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Abstract: The applicability of the wind wave suppression model developed by Chen and Belcher
(2000) to irregular wave environments is investigated in this study. Monochromatic and irregular
wave environments were simulated in the W? (Wind/Wave) laboratory at the University of Maine
under varying wind speeds. The Chen and Belcher (2000) model accurately predicts the reduction of
the energy density of the wind waves in the presence of the monochromatic waves as a function of
wave steepness, but under predicts this energy dissipation for the irregular waves. This is due to
the consideration of a single wave frequency in the estimation of the growth rate and wave-induced
stress of the monochromatic waves. The same formulations for the growth rate and wave-induced
stress cannot be applied to irregular waves because their spectra contain energy over a wide range
of frequencies. A revised version of the model is proposed to account for the energy contained within
multiple wave frequencies from the power spectra for the mechanically generated irregular waves.
The revised model shows improved results when applied to irregular wave environments.

Keywords: wind waves; irregular waves; wavelet analysis; wind wave suppression

1. Introduction

For decades researchers in the ocean engineering and modeling communities have focused on
developing accurate representations of fetch-limited wave growth under wind forcing. This objective
is based on a need for refinement of the source functions of the spectral energy balance used in wave
forecasting models,

S = Sin + Snontin + Sdis 1

where S, is the input of wind energy, S0, accounts for the wave energy associated with nonlinear
interactions, and Sg;; is the dissipation by wave breaking. The development of parameterizations of
the wind input source term, S;,, has been complicated by an interesting phenomenon observed in
laboratory studies [1-3] in which short wind waves (f ~ 2-6 Hz, where f is the wave frequency) are
dampened by the superposition of steep, mechanically generated “swell”. Since these pioneering
studies, it has been pointed out that it is not possible to represent real ocean swell using mechanically
generated waves in a laboratory due to limited fetch, which does not allow enough horizontal distance
for the waves to grow to lengths that would allow them to travel faster than the wind [4]. Here, we will
not make the mistake of referring to mechanically generated waves as swell, and instead will refer to
these waves as long waves, i.e., waves much longer than the high frequency wind waves, but waves
that have not yet developed into swell. Additionally, wind wave modification by swell is unlikely
to present itself in the ocean, because swell steepness is typically much lower than the steepness
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of long waves in the laboratory [5]. Regardless, the suppression of wind waves on long waves is
a real phenomenon that occurs in laboratory studies, the data from some of which are still used to
validate theoretical wave growth models that have been incorporated into source term formulations
of wave forecasting models today. For example, the model developed by Chen and Belcher [5],
which parameterizes reduced turbulent stress available to grow the wind waves, due to the presence of
a long wave, was validated using laboratory data in which wind wave suppression was observed [1-3].
The model presented in Chen and Belcher [5] has been used to develop a new parameterization for the
friction velocity, ., which accounts for reduced growth in the high frequency tail of the wave spectrum
(i.e., the portion of the wave spectrum associated with short wind waves) which is now incorporated
into parameterizations of the wind input source term, S;;,, in WAVEWATCH m®, a third-generation
wave forecasting model [6,7]. However, the laboratory data used to validate the model presented
in Chen and Belcher [5] included only long monochromatic waves, which do not represent real sea
states as closely as irregular waves. This study aims to determine the applicability of the Chen and
Belcher [5] wind wave suppression model to irregular waves.

Incorporation of Wind Wave Suppression into Sj,

Two separate routes of investigation have emerged with the overarching aim to improve
parameterizations of S;,. The first is the exploration of the growth of both the wind waves and
the long waves on which they travel with a focus on the determination of accurate measures of
growth rates and speculation as to the mechanism responsible for the suppression of wind waves
on long waves [1-3,8]. The second is the investigation of wind-generated waves with the goal of
developing accurate fetch- and duration-limited models to predict their growth [9-14]. It was not
until the Chen and Belcher model [5] (from here on referred to as CBM) accounted for wind wave
suppression on long waves in existing fetch-limited wind wave growth models that these two routes
of investigation converged.

The first route of investigation mentioned above started when Mitsuyasu [1] first observed that
when high frequency wind waves, f ~ 2.5 Hz, travel along the surface of a long, monochromatic wave
train, f ~ 0.5-0.75 Hz, the wind waves are sometimes suppressed, depending on the steepness of the
long wave. No speculation as to the cause of this suppression was presented, however, and only a
schematic representation of a possible equilibrium model between the wind waves, long waves, and the
wind was presented. Phillips and Banner [2] observed this wind wave suppression on long waves of
steepness, ak ~ 0.02-0.20, where a is the wave amplitude, and k is the wavenumber, and speculated
that the mechanism responsible for suppression is instabilities that generate breaking of the small
wind waves, resulting in a transfer of energy from the wind waves to the long wave. Donelan [3]
proposed a different hypothesis for the cause of wind wave suppression, suggesting that the long
waves cause a ‘detuning of the resonance’ of the nonlinear interactions amongst the wind waves
(i.e., the long waves disrupt the nonlinear interactions amongst the wind waves preventing resonance
from occurring), which reduces the energy in the high frequency part of the spectrum. The ak values of
the monochromatic waves considered by Donelan [3] were 0.053 and 0.105 Hz, with the frequency
peak of the wind waves of approximately 1.5-2 Hz. Neither Phillips and Banner [2] nor Donelan [3]
make any attempt to directly provide a method by which this phenomenon could be incorporated into
wave forecasting models, though Donelan [3] does suggest its importance.

Chen and Belcher [5] combined the aforementioned studies to develop a model to predict wind
wave suppression, using existing wind wave growth models, in order to accurately represent the growth
of wind waves in the presence of long waves, converging the two routes of the study described above.
They present a formulation for the growth rate of the long waves,
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where p, is the density of air, py, is the density of water, f8 is the growth rate coefficient, u. is the air
friction velocity, c;, represents the phase speed of the long waves, and oy, is the angular frequency
of the long wave, based on formulations by Belcher [15] and van Duin [16]. The novel contribution
of the CBM is the assumption that the total stress in the wind at the water surface, 74y = pauz,
is composed of two individual stresses: The wave-induced stress of the long wave, 71, and the portion
of the stress that remains to grow the wind waves, i.e., the turbulent stress, 7;. This assumption
allows for an estimate of 7; dependent on the properties of the long wave by calculation of 77, and 7y
(see Section 3; [5]). Lastly, to account for the influence of the long wave on the wind wave growth, t; is
used to replace 7y in fetch-limited wave growth models, such as the two models created by Mitsuyasu
and Rikiishi [17], by reformulating the friction velocity, . = (Tr/ pa)l/ 2 asu, = (te/ pa)l/ 2 5]
This newly formulated friction velocity can be incorporated into the aforementioned fetch-limited
growth model from Mitsuyasu and Rikiishi [17] which is,

. x 0357
L9 _ 7485
[

®)

where g is gravitational acceleration and x is the horizontal fetch distance. Additionally, the formulation
for the growth of wind waves in terms of energy density relies on the new formulation of the friction
velocity as,

E 1.282
8~ 449x107(2)) @)
Pwu* ux-
where the energy density, E = py g?, with ? defined as the variance of the wind waves, instead

of their peak angular frequency, o, as in Equation (3) [5]. Chen and Belcher [5] speculate that the
Phillips-Banner mechanism (i.e., the breaking of the small wind waves that result in a transfer of energy
from the wind waves to the long wave) is the most probable cause of the suppression of the wind
waves, and that the breaking of the small wind waves may enhance air flow separation (AFS) at the
long wave crest. However, the CBM has so far only been validated using monochromatic waves from
previous laboratory studies [1-3], which are not as representative of actual sea states as irregular waves.

Therefore, the goal of this study is to determine the applicability of the CBM to irregular waves.
To reach this goal, the following specific research questions will be answered: (1) Does the CBM
accurately predict the decrease in the energy of the wind waves in the presence of irregular waves of
increasing steepness? (2) Can the CBM model be improved by accounting for the long wave energy at
each frequency of the wave spectrum for an irregular wave environment? These research questions
will be answered through analysis of data collected in a laboratory experiment conducted in the
Harold Alfond Wind/Wave (W?) Ocean Engineering Laboratory at the University of Maine Advanced
Structures and Composites Center (ASCC). The data set consists of both irregular and monochromatic
waves with a variety of wave heights and periods in addition to a range of wind speeds.

The remainder of this paper will include a description of the W test facility at the University of
Maine, the experimental set-up and a description of the test campaign description. This is followed by
a characterization of the wind field in the W2. Section 3 describes the CBM model, which is followed
by the methodology in Section 4. Section 5 will present the results of the CBM for the monochromatic
and irregular long wave environments, as well as the results of the computation of the growth rate
coefficient for these waves. The results will be interpreted in a discussion presented in Section 6,
and a modified model will be introduced to expand the applicability of the CBM to irregular waves.
Finally, Section 7 will provide conclusions about the applicability of CBM to irregular waves generated
in the laboratory and implications for the modified model.
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2. Experimental Set-Up and Data Collection

2.1. Test Facility

The laboratory experiments were performed at the Harold Alfond W? (Wind/Wave) Ocean
Engineering Laboratory at the University of Maine Advanced Structures and Composites Center (ASCC).
The 30 m long by 9 m wide basin has a 16-flap paddle wave generator below a 5 m by 3.5 m by 6 m
open-jet wind tunnel (Figure 1). At the opposite end of the basin is an energy-absorbing elliptical
beach designed to minimize wave reflection. The basin possesses a moveable concrete floor that was
set to allow a water depth of 4.5 m for the duration of the experiment.

Wave Maker

Figure 1. W? Basin in the Advanced Structures and Composites Center (ASCC) at the University
of Maine. The wind machine is located above the 16-paddle flap wave generator over the 30 m long by
9 m wide basin.

2.2. Instrumentation and Data Collection

Two separate data collection campaigns were conducted in the W? in order to obtain a
comprehensive data set with a wide range of wave steepness values. A combined total of 15 long wave
environments were simulated under five different wind speeds. The first campaign included four test
wind speeds: U =0, 7, 8.5 and 10 m/s and only irregular wave environments. The second campaign
expanded the original data set to include more waves of varying steepness and an additional wind
speed, U = 5.5 m/s, as well as monochromatic waves. Data were also collected for wind-only seas
created in the absence of long waves under each test wind speed, in order to observe the production of
wind waves on the water surface.

All wave environments considered in this study are outlined in Table 1, including the irregular
wave environments, the monochromatic waves (denoted with the symbol M), and wind-only seas.
Wave environments are defined by the significant wave height, H;, and the peak wave period, Tj,
the period that corresponds to the frequency at the peak of the wave spectrum. Also presented in
Table 1 is the steepness parameter apk;, where a;, = 1/2 H; is the approximate long wave amplitude,
and k; = 271/L is the long wavenumber where L the wavelength at the peak frequency. A JONSWAP
gamma, v, of 3.3 was used to characterize the frequency spectrum for the irregular waves.

Each of the wave environments presented in Table 1 were coupled with all the wind speeds used
during their respective test campaign. In addition to the parameters presented in Table 1 that defined
the wave environments, for all irregular environments a cosine 2S shape function was defined, using
an S value of 4.0, as well as a directional (angular) spread of +10 degrees.
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Table 1. Wave parameters used to characterize the JONSWAP for the wave environments.

ID H; (m) T, (s) arkr, Uu (m/s)
1 0.10 2.5 0.032 0,55,7,85,10
2 0.15 2.5 0.049 0,5.5,7,85,10
3 0.15 2.5 0.049 0,7,8.5,10
4 0.15 2.25 0.060 0,55,7,85,10
5 0.15 2.0 0.076 0,55,7,85,10
6 0.25 2.5 0.081 0,7,8.5,10
7 0.15 1.75 0.099 0,7,85,10
8 0.35 2.5 0.113 0,7,8.5,10
9 0.30 2.2 0.125 0,7,85,10
10 0.40 2.5 0.130 0,7,85,10
11 0.27 2.0 0.136 0,7,8.5,10
12M 0.27 2.0 0.136 0,55,7,85,10
13M 0.15 2.5 0.049 0,55,7,85,10
14M 0.15 1.75 0.099 0,55,7,85,10
15M 0.3 1.75 0.197 0,5.5,7,85,10
Wind Only 1 - - - 5.5m/s
Wind Only 2 - - - 7 m/s
Wind Only 3 - - - 8.5 m/s
Wind Only 4 - - - 10 m/s

Symbol M indicates a monochromatic wave.

The wind and wave environments were examined using a three-dimensional wind/wave array
assembled with thirteen wave probes, four hotwire anemometers, and one ultrasonic anemometer
(Figure 2). This array was used for both test campaigns with dimensions varying only for the
anemometer heights above the water surface, as shown in Figure 2b,c. Wind velocities were collected
using four TSI 8455 hotwire anemometers at a sampling rate of 20 Hz with a response frequency
of 5 Hz, and one R.M. Young 81000 ultrasonic anemometer sampling at 32 Hz. Surface elevation
was measured with 13 Akamina AWP-24-3 capacitive style wave height gauges with accuracy up to
1.35 mm. The wave probes were calibrated and zeroed to a mean water level before the data collection
began and were set to sample at a rate of 32 Hz.

The set-up of the wave gauges and anemometers mounted on the instrumentation array are shown
in Figure 2b,c for the first and second test campaigns, respectively. The instrumentation array collected
surface elevation data and wind speed data at a fetch of 14.31 m with respect to the anemometer staff
location (Figure 2a). Data were collected using a directional array assembly similar to the design
proposed by the Coastal Engineering Research Center (CERC) [18], but only Probe C, along the center
line of the basin was used for post-processing for this study. This is due to its close proximity to the
anemometer staff, providing the surface elevation record that most closely corresponds to the reported
values of wind speed, air friction velocity and roughness length.

The wave absorbing beach, shown in Figure 2a, is expected to dissipate approximately 90% of
the wave energy [19], and the flap wave generators are also designed to actively absorb reflected
wave energy. Additionally, a settling time of three minutes was also allotted between wave runs
in order to reduce the presence of wave components of the previous test in the next wave record.
Each irregular wave environment outlined in Table 1 was run for a 20-min time period. Monochromatic
wave environments were run for 15 min.
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Figure 2. (a) Array position in the basin with respect to the wave maker and wind jet. The anemometer
staff on the array is used as the horizontal reference for the array position to the wave maker. Dimensions
shown are in meters. Side view of the instrumentation array with dimensions of (b) the first test
campaign and (c) the second test campaign. Only center wave probes are displayed. Measurements
shown are vertical distances from the mean water level to the anemometer locations. All dimensions
are in meters.

2.3. Characterizing the Wind Field

Using wind data from both test campaigns, the mean wind speed in the horizontal direction, U,
collected by each anemometer on the staff was used to obtain a profile for U =7 m/s, U = 8.5 m/s and
U = 10 m/s for both campaigns, and additionally, U = 5.5 m/s for the second campaign. These profiles
of U over the still water surface were used to obtain estimates of i, via a least-squares fit, in a manner
similar to Mitsuyasu and Yoshida [20], following the log law,

= —In(—). )

In Equation (5), x is the von Karman constant (x ~ 0.4), z is the vertical elevation above the water
surface, and zy is the aerodynamic roughness length [21]. The u. values obtained for the wind speeds,
U = 5.5-10 m/s, are on the order of 0.51-0.99 m/s.

Due to the jet-like geometry of the wind machine in the W2, the values of roughness length, z,
are on the order of 1072 m, which are higher than what is observed in many other laboratories for
similar wind speeds. Mitsuyasu and Yoshida [20] obtained values of zy on the order of 10~* m using a
similar method of extrapolation of the wind profile via fit to the log law and wind speeds on the order
of U = 10 m/s. The values of zj obtained in the W2 are high, and are therefore, more representative of
storm sea states observed in the field in which wind waves are more likely to be well developed [22].
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3. The Chen and Belcher (2000) Model

The model, presented in Chen and Belcher [5] to estimate the effect of long waves on wind waves,
was applied in this study for irregular waves. The CBM model assumes that the momentum associated
with the total stress in the wind at the water surface, 7y, is composed of the long wave-induced stress,
71, and the turbulent wind stress that induces wind wave growth, 7; so that 74t = 74+ 71, = pﬂuf.
The influence of the long wave on wind wave growth is then determined via the reduction of the
turbulent wind stress, 7;. This is done considering only four independent parameters: The long
wave steepness in the absence of wind, ark;, the atmospheric pressure coefficient, a;,, dimensionless
frequency, 0. = opu./g, and dimensionless fetch, X. = gx/ u2, where the subscript, 1, denotes the
properties of the long waves in the absence of wind. This is expanded upon in the following sections.

3.1. Long Wave-Induced Stress

The long wave-induced stress, 71, can be quantified by considering the long wave wind induced
growth rate, yr, which is defined by

0P
% = y1PL(0) (6)

where @ is the long wave spectral density, and the formulation for y; for monochromatic waves is as
expressed in Equation (2). Based on the rate of change of the momentum density of the long wave over
time, 77, is expressed as,

T = pwfo yror®r(o)do 7)

Therefore, if 77, is quantified for long waves in the absence of wind and u. is known, 7; can be
calculated as 7; = T4t — 71. In order to accurately quantify the long wave-induced stress, the growth
of the long wave, )1, as expressed in Equation (2) must be quantified.

3.2. Growth Rate of the Long Wave, yr.

Belcher [15] investigated non-separated sheltering induced wave growth and van Duin [16]
investigated wave growth induced by turbulent air flow over waves. Both studies arrived at similar
formulations of the wave growth rate due to these mechanisms (Equation (2)), after making several
important assumptions. The first major assumption is that the wave steepness is on the order of ak << 1.
The second major assumption is that the long waves fall within the regime of slow waves or fast waves
which are defined by the wave age thresholds of ¢/u. < 15 and ¢/ u. > 25, respectively, for kzg ~ 107%.
Finally, the model of Belcher [15] was formulated based on the energy equation for deep water waves;
therefore, Equation (2) can only be applied to waves that can be considered short, based on their
relative depth, d/L, where d is the water depth, and L is the wavelength. The origin of the growth rate
coefficient, f, is an integral parameter in the CBM, which describes the growth of waves by the wind.
This parameter, first presented in Equation (2), has evolved over decades through consideration of
different mechanisms by which it is possible for the wind to transfer energy and momentum to the
waves [15,23,24]. The development of § used in the CBM is based on the physical model by Belcher [15]
of non-separated airflow sheltering over slow waves, which are defined by [25] as waves for which,

kze = kzge®/™ < 1, (8)

where z, is the critical layer height. For slow waves, for which the wind speed is greater than the wave
speed, the critical layer is small, and therefore, kz. is small, indicating that the waves are forced by
wind and not vice versa [25].

The model presented in Belcher [15] to quantify § is based on the criterion that the waves fall
within this slow wave regime, indicating that there is non-separated sheltering immediately above the



J. Mar. Sci. Eng. 2020, 8, 619 8 of 21

water surface. Although the values of zg, on the order of 0.01 m, obtained in the W? are high compared
to other laboratory wind fields [20] for similar wind speeds, the values of kz. for the highest wind
speed, U = 10 m/s, are on the order of 107! m. This indicates that the wave environments of this study
fall within the slow wave regime.

The non-separated sheltering assumption guarantees the existence of an inner layer (just above
the water surface) and a middle layer (above the inner layer) that are characterized by different flow
behaviors, yet do not experience boundary layer separation at the wave crests. In order to calculate an
appropriate value of f to use for the model for the irregular waves, the inner layer, /;, and middle layer,
hy, heights were calculated following the methodology of [24] using the long wave data under the
action of wind. To iteratively quantify these length scales, the assumption was made that both /; and
hy, were greater than z. (equal to the matched height, z,,, as defined by [24]) to be the vertical location
at which the wind speed and the wave speed are equivalent.

To calculate the §, five components must be considered [15],

B =PBsz; + Bsu; + Bpo + Py + Pus )

The first two of the five components account for non-separated sheltering effects, including the
influence of shear stress on the inner region due to undulations on the water surface, f;;;, and due to
changes of velocity at the water surface, fs,,. The third is due to the variations in pressure in the outer
region, B, The respective equations are,

Uu—c.' [, ¢
ﬁSZ[ = 2( —ml ) {2_ —_} (10)
Uj—c Ui
— 2
U, —c, c
Bsu; = -2( = ) = (11)
uzl - uzl
U ] —C
= 2K0™ —— 12
ﬁpn K { Uy } ( )
where U,,; and U are the mean wind speeds at I, and [}, respectively, calculated as,
— Us z
U(z) = (?)ln(%) (13)

where z is set equal to h;; and [;, and the subscript [ is set to ml or il, respectively. In Equation (12),
o = «x/ )ln(kzc)| for slow waves [25] and 7 is a model coefficient between 0 and 1 [15], set here to 0.5.
The fourth and fifth terms in Equation (9) arise from the wave-induced surface shear stress, where the
first contribution is from the waves, 8, and the second from variations in surface velocity, f,,, where

— 2
2(uml_c)
= = (14)
& (Uy —c)Uy
2c
P 15
Bus T (15)

According to Belcher [15], the term fs;, should dominate the growth rate coefficient for slow
waves, which is what is expected for this study. Once  has been quantified, y; can be determined and
used for calculation of the long wave-induced stress, 71, (Equation (7)). Combining Equation (2) and
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Equation (7), an expression for the dependence of the long wave amplitude development with fetch
(under a steady wind), denoted, €r, is formulated as

a
€L = exp Ll P ot (X — Xo.) (16)

Pwl+ %(aLkL)ZapeL

where the subscript, ¢, denotes a value measured at the location of the initial fetch, meaning the

horizontal distance at which the wind first impacts the long wave. The result from combining

Equations (7) and (16) is a ratio which describes the distribution of the turbulent stress to the total stress,
Tt 1

- (17)
Ttot 1+ 5(acky) aper

To assess the influence of the long waves on the wind waves through the reduction of the turbulent
stress, the CBM utilizes the ratio of the wind wave energy in the presence of long waves, Ej ; 4, to the
wind wave energy in the absence of long waves, E;y,, to compare the model results to data collected
in the laboratory. Assuming that in the presence of the long wave u. can be rewritten in terms of the

turbulent stress as u. = (7¢/pa) 172 , the ratio E“ww is derived from Equation (4) as,
E 1.36
= (h) (18)
ww Ttot

which, for short fetch distances, such as the conditions in the laboratory, can be simplified to

1.36
EL+ww 1

Evw 1+%(aLkL)2ap

(19)

due to the dependence of Equation (19) on ak; and ap. The energy ratios presented from the
model (Equations (18) and (19)) will be compared to estimates made directly from laboratory data.
Data analysis techniques used to determine the ratio from data will be described in the following section.
For further details on the model derivation, the reader is referred to Chen and Belcher [5].

4. Methods: Data Analysis

EL+ ww

4.1. Experimental Energy Ratio,

This section describes the data analysis performed in order to obtain experimental values of
L+ww

EL“‘”” directly from the laboratory data to compare to the values of obtained from the model.
The procedure for obtaining the values of Ey, and Ef iy, will be d1scussed separately, as additional
data analysis techniques were required to obtain E; 4, due to the presence of the long wave in the
surface elevation records.

To calculate Ey, directly from the data, a spectral analysis and a wavelet analysis were performed
on the surface elevation records collected at Probe C for wind only runs for all wind speeds. Using the
wave gauge sampling interval of 0.0313 s, a Fast Fourier transform (FFT) of 1024 points was applied
to the surface elevation record with the first two minutes of the record removed as a contribution to
start-up time for the wind waves to develop fully. Frequencies lower than 0.1 Hz were cut-off in order
to accurately quantify the peak period from the spectra, and a high pass filter with a cut-off at f =2 Hz
was applied to remove residual low frequency energy observed in the wave spectra. The variance of
the wind sea, 1> was quantified from the spectral results as 172 = SyAf, where Sy is the spectral energy
at each frequency separated by Af = 0.0078 Hz. The energy of the wind sea alone was then quantified

as Eyw = puwgn?®.
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To calculate Ep 4y from the data, a wavelet reconstruction method, outlined in Torrence and
Compo [26] was applied. First, a wavelet transform was performed on the data in order to analyze the
energy within the high frequencies and how it varies with time. The Morlet mother wavelet function
was used with a spacing of 0.01 between discrete scales to provide a fine resolution. All other input
parameters were set to default [26]. The sampling interval, in this case, was the same as the sampling
interval of the surface elevation record, which was approximately 0.0313 s. Surface elevation records
used in the analysis were unfiltered in order to capture the high frequency oscillations associated
with wind waves. Based on the observed peak frequencies of the wind sea alone and the results of
the wavelet analysis, the energy associated with frequencies, f > 2 Hz, were deemed to be associated
predominantly with energy input from the wind. Therefore, the wavelet reconstruction was used to
recreate the surface elevation records for each case using only the energy associated with f > 2 Hz.

Following the reconstruction of the surface elevation record of the high frequencies for the irregular
waves, despiking of each individual record was performed, using a threshold wind wave amplitude
of 1 cm to identify spikes, and replacing the spikes with the mean wave amplitude of the record,
which is one option for spike replacement as suggested by Goring and Nikora [27]. Prior to obtaining
the variance of each high frequency record for the irregular and monochromatic waves, a second
method to ensure removal of any potentially remaining low frequency long wave energy was applied,
which consisted of a high-pass filter with a cut-off frequency of f =2 Hz.

Following the high-pass filter, the spectral analysis was performed on the high frequency record
and the energy of the wind waves in the presence of the long wave, Ej 1, was calculated using the
same methods as described to calculate E,,;,. For the mixed sea states of monochromatic waves and
wind, the code WaveSpectraFun from the OCEANLYZ Ocean Wave Analyzing Toolbox was used to
perform the spectral analysis on the high frequency records [28]. From the spectral analysis of the
monochromatic waves, the same method was then used to quantify Ej, as outlined for the irregular
waves, despite the smaller spread of the peak spectral energy. This was performed for consistency and
was decided based on the knowledge of the distribution of spectral energy for the wind sea alone.

4.2. Quantifying the Growth Rate Coefficient and the Atmospheric Pressure Coefficient

Data from several laboratory studies [1-3] are used to validate the CBM in Chen and Belcher [5].
Values of @, = 80 and @, = 160 were selected based on a fit to the data, and values of § were quantified
from the relation,

ap
p=—"—= (20)
1+ k%n%ap

from Chen and Belcher [5]. The values of § obtained via this method were considered acceptable because
they fell within the range of § = 34 + 16, which was the range obtained by Plant [23]. This practice was
adopted here in the selection of an appropriate a, value for the wave data of this study. A a;, value
was selected based on fit of the model results to the experimental energy ratios, then § was quantified
via Equation (20) and verified to be within the range of values obtained by Plant [23].

5. Results

5.1. CBM Results for the Monochromatic Waves

Aswas found in Chen and Belcher [5], the monochromatic waves in this study indicate that as wave
steepness increases, energy is transferred from the wind waves to the long waves, ultimately decreasing
the energy ratio. This was observed for all wind speeds considered in this study, except U = 5.5 m/s
(Figure 3). The model results in Figure 3 are presented both as the model prediction curve (red line),
using the short fetch approximation of Equation (19), and as model points (red, open symbols),
calculated specifically for each wave environment using Equations (17) and (18), which differ only
from the model curve due to their dependence on €1, which for short fetch, such as that in a laboratory,
is approximately 1 [5]. The experimental results deviate from the model at U = 5.5 m/s due to reduced
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wind wave growth leading to a lower steepness threshold for wind wave suppression. The model
does well to predict the energy ratio for U = 5.5 m/s up until a value of a; k; ~ 0.12-0.14 is achieved.

For the model (Equation (19)), &y was set to 100 based on best fit to the data and were compared
to values of ), used to assess previous experimental data [1,2] in Chen and Belcher [5], for which
ap ~ 80-160.
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Figure 3. The Chen and Belcher model (CBM) model results for the experimental monochromatic
wave data. The red, solid line represents the model results for a;, = 100, using the simplification of
ZL in Equation (19) and a range of a;k; ~ 0-0.2. Red, open symbols represent model results using

Ttot

Equation (16) to calculate % for the a; ki values of our long waves with no wind. The shape of the open
symbols correspond to the same wind speeds as the closed symbols. Black, closed symbols represent

results from laboratory data.

5.2. CBM Results for Irregular Waves

Here the CBM is applied to the irregular waves of this study, and it is shown that the decrease in the
energy ratio with increasing steepness occurs far more quickly than is predicted by the CBM (Figure 4).
Using the same value of a;, = 100 as was used in the model for the monochromatic waves, the model
results were computed for the irregular waves. In order to apply Equation (2) and Equation (17) to the
irregular wave environments, the values of c;, k; and o7, are based on the significant properties of the
waves, as opposed to the single frequency of a monochromatic wave. Here, the dispersion relation was
used to iteratively quantify L based on the peak period, Ty, of the wave spectrum, ¢; was calculated as
cr = L/Ty, kp as kp = 21/L, and or as o1 = 27tf,, where f, is the peak frequency of the wave spectrum.

The variance of the long wave, 17%, was quantified as the zeroth-moment of the wave spectrum.

The results in Figure 4 show that the slope of the model curve, calculated from Equation (19),
and the model points, computed from Equation (17) in Equation (18), is too small to fit the trend of the
experimental energy ratios with increasing steepness for the irregular waves. It was estimated that an a;
of approximately 300 would be required in order to fit the model results to the experimental energy ratios
of the irregular waves (not shown), which, for the range of steepness values considered (a; k;, ~0.03-0.15)
produces corresponding 8 values between 69-264. The value of a, and the corresponding values of
are far too large to be reasonable, falling outside the range obtained by Plant [23].
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Figure 4. The CBM model results for the experimental irregular wave data. The red, solid line
represents the model results for a;, = 100, using the simplification of % in Equation (20) and a range of
arkr, ~ 0-0.2. Red, open symbols represent model results using Equation (17) to calculate % for the
arky values of our long waves with no wind. The open symbols correspond to the same wind speeds as
the closed symbols. Black, closed symbols represent results from laboratory data.

The waves with ark; > 0.1 do not follow the model curve, nor the trend of the model energy
ratios, due to breaking of the tallest waves, which induces high frequency energy [29] that results in an
increase in the variance of the high frequency record. Wave breaking of the significant waves of these
cases was confirmed visually in a test video of the experiment (not shown). Because the value of a;
required to fit the model to the experimental data is far too large to be reasonable, it was necessary to
directly quantify values of f and the associated a,, for the irregular waves following Belcher [15] and
Belcher [24], as outlined in Section 3.2 rather than using a;, as a fitting parameter. These results will be
presented next.

5.3. The Growth Rate Coefficient and Atmospheric Pressure Coefficient for the Irreqular Waves

Following the methodology of Belcher [15] summarized in Section 3.2, values of § were quantified
using Equations (10)—(12), (14) and (15) based on the irregular wave data collected in the experiments.
It was first verified that the assumptions of the model by Belcher [15] were met for the wave environments
of this study; the long wave environments fall within the slow wave regime, i.e., ¢/u. < 15, are of
steepness, ak << 1, and can be considered deep water, i.e., a relative depth, d/L of approximately 0.5
or greater. The long wave data in the absence of wind were then used to obtain the properties of
the waves to convert the actual values of f§ to a;, through the iterative calculation of Equation (20).
For the irregular waves of this study, under U = 5.5-10 m/s, @~ 27-49, and § ~ 25-34. Figure 5 shows
the estimates of § versus wave age, c/u., for the irregular long waves of this study. The values of
p obtained for the irregular waves fall within the range outlined by Chen and Belcher [5] based on
values determined by Plant [23] of approximately g = 34 + 16. The corresponding values of aj for the
irregular long waves versus c/u. are shown in Figure 6.
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Figure 5. Growth rate coefficient, , versus wave age for all irregular waves.
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Figure 6. Atmospheric pressure coefficient, a;, calculated based on $ using Equation (20) for the
irregular waves versus wave age.

The values of a), for the irregular waves of this study are low compared to the values used for fit to
the laboratory data obtained by Mitsuyasu [1] (a, = 80) and Phillips and Banner [2] (a;, = 160), and are
therefore, more representative of ocean conditions as opposed to the conditions in the laboratory.
Chen and Belcher [5] suggest that in the ocean, f8 is small, and because of the small slopes associated
with ocean swell, imply that @, ~ 8. The waves of this study are not representative of ocean swell,
as discussed in Section 1, but are more representative of long wind waves which are typically steeper
than ocean swell [30]. The wind field conditions simulated in the W2, however, are more similar to
ocean conditions during storm seas, as discussed in Section 2.3, due to large roughness values of
zo ~ 1072 m. These results for a, and p suggest that the conditions of this study are representative of
long waves coupled with strong wind fields (U ~ 7-10 m/s) in the ocean.

The results for the application of the CBM model to the monochromatic and irregular wave data
of this study have been presented, as well as values of  associated with the conditions of the wind
field and the irregular wave environments. It was found that the model was able to accurately predict
the reduction of wave energy with increasing steepness in the monochromatic wave environments,
but not the irregular wave environments. In the latter case, using the atmospheric pressure coefficient
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(ap) and growth rate coefficient (B) as fit parameters, the model underestimates the reduction in the
energy of the wind waves with increasing long wave steepness. Unrealistic values of aj, and 8 are
required to capture this trend. Implications of these results will be discussed next, and a modified
version of the CBM model will be presented that adapts the original model for use with irregular wave
environments using the values of § that were directly quantified.

6. Discussion

The goal of this study is to determine if the CBM for wind wave suppression on the surface of
long waves is applicable to irregular waves. In order to reach this goal, two specific research questions
were defined: (1) Does the CBM accurately predict the decrease in the energy of the wind waves in
the presence of irregular waves of increasing steepness? (2) Can the CBM model be improved by
accounting for the long wave energy at each frequency of the wave spectrum for an irregular wave
environment? The CBM model was first applied here to monochromatic waves of this study to validate
it for the wave environments simulated in the W? (Wind/Wave) Basin and the results show that it does
well to predict the variation in the experimental energy ratio with increasing long wave steepness
for these waves. To address research question 1, the CBM was then applied to the irregular wave
environments simulated in the W2. The model results for the irregular waves underpredict the slope of
the experimental energy ratios with increasing long wave steepness, and therefore, do not accurately
predict the decrease in the energy of the wind waves in the presence of the irregular long waves
of increasing steepness. An unreasonably high value of a; (~300) is required for use in the model
in order to fit the model results to the experimental energy ratios, which for the range of steepness
values considered (ark; ~ 0.03-0.15) produce corresponding 8 values between 69-264. For slow waves,
c/u. <15, which is the regime within which the waves of this study fall, these § values are much higher
than values observed in both laboratory and ocean environments [5,8,23]. Belcher [15] concluded that
for slow waves, = 20.

The reason for the discrepancy in the model’s applicability to monochromatic and irregular waves,
is that the model is formulated to account for only the momentum of the long wave at a singular
frequency, or. This is shown, namely, in Equation (7), where 7], is based on the rate of change of
momentum of the long wave at o;. While this formulation is accurate for monochromatic waves,
whose wave energy exists at a single frequency, it is inapplicable to irregular wave environments due
to the spread of wave energy over a range of frequencies. Therefore, direct application of the CBM to
irregular long waves underestimates the rate of change of % with increasing ay k; , resulting in an
overestimation of ay. In order to apply the model to irregular waves, the long waves must be treated
as a superposition of monochromatic waves that occur at a wide range of frequencies. A modified
version of the CBM model that invokes this principle is introduced next.

6.1. Modifying the CBM for Irreqular Long Waves

In order to modify the CBM for the application to irregular long waves, Equation (7) must be
modified to account for the momentum associated with each wave frequency in the wave spectrum.
The modified expression for 7y, for irregular waves becomes

N
L = ow [y11001PL1(0) + y12012P12(0) + ... yiNOIN PN (0)]do (21)
0

where the integration is performed over the range of frequencies of the wave spectrum. To calculate
this expression, the wavelet reconstruction method described by Torrence and Compo [26] was used.
The reconstruction method allows the original surface elevation record, 1;, to be broken down into
individual records, nLj, based on the energy contained within each discrete frequency scale, j, where
j=1,2,...,N,and N is the number of scales of the wavelet, and oy is the frequency associated with
each scale. The terms within the bracket of Equation (21) were quantified for each scale of the wavelet,
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j, which are separated by a spacing, dj = 0.1. For each 1, yj was calculated by quantifying c;; for the
waves of the record of scale j. The u, associated with each wind speed was used, and the o1 ; value is
quantified as the inverse of the Fourier period, T}, times 27t. The value of § used in Equation (2) to
calculate vy for each wave environment was the calculated value of § based on the properties of the
entire long wave surface elevation record. To quantify ®;, the power at each scale was integrated over
time, in order to provide an estimate of ®; for each oy ;.

The results of the modified CBM described above, which accounts for the energy associated
with a range of frequencies of the wave spectrum, show better agreement with the trend of the
experimental energy ratios with increasing wave steepness for the irregular waves for ayk; = 0.03-0.09
(Figure 7). Moreover, shown in Figure 7 are the model curves generated by the original CBM using
the values of 8 (and, thus, ap) quantified directly from Equations (10)-(12), (14) and (15). The model
curves shown in the figure correspond to the maximum and minimum ap values obtained for the
irregular waves. Physically, the maximum and minimum ap values represent the model’s prediction
for the longest (in terms of wavelength) and shortest waves in the irregular data set, respectively.
Despite the direct quantification of  and ap, the model continues to under predict the slope of the
trend in the experimental energy ratios. The original CBM results are shown in order to emphasize the
improvement of the results of the modified model using the same values of f.
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Figure 7. Results of the modified CBM model. Black symbols represent the energy ratios directly from

experimental data, as shown in Figure 4. The red, dashed line and red, dot-dashed lines indicate the

maximum and minimum limits of the original CBM results, respectively, using Equation (7) instead

of Equation (21) to quantify 7; using directly quantified values of ap. Blue, open symbols represent

the modified model results, i.e., the model energy ratio as quantified from Equation (18) using the

new formulation for 7, given in Equation (21), and using 7; = 740t — 71, to calculate the turbulent stress,
ELy

and using the directly quantified values of ap. Model results for which =z~ = 0 indicate a value of
TL, > Tiot OF T4 = 0, representing total wind wave suppression.

Itis important to note that the modified CBM provides results based on a measured wave spectrum,
and due to the need to consider the multiple wave frequencies of an irregular spectrum, the equation
that was used in the CBM (Equation (17)) to predict wind wave suppression as a function of long wave
steepness is inapplicable. The derivation of Equation (17) in Chen and Belcher [5] is based on the use
of Equation (2), for which the growth rate is a function of a single wave frequency, and therefore, fails
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for irregular waves for which energy exists at multiple frequencies. The modified CBM described in
this section, therefore, cannot be used as a prediction tool for estimating wind wave suppression based
on ark; and ap alone, and instead relies on the availability of an observed wave spectrum from which
71, (Equation (21)) can be quantified.

EL+ww

For the updated model, the values of are set to 0 when 11 > 74, because based on the

momentum equation, 7; = T — 71, a value g‘fmch > Tyt gives a negative estimate of 74, which makes
the value of % based on Equation (19) complex. Physically, 7; cannot be negative because as
the horizontal momentum associated with the wave-induced stress, 71, increases, the portion of the
total momentum associated with 7; decreases if 7y is constant [5], which prevails in the reduction
of available momentum to grow the wind waves. If 71, = 74y, the total momentum from the wind
is absorbed by the long wave and 7; is completely reduced to 0, at which point the wind waves are
completely suppressed by the long wave.

The modified model results are slightly overpredicted for waves of low steepness (ar k;, ~ 0.03-0.06).
This is likely due to the estimates of 1. used in the model. The estimates of 1. were obtained via
a log law fit to the wind profile measurements collected in the absence of the waves at a distance
z = 0.20-1.40 m above the water surface, as described in Section 2.3. The estimates of 1. may be slightly
underpredicted due to the lack of proximity of the wind measurements to the water surface and the
use of a log law fit to a wind profile that is more similar to a jet. In the modified model, the equation,
Tt = Tiot — T, Where Ty = pauf, is used to quantify 7; from the values of 7y, calculated using the new
model equation (Equation (21)). Using estimates of u.. obtained from the extrapolated wind profile, 7o
may be slightly underpredicted. This could result in the underprediction of 7y, which would, thus,
overpredict the model energy ratio, % = (%)1'36. For waves of higher steepness, ar k; > 0.06-0.09,
the model is more accurate, which is likely because u. is reduced in the presence of steep waves due to
the obstruction of the wind profile by the wave profile; thus, the experimental results conform better to
the modified model results using the estimated values of u. from a log law approximation.

The modified model does well to describe the decrease in % for the high wind speeds (U =7,
8.5, 10 m/s) until atk; > 0.1. To provide some explanation for this threshold, the modified model
results, which are based on the measured u. and calculated § values for each wind speed, 7; and 71,
are investigated in relation to steepness, apk; (Figure 8). The a; k; at which 7 and 7, are nearly equal
is approximately 0.075, but this threshold increases slightly with increasing wind speed. Until the
steepness of the long wave environment is greater than approximately 0.075, ¢, which is responsible
for wind wave growth on the long waves, is the dominant fraction of the total surface stress. Once this
transitional ap k; value is reached, the long wave is steep enough to begin to receive the majority of the
wind energy input, reducing the available 7; for wind wave growth, which results in the suppression
of the wind waves. For steepness values above 0.075, the model is no longer predicting the transfer
of wind energy to the long wave, but rather the suppression of the wind waves by the long waves,
and therefore, breaks down.

It has been shown that by modifying the CBM model to incorporate the growth of individual wave
components and directly quantified values of 3, it can be used to describe the trend in the experimental
energy ratios with increasing steepness for irregular waves. For the application of the modified CBM
presented here to irregular waves, it is essential that  be quantified directly following the methodology
of Belcher [15,24] using Equations (10)~(12), (14) and (15). A corresponding value of @, must then be
calculated using Equation (20), as it has been shown in Figure 7 that use of aj, as a fitting parameter is
inadequate. Additionally, to ensure that the calculated values of  are appropriate, it is important to
determine if they fall within the range of values observed for field conditions by Plant [23] (8 = 34 + 16)
prior to use of the corresponding a;, values in the model. To physically understand the mechanisms
contributing to the growth of the long wave, the individual contributions to g will be discussed next.
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Figure 8. Modified model results for 7; and 7 as a function of ap k;, for (a) U =5.5m/s, (b) U =7 m/s,
(c) U=8.5m/s,and (d) U =10 m/s.

6.2. Analysis of the Growth Rate Coefficient

As discussed in Section 3.2, there are five physical mechanisms that contribute to § and ultimately
cause the waves to grow. As noted by Belcher [15], for the slow wave regime, i.e., c/u.< 15, it is
the contribution from the shear stress on the inner region due to undulations on the water surface
associated with non-separated sheltering, s, that will dominate the growth of the long waves under
wind action. This claim is supported by the calculated components of § for the irregular long waves of
this study (Figure 9). In fact, the contribution from fs;, is nearly ten times larger than the contribution
from the wave-induced surface stress component, 8,,,, which is believed to be the largest contributor to
wave growth in the fast wave regime. i.e., c/u. > 25 [15].
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Figure 9. Contributions to the growth rate coefficient, f, for all irregular wave cases. Green, red and
blue symbols represent U = 7 m/s, U = 8.5 m/s and U = 10 m/s, respectively.
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The contribution from the varying surface velocity associated with the non-separated sheltering,
Bsu;, is negative because it accounts for a decrease in the pressure at the surface due to negative
wave-induced stress over the inner region. This negative portion of the wave-induced stress is caused
by the orbital motions of the waves [15]. The contribution from the varying surface velocity associated
with the surface stress, ., is also negative, but for slow waves, this contribution to the growth
coefficient is typically small, on the order of 1 [25]. The terms S, and f,,, therefore, counteract the
contributions from the other terms, nearly cancelling the contributions from f,, and the contribution
from changes in pressure in the inner region associated with non-separated sheltering, f,,,.

This study has investigated the mechanisms that contribute to the growth of the long wave by
analyzing the contributions to . A research question that has been posed by many studies, but remains
unanswered is, what physical mechanism is responsible for the suppression of wind waves on the
surface of long waves? Although this study cannot draw conclusions that answer this question, it does
support the conclusion drawn by Chen and Belcher [5] that the momentum available to grow the
wind waves is dependent on the amount of momentum absorbed by the long waves due to direct
coupling between the long waves and the wind. This suggests that the suppression of the wind waves
is a result of reduced turbulent stress, which is proportional to the long wave-induced stress which
increases with increasing apk;. Additionally, Chen and Belcher [5] mention that, for the application
of the model (Equation (18)), the fetch law presented in Equation (4), from which Equation (18) is
derived, must be replaced with a fetch law obtained from observational measurements in the ocean.
To investigate the applicability of the modified model to open ocean conditions, the energy ratio was
also derived from fetch laws presented in Komen et al. [31] for open ocean sea states and produced
results with a negligible difference to Equation (18) (not shown). The agreement between the energy
ratio of Equation (18) derived by Chen and Belcher [5] and that derived from the fetch laws for open
ocean conditions is contributed to the wind fields generated by the wind machine in the W? Basin,
which compares well to measured conditions in the ocean [22].

7. Conclusions

The Chen and Belcher [5] wind wave suppression model was applied to a comprehensive data
set of long monochromatic and irregular waves of varying properties (Hs and Tj). The goal of this
study is to investigate the use of the CBM for wind wave suppression on the surface of irregular waves.
EIL;;Z“’ , with increasing wave steepness,
ap k., for monochromatic waves under wind speeds varying from U = 7-10 m/s, which contain wave
energy at only a single frequency. When applied to the irregular wave environments, unreasonably
large estimates of a;, are required to fit the CBM results to the trend of the experimental energy
ratios with increasing a k1, and therefore, it cannot be directly applied to irregular waves. The CBM
was modified for the application to irregular waves by considering a wide range of frequencies in

The model accurately predicts the variation in the energy ratio,

the expression for the long wave-induced stress, as opposed to a single frequency consistent with
monochromatic waves, in order to account for the growth of the individual wave components of an
irregular sea state. When this modification is considered, the CBM model is able to better describe
the trend in % with apk; well using the directly quantified values of the atmospheric pressure
coefficient (@, ~ 25-50), however, the derivation used in the CBM to arrive at Equation (17) becomes
invalid due to the consideration of multiple wave frequencies. Because of the failure of Equation (17)
to be applicable for irregular waves, the modified CBM is not a prediction tool, but instead allows for
an estimate of the energy ratio under varying wind by use of a single wave spectrum in the absence of
wind and characteristic values of § and u. for the conditions of interest.

This study further validates the CBM model for monochromatic waves in wind environments of
elevated roughness zo (zg ~ 1072 m), and suggests a correction to the model to make it more applicable
to realistic sea states that are better represented by irregular waves. Future work should include the
investigation of a method to infer a prediction tool from the newly proposed long wave-induced stress
formulation (Equation (21)) to allow for the prediction of wind wave suppression as a function of the
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long wave steepness for irregular waves directly. Application of this modified model to field conditions
or to irregular waves simulated in a laboratory of longer fetch could help to further validate this
model and refine the conditions for which it is applicable. Given more observational data, improved
thresholds, in terms of long wave steepness and wind speed, could be determined and used in the
wave models to identify sea states that are susceptible to the suppression of wind waves.
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Nomenclature

S total spectral energy in the wave field
Sin wind energy input source term
Syonlin nonlinear interactions source term
Sis dissipation source term

f wave frequency

a wave amplitude

ar, long wave amplitude

k wavenumber

kr long wavenumber

ak wave steepness

arky, long wave steepness

VL long wave growth rate

Pa density of air

Pw density of water

B growth rate coefficient

U air friction velocity

L long wave phase speed

o peak angular frequency

oL long wave angular frequency

Ttot Total stress in the wind at the water surface

long wave-induced stress
turbulent stress
horizontal fetch distance
gravitational acceleration
wave variance

energy density

wind speed

significant wave height

TS mR®e R
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Y JONSWAP gamma

K von Karman constant

z vertical elevation above the water surface

20 aerodynamic roughness length

@p atmospheric pressure coefficient

ot dimensionless frequency

X. dimensionless fetch

Pr long wave spectral density

d water depth

L wavelength

Ze critical layer height

Zm matched height (equivalent to z)

B contribution due to influence of surface shear stress on the inner region due to undulations at
ez water surface
B contribution due to the influence of surface shear stress on the inner region due to changes in

Peu velocity at the water surface

Bp. B contribution due to the variations in pressure in the outer region

Bre B contribution due to wave-induced surface shear stress due to variations in surface elevation

Bus B contribution due to wave-induced surface shear stress due to variations in surface velocity

h height of the middle layer

I; height of the inner layer

U, wind speed at the height of the middle layer

Uu; wind speed at the height of the inner layer

o model parameter, x/ |ln(kzc)|

n model coefficient

€L, relative dependence coefficient

Eww energy in wind waves

El+uw energy in wind waves in the presence of long wave

Ty peak wave period

fr peak wave frequency

n surface elevation record of the long wave

Sf spectral energy at each frequency, f
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