo)2l262 (2
S(f) = ;5 : exp_[1.25(fp/f)4] yeXP e ’
0.0624

a= , A4
0.230 + 0.0336y — {gpr (A9

whered = 0.07if f f,ando =0.09if f  f,, H; is the significant wave height, f;, is the spectral
peak frequency, and y is the peak enhancement factor. In this experiment, the peak enhancement
factors y of the spectrum are 1, 3.3, and 6 for cases 1-3, respectively.

APPENDIX B: NUMERICAL SIMULATIONS

We used LESs to study the turbulent wind-wave interaction because of their high fidelity. The
difference from our laboratory experiments is that we use regular waves in the numerical simulations
to replace the irregular waves based on the JONSWAP spectrum used in the experiments. Regular
waves are chosen to minimize computational time and cost, which are already very significant.

Apart from the difference in the type of waves, the other properties of the numerical simulations
are chosen to mimic those of the experiments as closely as possible. The configuration of the three-
dimensional numerical tank is shown in Fig. 11. The length of the tank is 40 m, and the height of
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FIG. 12. Comparison of the wind field between numerical simulations (NS) and laboratory experiments
(EXP). (a) Vertical mean wind velocity profiles with 95% confidence interval. (b) Histogram of TI, TKE, and
CTKE.
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TABLE IV. Relative errors of wind parameters between numerical simulations and laboratory experiments.

z (mm) Wind speed (%) TI (%) TKE (%) CTKE (%)
100 1.60 10.60 4.60 5.94
150 0.35 6.08 9.03 11.72
200 3.04 6.93 3.67 5.95

the computational domain is 17.5 m (7.5 m of water and 10 m of air). The computational domain
is meshed with a uniform grid size of 0.16 m. In the vicinity of the free surface, the base mesh is
then refined twice to obtain a finer mesh size of 0.04 m (approximately 88 steps per peak period).
The grid resolution is sufficient for LES according to the criterion given in [68]. We use a time
resolution of 0.01 s (approximately 150 steps per peak period) with a total simulation time of 300 s
(corresponding to 160 h CPU time.) for each case. The peak period in this experiment is 1.5 s.
Therefore, each time series includes 200 waves. We used a relaxation zone at the beginning of the
computational domain to generate the waves and a damping zone at the end of the computational
domain to absorb the waves and eliminate the impact of wave reflection on the simulation results.
The parameters of the numerical simulations are shown in Table III.

First, the wind forcing generated in the numerical simulation is compared with the wind data
measured in the laboratory experiment. We focus on the wind speed and turbulence intensity of the
wind above the wavy surface. The wind speed very near the water surface is complex. Therefore, we
only compare the wind field 80-200 mm above the free surface and describe the wind speed through
the power-law wind profile. The wind speed and turbulence intensity are shown in Fig. 12(a), where
the 95% confidence interval is also provided for the wind speed, and Fig. 12(b). The free-stream
wind speed is set at 10 m/s. It can be seen from the wind profile in Fig. 12(a) that the wind speed
near the water surface is close to the result of the laboratory experiments. The relative errors of TI,
TKE, and CTKE are typically less than approximately 10% (see Table IV). The maximum relative
error of TIis 11% at z = 100 mm. At z = 150 mm, the maximum relative error of TKE is measured,
and the value is 9.0%. CTKE also reaches its maximum value of 12% at the same position.

As shown in Fig. 13, the results of numerical simulation are consistent with those of laboratory
experiments. For case 1 NS, wind causes wave height growth. Yet, for cases 2 NS and 3 NS wind
causes wave height attenuation. In the large-scale open tank, the wind has fully developed and has
a high turbulence intensity.

APPENDIX C: EXPERIMENTAL RESULTS

Here, we list the experimental results in Table V for case 1 (wave growth) and Table VI for
cases 2 and 3 (for wave attenuation).

0.14 0.18 0.18
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0.12 K - o . 0.16
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FIG. 13. Numerical results for the evolution of significant wave height with (NS-W) and without (NS-NW)
wind forcing. Error bars show the 95% confidence interval based on the standard deviation.
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TABLE V. Experimental results for case 1 (wave growth).

Case Parameters ~ Position 1: x/A,o = 1.4  Position 2: x/A, o = 2.8  Position 3: x/A, o = 4.2
Case 1 NW H, (m) 0.1075 0.1094 0.1109
3 0.0996 0.1004 0.1007
As 0.1160 0.1369 0.1476
A 3.1891 3.1312 3.1251
k, (m™") 1.8531 1.8370 1.8163
f (Hz) 0.7734 0.7724 0.7729
Case 1 W H; (m) 0.1130 0.1127 0.1146
€ 0.1048 0.1040 0.1055
A 0.1294 0.1573 0.1484
A 3.2783 3.2344 3.2779
k, (m™") 1.8547 1.8452 1.8374
f (Hz) 0.7780 0.7865 0.7905
TABLE VI. Experimental results for case 2 and case 3 (wave attenuation).
Case Parameters ~ Position 1: x/A\, o = 1.4  Position 2: x/A, o =2.8  Position 3: x/\, o = 4.2
Case 2 NW H, (m) 0.1441 0.1451 0.1449
€ 0.1291 0.1304 0.1299
A3 0.1835 0.2339 0.2017
A 3.3546 3.3890 3.4159
k, (m™") 1.7925 1.7973 1.7925
f (Hz) 0.7268 0.7265 0.7227
Case 3 NW H; (m) 0.1581 0.1605 0.1599
€ 0.1374 0.1397 0.1393
A 0.2094 0.2217 0.2154
A 3.6463 3.6588 3.6165
k, (m™") 1.7376 1.7407 1.7423
f (Hz) 0.7030 0.7023 0.7026
Case 2 W H, (m) 0.1223 0.1215 0.1239
€ 0.1110 0.1105 0.1130
A3 0.1485 0.1614 0.1836
A 3.5443 3.6628 3.7267
k, (m™1) 1.8147 1.8179 1.8243
f (Hz) 0.7487 0.7590 0.7699
Case3 W H, (m) 0.1435 0.1421 0.1419
€ 0.1299 0.1280 0.1281
As 0.1858 0.2040 0.2008
A 3.8661 3.8662 3.8788
k, (m™") 1.8099 1.80220 1.8052
f (Hz) 0.7275 0.7336 0.7352
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