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As a “marine ecological engineer”, the oyster reefs not only perform important
ecological functions, but also reduce the damage caused by waves to
protective structures such as seawalls. However, oyster reefs in shallow
water change the nonlinear characteristics of waves and affect sediment
transport and coastal evolution. Based on Fourier spectrum and analysis of
Wavelet Transform, the influence of artificial bag oyster reefs on the energy and
nonlinear phase coupling of irregular waves are studied through physical
experiment. The results show that oyster reefs have a substantial effect on
the energy of primary harmonic, which transfer to higher harmonics through
triad interactions, and a considerable reduction in primary harmonic energy
and an increase in higher harmonics energy are reflected in the energy spectra.
The transmission spectrum behind the oyster reefs shows three peaks at
primary, secondary and third harmonics. The bicoherence spectrum
indicates that the peaks at secondary and third harmonics mainly result from
the self-coupling of the primary harmonics and phase coupling between the
primary and secondary harmonics respectively. As the water depth increases,
the degree of nonlinear coupling between wave components decreases, which
leads to the energy of wave components at different frequencies increases.
With increasing top width, the length of the shoaling region increases, and the
growth of triad nonlinear interactions are observed in wavelet-based
bicoherence spectra, resulting in the spectral peak energy decreasing while
the secondary harmonics energy increasing in the spectrum. Finally, the
potential application of an ecological system composed by “oyster reefs +
mangroves” is discussed. As the effect of water depth on wave energy is much
greater than that of top width, in artificial oyster reef construction, it is
recommended that keep the oyster reefs non-submerged in terms of wave
dissipation. Further studies should take the dynamic growth effect of oyster
reefs into account.
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1 Introduction

With the global warming and sea level rise, coastal areas, as
high-risk and high-vulnerability areas of climate change, face
many risks such as land inundation, strong storm surge,
saltwater intrusion, coastal erosion and flood damage (Hoegh-
IPCC et al,, 2014). A comprehensive protection system
combining engineering and ecology should be adopted to
improve the resilience of coasts and minimize disaster losses.

At present, the “gray” rigid structures built with concrete,
such as seawalls and submerged breakwaters, play a dominant
role in coastal protection (Spalding et al., 2014). The submerged
breakwaters mainly have significant impact on wave resistance,
sand prevention and flow diversion. At the same time, when the
wave propagates over the submerged breakwaters, the wave
breaks with a large amount of energy dissipation, which will
reduce the impact of the current against the shore. Many studies
have pointed out that the main factors affecting the wave
dissipation coefficient of the submerged breakwaters are the
top water depth, incident wave elements, relative width, etc. The
wave dissipation effect of submerged breakwaters is obvious at
low water level, but is relatively poor on long period waves, and
increases with the increase of the top width (Daemen, 1991;
D’angermound et al., 1996; Bian et al., 2020). As for the changes
of waves before and after passing through submerged
breakwaters, most scholars focus on the study of external
structures such as wave reflection coefficient, transmission
coefficient, wave pattern and wave height (Beji and Battjes,
1993; Ohyama and Nadaoka, 1994; Rambabu and Mani, 2005),
but few on the internal structure of waves.

Although the “gray” structures such as submerged
breakwaters can sufficiently alleviate shoreline retreat, the
ecological damage they cause can be enormous (Kennish, 2002;
National Research Council, 2007). These “gray” structures destroy
the natural landscape of the coast and negatively impacts the
coastal ecosystem (Saleh and Weinstein, 2016). In recent years,
continuous research has shown that “green” coastal ecological
projects, such as mangrove restoration, coral reef and oyster reef
restoration, can dissipate wave energy and mitigate coastal erosion.
At the same time, “green” structures such as oyster reefs can
quickly self-restore after being damaged by storms. Compared
with rigid protective structures, “green” structures have the
advantage of lower maintenance costs and can substantially
improve coastal ecosystem services (Morris et al., 2019; Jiang et
al., 2022; Lipcius et al., 2021; Wang et al,, 2022). Therefore, the
“green” coastal ecological protection project is gradually paid
attention to and applied by governments all over the world.

In addition to the artificial oyster reefs made of concrete
directly, part of the collected oysters will also be put into net bags
to construct the reef (Morris et al., 2019). Compared with the
submerged breakwaters, the profile of oyster reefs is irregular,
with a relatively high porosity and roughness. In addition, with
the growth of oysters, the volume of oyster reef increases, and
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may not be always submerged. The influence on the wave is
different from that of the submerged breakwaters. Oyster reefs
change the offshore hydrodynamic conditions by increasing bed
friction (Whitman and Reidenbach, 2012; Styles, 2015; Kibler
et al,, 2019), promoting wave attenuation (Manis et al., 2015),
and increasing deposition on the leeward of the reef (De Paiva
et al, 2018; Chowdhury et al, 2019). However, few studies
investigate the influence of “green” structures composed of
organisms such as oyster reefs on waves. Only a few
institutions have issued disaster prevention design guidelines
related to oyster reefs. In recent years, Allen (2013) examined the
wave dissipation effect of three artificial reefs, namely, bag oyster
reefs, concrete prism and triangular steel frame oyster reefs,
under different hydrodynamic conditions through the physical
models. Spiering et al. (2018) measured the wave dissipation
effect and hydrodynamic influence of oyster reefs by using ADV
and wave altimeters on site. Chauvin (2018) used pressure gauge
to measure the wave attenuation of oyster reef breakwater and
studied the wave attenuation law of various oyster reefs. Wiberg
et al. (2019) measured the intertidal oyster reefs in four oyster
reef restoration areas and found that oyster reefs close to the
average sea level can substantially reduce the wave energy. Carter
etal. (2017) predicted the nonlinearity of wave attenuation effect
of various oyster reefs by numerical simulation.

In nearshore shallow water where oyster reefs grow, waves
show strong nonlinear characteristics through physical
phenomena such as shallow water deformation, refraction,
reflection, diffraction, energy dissipation and breaking, and the
wave speed, length, height and waveform will be substantially
changed (Yu, 2013). Many studies have shown that the nonlinear
interaction is accompanied by the whole process of wave
propagation and deformation, which is the key to understand
the wave dynamics. This strong nonlinear characteristic is also
closely related to the extreme wave, sediment transport and
coastal deformation (Nielsen, 1992; Drake and Calantoni, 2001;
Nielsen and Callaghan, 2003; Saprykina et al., 2013). The variation
of energy spectrum in the process of wave deformation in shallow
water shows different characteristics compared with that in deep
water. The study on the variation of wave energy in this nonlinear
process will help to understand the energy transfer phenomenon
between different wave components (Zanuttigh and Martinelli,
2018). Elgar and Guza (1985) found that when the wave
propagates to a nearshore shoal, the wave asymmetry gradually
increases, with the wave skewness gradually reaching a maximum
during the shoaling process and then decreasing to zero in
shallower water. Peng et al. (2009) studied the asymmetry and
skewness of wave propagation by measured wave data, analyzed
the influence of the local Ursell number on the asymmetry and
skewness of waves, and fitted the relationship between the Ursell
number, asymmetry and skewness to obtain a series of
empirical formulas.

However, there are limitations to predict the waveform by
local wave parameters in shallow water. Even if the height,
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period and water depth of the waves are completely the same,
because of the difference in topographic conditions and the rapid
change of hydrodynamic conditions, the incident wave and the
conversion to locked wave may be different, resulting in different
nonlinear parameters (Ma et al., 2015). Since the locked wave
and the free wave follow different dispersion relationship, triad
interaction analysis is a relatively simple method for
distinguishing the locked wave and the free wave energy (De
Wit et al, 2020). Analyzing the complete three-dimensional
spectrum requires high-resolution spatial information, which is
difficult to obtain. Therefore, Fourier bispectrum analysis, as an
alternative to three-dimensional spectrum analysis, can be used
to characterize the binding energy in a given frequency range.
On the basis of the bispectrum, Doering and Bowen (1995)
analyzed the data measured at a natural beach and derived
several empirical relationships between the nonlinear
parameters and the local Ursell number describing the
variation of phase coupling between the primary harmonics.
Young and Eldeberky (1998) investigated the nonlinear process
of wave growth in deeper water and reported that the triad
interactions play an important role in the evolution of wind
waves. Additionally, Eldeberky and Battje (1996); Beji and
Nadaoka (1999), and Dong et al. (2008) gave a proper
description of the nonlinear evolution mechanism in shallow
water through the theory of triad interactions.

Compared with the Fourier transform, the wavelet
transform is a localized analysis of signal time and frequency
(Ma, 2010). It performs step-by-step multiscale refinement of
the signal through scaling and translation operations, and finally
realizes time subdivision at high frequencies and frequency
subdivision at low frequencies. It can also automatically adapt
to the requirements of time-frequency signal analysis, thereby
focusing on any details of the signal (Newman et al., 2021). In
recent years, wavelet transform theory has been gradually
applied to wave analysis. Wavelet-based bispectrum theory
was first proposed by Van Milligen et al. (1995) and applied to
the phase coupling of plasma turbulent. Chung and Powers
(1998); Larsen and Hanssen (2000) proved that wavelet-based
bispectrum had more degrees of freedom than Fourier-based
bispectrum. Dong et al. (2009) successfully applied this method
to the interaction of irregular waves on curved shoals. Ma et al.
(2010) studied the nonlinear deformation of focused waves in
medium water depth conditions by this method. The wavelet
transform theory is also applied to analyze wave data collected in
the nearshore area of lakes (Muchebve et al., 2016). Elsayed
(2006) successfully applied the wavelet-based bispectrum to
analyze the frequency coupling phenomenon in the process of
wind wave growth. On the basis of wavelet-based bispectrum
theory, Chen et al. (2018) studied the nonlinear characteristics of
wave propagation on three bottom slopes and investigated the
change in wave energy caused by nonlinear interactions. All
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these studies have confirmed the reliability of wavelet-based
bispectrum on nonlinear feature analysis.

Investigating the wave evolution and energy transfer process
around the oyster reefs is the basis for analyzing the wave
dissipation mechanism of oyster reefs. Currently, only a few
experimental studies have considered triad interactions under
the impact of the oyster reefs. Therefore, through physical model
experiment, Fourier analysis and wavelet-based bispectrum are
adopted to study the evolution process of the wave energy
spectrum and the nonlinear interactions among wave
components during the irregular waves propagating through
artificial bag oyster reefs, with a view to providing references for
research and engineering in coastal ecological restoration and
near-shore sediment transport.

2 Materials and methods
2.1 Wave flume

The physical experiment is conducted in the wave flume at
the Fujian Key Laboratory of Hydrodynamics and Hydraulic
Engineering, China. The wavemaker is installed at one end of the
wave flume, with a length of 60 m, a width of 1.0 m, and a depth
of 1.5 m deep. The minimum and maximum water depths are
0.2 m and 1.0 m, respectively. An energy dissipation network is
equipped behind the wave maker, and wave absorbers are
installed to help mitigate wave reflection at the other end of
the flume, with an energy dissipation more than 95%. The
description about this experiment set-up is shown in Figure 1.

The distance from the model to the wavemaker and to the
wave elimination device should be 6 times and 2 times longer
than the effective wavelength, respectively. All the conditions in
this experiment meet the requirements. The No.0 wave gauge is
arranged 14 m away from the wavemaker to measure the
incident wave. Five wave gauge measuring points are arranged
every 0.5 m from the center of the model, to measure the wave
parameters after the oyster reefs, as shown in Figure 1. At the
beginning of the experiment, the first four to five waves
generated by the wave maker are generally unstable, which are
ignored before data collection. Each record is 163.84 s in length
with a sample interval of 0.02 s. For obtaining sufficient and
accurate data of waves for statistical analysis, each record is
repeatedly collected three times.

2.2 Oyster reef type
The bag type oyster reef, which has been widely used in the

past years, is selected in the experiment. The material of oyster
reef is composed of 4-6 cm long natural shells, with a length scale
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FIGURE 1

Experimental set-up.

of 4 and a porosity of 0.7 approximately, which is consistent with
the practical situation. Four types of oyster reefs are designed in
this experiment, as shown in Figure 2. The green part indicates
that the oyster reefs are covered by biodegradable materials with
better water resistance, while the grid part is covered by net bags.
M1 are three-layer oyster reefs to study the influence of different
hydrodynamic conditions on the nonlinear characteristics of
waves. M2-M4 are double-layer oyster reefs to study the
influence of the top width of the oyster reefs on the nonlinear
characteristics of waves. Each layer of the oyster reef is composed
of two connected parts of the same reef. The width of each part is
0.47 m, and the top center height d of the reefs is 0.272 m (three
layers), or 0.18 m (double layers). Due to the flexibility of the
oyster reefs, the reef in the center top is higher, while in the
junction and the sidewall are lower, as shown in Figure 3.

Pl

(s o Y
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pReeteted Jeed

FIGURE 2
Oyster reef type.
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2.3 Hydrodynamic conditions

In the experiment of three-layer oyster reef, five water depths
D of 0.26 m, 0.27 m, 0.28 m, 0.3 m and 0.32 m were considered
respectively. Among them, D = 0.26 m and 0.27 m are the
emerged conditions, and the rest water depths are submerged
conditions. The range of incident wave height H; (significant wave
height) is 0.023 m - 0.043 m, corresponding to the actual wave
height of 0.13 m - 0.17 m, which is suitable for the conservation
and growth of oyster reefs. In the double-layer oyster reef
experiment, two water depths of 0.27 m and 0.3 m were
considered, both of which were submerged conditions, and the
incident wave height is H; = 0.043 m. The peak period of spectra is
setas T=1s, and 1.5 s, as a comparison between short and long
periods. The experimental parameters are shown in Table 1.

PSR
) 220200
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FIGURE 3
M1 physical model.

TABLE 1 Incident wave parameters.

Wave code Model types Incident wave heightH/m Water depth D/m Peak period of spectraT/s
IRO1 Ml 0.033, 0.038, 0.043 0.26 1
IR02 027
IR03 028
TRO4 03
IR05 0.032
IR06 026 15
IR07 027
IR08 0.28
IR09 03
IR10 0.032
IRI11 M2 0.043 027 1
IR12 03
IR13 027 L5
IR14 03
IR15 M3 0.043 027 1
IR16 03
IR17 027 15
IR18 03
IR19 M4 0.043 027 1
IR20 03
R21 027 ]
IR22 03
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The commonly used JONSWAP spectra is adopted as the
incident wave, and the incident spectrum is simulated according
to the following equations:

S() = BH? T4 exp[ ~1.25(Tpf) ] - yoel -1 -07/207]

=~ 0.06238 ~
By = 0.230+0.03367-0.185(1.9+7) T [1.094 - 0.019151n 7]
~ THl 3
Ty = Too 32740
0.07 f<h
O =
009  f>fp

1

where S(f) is the spectra density function, reflecting the wave
energy at the corresponding frequency. f is the frequency of wave
component. T is the peak period of spectra, and ¥ is the peak
enhancement factor. Only the case of y= 3.3 is studied, which is
close to the actual wave spectrum. G is the spectral shape parameter,
which controls the skewness of the spectrum. f3; is defined as a
function of spectrum bandwidths. H;/; and T3 are the effective
wave height and the corresponding effective period, respectively.

2.4 Data analysis method

2.4.1 Energy spectral analysis

Through Fourier spectrum analysis, the distribution of wave
energy in the frequency domain can be clearly seen. This method is
relatively mature and has been widely used. The fast Fourier
transform (FFT) is used to calculate the spectrum of the wave,
and then, the spectrum is smoothed by the Hanning window with a
smooth degree of 6. Abroug et al. (2020) summarized the methods
of previous researchers on wave spectrum partitioning. Through
flume experiments, the wave energy spectrum of different spectral

10.3389/fmars.2022.1096497

pattern, including P-M spectrum, J spectrum with y = 3.3 and 7,
were divided into four regions according to the proportion of
energy in each frequency, namely, the spectral peak region E1, the
transfer region E2, the high frequency region E3, the low frequency
region E4. The partition is shown in Figure 4.

2.4.2 Wavelet-based bispectrum analysis
The continuous wavelet transforms of a time series x(t) is
defined as:

WT(a, 1) = / Tyt @

oo

where the asterisk (*) represents the complex conjugate
operation. And y, ; is generally called the analytic wavelet or
the continuous wavelet, which represents family wavelets
obtained from the mother wavelet function y(t) by translating
in time, 7, and dilation with scale, a. The scale a can be
interpreted as the reciprocal of frequency f, i.e. f = 1/a. Thus,
the expression for l//;: r can be defined as:

Vielt) = Jal >y (=) 0

When analyzing data related to water waves, the Morlet
wavelet is usually chosen as the mother wavelet (Liu, 2000a; Liu,
2000b). The wavelet is a plane wave modulated by the Gaussian
envelope, with good local properties in both time and frequency
domain, and is defined as:

2
w(t) = nV%exp (— 5> exp(ieyt) 4)

where wyis the peak frequency of the wavelet, which needs to
be greater than 6.0 at least to meet the condition of the
wavelet transform.

N -

E4

0.06

0.04

0.02

Dimensionless frequency spectrum

W ———— - - = —]

E1:07f,< f<1.1f,
E2:1.1f,< f<145f,
E3:145f, < f<3f,
E4:02f,<f<0.7f,

FIGURE 4
Energy spectrum partition proposed by Abroug et al. (2020)
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The wavelet-based bispectrum is defined as:
B(fi.f2) = / WT(f, OWT(f,, OYWT*(f, T)dt (5)
T

where f; and f,must satisfy the resonant triad, that is, the
correlation in Eq. (6):

f=h+h
k=k +k
The meaning of f and k is that the wave component (f, k) is

(6)

generated by the sum frequency or difference frequency of the
waves (f;, k;) and (5, k,). If f and k satisfy the linear dispersion
relationship, resonance interaction occurs, accompanied by
intense energy transfer.

To directly measure the degree of nonlinear phase coupling
between the wave components, the dimensionless wavelet
bispectrum, also called wavelet bicoherence, is expressed as:

B1.1)|

|WT(fl,r)WT(fZ,T)|dt/|WT(f1,T)\dt
T T

The value of b(fj, f;) is between 0 and 1 and represents the

coupling degree between any two frequencies f; and f, under the

bfi.f2) = )
/

triad interaction. b = 1 denotes that the three wave components are
completely correlated, that is, the energy of f is transmitted
completely through the nonlinear interaction between f; and f. b
= 0 indicates no interaction between the three wave components,
and the wave with a frequency of f is completely randomly
generated. The imaginary part of b(f;, f,) dominates the energy
transfer. For example, a positive value of imaginary part indicates
the energy will transfer from f; and f; to their sum frequency f;+ fo=
f, while a negative value denotes energy transferred in an opposite
direction. In addition, the absolute value of the imaginary part also
indicates the degree of waveform asymmetry.

It is convenient to introduce the summed bicoherence b,
which shows the distribution of nonlinear interaction intensity.
To measure the distribution of phase coupling, the summed
bicoherence b(f) is introduced as follows:

10,
b(f) =@§1b (fi-/2) (8)

where I(f) is the number of frequencies, and b(f) denotes the
nonlinear strength.

3 Results and discussion

3.1 Energy spectral analysis

3.1.1 Variation of the wave surface elevation
and spectrum along the way

After propagating through the oyster reefs, part of the
frequency of the incident waves is converted into locked waves
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and released as free waves, due to the complex three-dimensional
structure of the oyster reefs and the height changes along the way.
At the same time, affected by diffraction, the wave evolution
process is complicated, and the energy of each frequency will
change, which can be studied by spectral analysis. To investigate
the influence of the oyster reefs on wave energy, the water depth D
= 0.27 m, which are similar to the height d of the three-layer oyster
reefs M1 (0.272 m), the incident wave height H; = 0.043 m and the
period T = 1 s are selected as the representative conditions to
analyze the change of measured water surface elevations (1)
before and after the oyster reefs, which are shown in Figure 5.
As can be seen, after the wave propagates over the oyster reefs, the
wave height decreases greatly (about 40%), indicating that part of
wave energy is consumed during passing through the reef. At the
same time, the secondary peaks and valleys are observed after the
oyster reefs, and the wave surface shape became more irregular,
indicating that part of the wave energy was converted from low
frequency to high frequency, resulting in locked higher harmonics
and free harmonics. This is consistent with the phenomenon
observed by Beji and Battjes (1993), and Brossard et al. (2009) that
waves propagate on submerged breakwaters.

In the process of wave propagation, the fluctuation of water
surface can be observed, but the composition of wave
components and the distribution of energy are the main
factors affecting the change of wave in the process of
propagation. After passes through the oyster reefs, the energy
of waves at each frequency will change, which can be studied by
spectral analysis. The same condition as Figure 5 is selected to
analyze the energy spectrum changes before and after the oyster
reefs model, as shown in Figure 6.

Figure 6 indicates that after the wave propagates through the
oyster reefs, the energy transfer significantly from the primary to the
higher harmonics because of the nonlinear interactions among
wave components. In terms of spectrum shape, the incident
spectrum is basically consistent with the theoretical spectral shape
of the ] spectrum, while the transmission spectrum shows three
peaks, located at the primary, second and third harmonics. The
energy in the E1 and E2 regions of the transmission spectrum is
considerably lower than that of the incident spectrum, and the
spectral peak energy is reduced by approximately 75%. In the high
frequency region E3, the energy of transmitted wave near the
secondary harmonic (2Hz) is substantially higher than that of the
incident wave. There is basically no higher harmonics energy
greater than 2.5Hz in the incident wave, while there is some
higher harmonics energy in the transmitted wave. In the low
frequency region E4, there is basically no energy in both the
incident and transmitted waves, showing that the oyster reefs will
not generate low frequency waves. In general, when the wave
propagates through the oyster reefs, the energy of primary
harmonic is greatly reduced and transfer to higher harmonics,
resulting in the increase of higher harmonics energy, which is
consistent with the conclusions of previous research on submerged
breakwaters (Buccino and Calabrese, 2007).
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FIGURE 5

The measured water elevations (A) incident point (B) transmission point.

Then, under the same water depth and incident wave height,
the variation in the energy spectrum after the oyster reefs is
analyzed, and the results are shown in Figure 7. As can be seen
from the figure, when T = 1 s, the energy spectrum presents an
obvious trimodal pattern, with the three peaks located at the
primary harmonic (1Hz), the second harmonic (2Hz) and the
third harmonic (3Hz) respectively. However, previous studies
mostly observed the bimodal shape of the energy spectrum
(Buccino and Calabrese, 2007). When T = 1.5 s, the spectrum

shows a weak trimodal pattern, and the overall energy is
considerably greater than T = 1 s.

With increasing distance x, the energy of the spectral peak
region E1 changes greatly. When T = 1 s, the energy in E1
shows a law of decreasing, rising and then decreasing. When
T = 1.5 s, the pattern is a rising, falling and then rising. The
energy in the transfer region E2 and the high frequency region
E3 is little fluctuation. When T =1 s, the spectrum of high
frequency region E3 presents more burrs comparedto T'=1.5s,

0.00020
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indicating that the bound wave is converted into a free In addition, at some positions, a unique phenomenon of
wave and then released is at a faster speed in the short- energy loss may occur near the dominant frequency (in the
period wave, which is consistent with the research results dashed circle), which may due to the fact that the high-frequency
from Chen et al. (2018). waves are broken by the focusing effect after diffraction, and the
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gas is rapidly exchanged, resulting in turbulent dissipation. The
location of wave focusing is affected by the period T. The smaller
the period is, the closer the location is to the oyster reefs.

3.1.2 Influence of water depth on the wave
energy spectrum

To investigate the influence of water depth D on the wave
spectrum, the energy spectrum at x = 1.5 m after three-layer
oyster reefs M1 is calculated under water depth D = 0.26 m -
0.32 m, incident wave height H; = 0.043 m, and period T'=1s.
The results are shown in Figure 8.

As can be seen from the figure, with increasing water depth,
the energy of different frequencies generally increases, especially
in the primary and secondary harmonics. When the water depth
is small (D = 0.26 m and D = 0.27 m), with the model non-
submerged, a large number of locked waves cannot be released
due to the reflection of the oyster reefs. Thus, no increase in
energy is observed in the high frequency region E3. At large
water depths (D > 0.27 m), the model is submerged, and more
locked waves are released as free waves, showing an increase of
energy in the high frequency region E3.

3.1.3 Influence of top width on wave
energy spectrum

Because of the three-dimensional structure of the oyster
reefs, the top width B may be an important factor affecting the
distribution of wave height. To investigate the influence of the
top width on nonlinearity, the relationship between the energy
spectrum and relative top width B/d is analyzed under water
depth D = 0.27 m, incident wave height H; = 0.043 m, period T =

10.3389/fmars.2022.1096497

1 s, and x = 1.5 m behind the oyster reefs. The results are
presented in Figure 9.

As can be shown from the figure, with increasing relative top
width B/d, the energy of the frequency near the primary
harmonic decreases, while the energy near the secondary
harmonic increases. This is because when the top width
increases, the length of the shoaling region increases, leading
to a gradually increase of triad nonlinear interactions in the
shoaling process. Some locked higher harmonics are
continuously released, resulting in a considerable increase in
high-frequency energy. When the relative top width up to 2.56
(M4), the energy of higher harmonic is obviously larger
compared to the other two smaller top width (M2, M3).

Since the spectral peak region El concentrates the main
energy of the waves, the total energy of the wave spectrum will be
lower after propagating through the wider oyster reefs,
indicating a better energy dissipation effect. Therefore, when
the oyster reefs are arranged in the ecological restoration project,
the wider oyster reefs should be used as much as possible to take
into account the effect of wave dissipation.

3.2 Nonlinear analysis of the bispectrum
based on the continuous
wavelet transform

As discussed in the spectral analysis, the energy transfer in
the nonlinear interactions among wave components can be
clearly seen. Nevertheless, which part of the harmonics
participated in the triad interactions is unclear. Furthermore,
the intensity of coupling between wave components and the
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Comparison of the energy spectrum distribution under different top widths (D = 0.27 m, H; = 0.043 m, T =1s,x = 1.5 m)

influencing factors are also worth discussing. Therefore, the triad
interaction, to investigate where the energy comes from and
what components it is transmitted to, is analyzed by the wavelet-
based bicoherence method.

3.2.1 Viaration of wavelet-based bispectrum
along the way

Figure 10 shows the calculation results of the bispectrum of
the M1 (three-layer oyster reefs) model at the incident point and
along x = 0.5m, x = 1 m, and x = 2 m, under period T'= 1.5 m,
incident wave height H; = 0.033 - 0.043 m and water depth D =
0.28 m. The interaction between different wave components can
be clearly seen by the analysis of the bispectrum.

It can be seen from Figure 10 that both the incident wave
height H; and the distance x affect the bispectrum. As the
Figures 10A-C show, at the incident point, the wave is not
affected by the oyster reefs, only the primary wave (0.67Hz) and
a few low frequency waves components participate in the weak
interactions, and the phase coupling degree at this position is
almost identical at different wave heights.

According to Figures 10D-F, at x = 0.5 m, a large number of
bound harmonics are released at this point, the components
involved in the nonlinear interactions are the most, and the
coupling degree is the largest near the primary harmonic. As the
incident wave height H; increases from 0.033 m to 0.043 m, the
value of bicoherence between the primary harmonics b(0.67,
0.67) increases from 0.65 to 0.68, and b(1.34, 0.67) between the
primary and secondary harmonics increases from 0.63 to 0.66. It
follows that the coupling intensity of the triad interactions keeps
increasing with a slight magnitude. The value of b(0.67, 0.67)
and b(1.34, 0.67) are both high, indicating that the increase in
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the higher harmonics of 2f, and 3f, (f, is the frequency of
spectral peak) results from the self-coupling of primary
harmonics and the phase coupling between the primary and
secondary harmonics, respectively, which is consistent with the
findings of Elgar and Guza (1985). The oyster reefs have a
substantial effect on primary harmonic (0.67Hz) of the wave, the
energy of which transfer to the higher harmonics through the
triad interactions. Therefore, after propagating through the
oyster reefs, the energy of primary harmonic reduces
significantly, while the energy of second and third harmonics
increases, which corresponds to the trimodal pattern of the
transmitted wave spectrum in Figure 6.

According to Figures 10 G-I, at x = 1 m, the number of
frequencies participating in nonlinear interactions decreases,
and the coupling degrees of the primary and secondary
harmonics are both large. The value of bicoherence b(0.67,
0.67) = 0.41, b(1.34, 0.67) = -0.37, which is greatly weakened
compared with the value at x = 0.5 m. As shown, with increasing
distance, the coupling degree between different frequencies is
weakened, that is, the intensity of the triad interactions
decreases. The coupling value of the high-frequency changes
from positive to negative, which means that energy transfer in an
opposite direction, that is, energy transferred from the high
frequency to the low frequency waves. At this position, not only
is the low frequency energy transferred to the high frequency but
also vice versa, and the energy transfer between the high and low
frequencies is relatively balanced. Therefore, the overall
variation in the energy spectrum is not great, as shown
in Figure 7.

According to Figures 10]-L, at x = 2 m, the frequency with
the strongest nonlinear interactions is transferred to the
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secondary harmonic. The value of bicoherence b(0.67, 0.67) =
-0.16, b(1.34, 0.67) = 0.31. With increasing distance x, the
coupling degree of the primary harmonics decreases
continuously, becoming negative and approaching 0 when x =
2 m. This result indicates that when the wave propagates for a
long distance (x > 2 m), the triad interactions basically no longer
occur in the primary harmonic, and only a small part of the
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secondary harmonic energy transfer to higher harmonics, so the
energy spectrum basically no longer changes.

The above analysis shows that the area with the strongest
nonlinear interaction is near oyster reefs (x = 0.5 m). As the
distance increases, less wave modes involved in the nonlinear
interaction, and the coupling intensity decreases accordingly.
After x = 2 m, the triad coupling weakens to a minor degree, and
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the energy spectrum basically does not change. This result
further indicates that it is a gradual evolution process for
bound higher harmonics releasing into free waves, which is
also consistent with previous conclusions of Dong et al. (2009).

To intuitively show the nonlinear interactions intensity of
wave components at different frequencies, the summed
bicoherence b under the same conditions is further provided.
The results are shown in Figure 11.

It can be clearly demonstrated that with increasing distance, the
summed bicoherence at each frequency decreases continuously,
which suggests that the nonlinear interaction between different
frequencies gradually weakens. The nonlinear phase couple at high
frequency near the model (x = 0.5 m) is strongest, which proves the
previous conclusion that the oyster reefs cause the energy transfer
from the primary to higher harmonics. The energy transfer between
high and low frequencies is basically balanced far from oyster reefs
(x = 2 m), which is consistent with the results mentioned above.
Comparing the values of summed bicoherence corresponding to
different H; in Figures 10A, B, the summed bicoherence of different
incident wave heights shows basically the same change, indicating
that the incident wave height has little effect on the
nonlinear intensity.

It has been noted that the oyster reefs mainly affect the wave
energy of the primary harmonic. Under the triad nonlinear
interactions, the energy dissipation may increase in the process
of energy transfer from the primary to higher harmonics, which
may explain the mechanism of wave dissipation in oyster reefs to
a certain extent, that is, wave energy is dissipated by the energy
transfer between different frequencies.

3.2.2 Influence of water depth on the
nonlinear interaction

To investigate the influence of the oyster reefs on wave
nonlinear interaction under different water depths, the wavelet-
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based bispectrum at positions of x = 0.5 m and 1 m is given
under period T = 1.5 s, incident wave height H; = 0.043 m, and
water depths D = 0.26 m, 0.28 m and 0.3 m, as shown
in Figure 12.

From Figure 12, as the water depth D increases from 0.26 m
to 0.3 m, the model switches from emerged to submerged, and
the bispectrum at different positions changes significantly. The
number of wave modes involved in the coupling process
increases first and then decreases. The coupling intensity
between the frequencies generally decreases.

At x = 0.5 m, near the oyster reefs, a large number of
frequencies involved in the triad interactions with strong
couplings. The value of bicoherence of the primary harmonics
b(0.67, 0.67) decreases gradually with increasing water depth D.
For example, when D = 0.26 m, 0.28 m and 0.3 m, b(0.67, 0.67) is
0.66, 0.64 and 0.51 respectively, indicating that the nonlinear
intensity between the primary harmonics decreases with
increasing water depth. When D = 0.26 m, the number of
frequencies involved in the nonlinear interactions is
substantially lower than that at other water depths. This is
because the bound waves cannot be released by the reflection
of the oyster reefs, resulting in a low energy of secondary
harmonic, which is consistent with the results of the energy
spectrum in Figure 8.

Atx=1m, b(0.67,0.67) is 0.58, 0.47, and 0.35 with increasing
water depth, and the coupling degree also decreases gradually. The
coupling value at high frequency changes from -0.17 to -0.4,
showing an energy transfer in the opposite direction.

Notably, with increasing water depth, the oyster reefs
changing from nonsubmerged to submerged, the degree of
phase coupling between the primary harmonics and between
the primary and secondary harmonics decreases, which means
the energy transferred between different frequencies decreases. As
a result, the energy of both primary and the secondary harmonics
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Comparison of summed bicoherence along the way (M1, D = 0.28 m, T = 1.5 s) (A) H;= 0.033 m (B) H;= 0.043 m
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increase with increasing water depth, as exhibited in Figure 8.
Therefore, in coastal ecological restoration projects, to reduce the
wave energy, oyster reefs could be designed as nonsubmerged.
The influence of water depth on the summed bicoherence b
is further studied, as shown in Figure 13. According to the
Figure, with increasing water depth, the value of summed
bicoherence first increases and then decreases, reaching a
maximum at D = 0.28 m. At the distance of x = 0.5 m, more
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locked waves are released in the nonsubmerged (D > 0.27 m)
oyster reefs, so frequency mode related to the strongest
nonlinear phase couple shifts to higher frequencies. At x =
1 m, the summed bicoherence of the primary frequency is
essentially unchanged. When D = 0.28 m, the value of
summed bicoherence near the secondary harmonic is the
highest, which is due to the large intensity of the energy
reverse transmission.
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3.3.3 Influence of top width on the
nonlinear interaction

As described in Section 3.1.3, the top width impacts greatly
on the energy spectrum. To further investigate the energy
transfer characteristics under different top widths, the wave
bispectrum of M2-M4 models at x = 0.5 m is analyzed. The
results are presented in Figure 14. It can be seen that the relative
top width B/d has a great influence on the bispectrum at the
primary and secondary harmonics, and the influence differs
between periods.

At T = 1 s, with increasing the top width, the wave
components participating in the nonlinear interactions
increase, and the coupling intensity between the primary
harmonics decreases. Energy transfer in the opposite direction
near the frequency of 1.5Hz and the coupling intensity decreases
continuously, while the coupling value at 2Hz is positive and
continuously strengthens. This is because as the top width
increases, the times of the water shallowing and reverse-
shallowing increases, the free wave is relocked and then
rereleased to a higher frequency. As the energy locked lower
than the energy released to high-frequency waves, the energy of
high frequency (2Hz) increases.

At T = 1.5 s, with increasing top width, the wave modes
involved in phase coupling process decrease. The coupling
intensity between the primary harmonics is basically
unchanged, while the intensity of the higher harmonics is
weakened and becomes negative. For example, when B/d =
2.56, b(1.34, 0.67) = -0.21. The phenomenon being different
from that when T = 1 s is because when the period is longer, that
is, the wave steepness is smaller, the free wave releases at a slower
speed, and the energy locked is higher than the energy released
into the free wave of high-frequency. Therefore, with increasing
top width, almost all the free waves released are relocked by the
oyster reefs, which means that the energy transferred to the
secondary harmonic is returned back to the primary harmonic,
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resulting in almost no change in the coupling intensity of the
primary harmonics.

Figure 15 shows the influence of the top width on the
summed bicoherence variation under different periods. When
T =1 s, with increasing top width, the value of b at the primary
frequency decreases and the peak shifts to the primary
frequency, while the b between 1.5Hz and 2Hz increases
gradually. When T = 1.5 s and B/d< 1.7, the b of the dominant
frequency almost constant, and the peak appears at 1.5Hz, and
the peak value decreases by approximately 60% as B/d increases
from 1.7 to 2.56. Notably, the decrease of b is caused by free
waves locked rather than the energy reverse transmission.

4 Discussion

In addition, at some positions, a unique phenomenon of
energy loss may occur near the dominant frequency (in the
dashed circle of Figure 7), which may due to the fact that the
high-frequency waves are broken by the focusing effect after
diffraction, and the gas is rapidly exchanged, resulting in
turbulent dissipation. The location of wave focusing is affected
by the period T. The smaller the period is, the closer the location
is to the oyster reefs.

After the oyster reefs, the primary harmonic energy
generally presents a process of decreasing, and the smaller the
water depth and the larger the top width, the greater the
reduction of the primary harmonic energy. The high
frequency energy shows an increases trend after the oyster
reefs, and the smaller the water depth and the larger the top
width, the smaller the increase of the high frequency energy. It
can be seen that the wave dissipation effect of oyster reefs is
partly due to friction dissipation, which reduces the primary
harmonic energy behind the reefs rapidly. The other part is due
to the attenuation of wave energy accelerated by the conversion

0.08
——D=0.26m
—— D=0.28m
0.06 F ——D=0.3m
0.04
0.02

0.0t SN S
00 05 1.0 1.5 2.0 25 3.0 35 4.0
f/Hz

x=1m

Comparison of summed bicoherence under different water depths (M1, H; = 0.043m, T=15s) (A)x=05m (B) x =1 m.

Frontiers in Marine Science 15

frontiersin.org


https://doi.org/10.3389/fmars.2022.1096497
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Jiang et al. 10.3389/fmars.2022.1096497

A B C
2 2 2
N l L | = 1
e K = i = p
0 o : 0 E : 0 — :
0 1 2 0 1 2 0 1 2
JiHz JiHz JiHz
T=1s,B/d=085 T=1s,B/d =17 T=1s,B/d=2.56
D E F
1.341 134+ 1.34}
S 067} ‘ = 067} ‘ S 067} A
g o= .. _ . B
0.00 . . : 0.00 . : i 0.00 > . .
0.00 0.67 134 201 0.00 067 134 201 0.00 0.67 134 201
fiHz Si/Hz Sfi/Hz
I'=15s,B/d=0.85 I'=15s,Bd=1.7 I'=15s,B/d=2.56
b(/,.1>)
-1.0 -08 -06 -04 -02 0.0 0.2 0.4 0.6 0.8 1.0
FIGURE 14
Wavelet-based bispectrum variation under different top widths (H; = 0.043m, D = 0.27m, x = 0.5m) (A) T=1s,B/d =085(B) T=1s,B/d =17
(C)T=1s,B/d=256(D)T=15s,B/d=085(E)T=15s,B/d=17(F)T=15s, B/d=256.

of wave energy from low frequency component to high wider oyster reef should be used. However, it is also noted that the
frequency component, which is consistent with the conclusion influence of top width on energy is much smaller than that of
of submerged breakwaters (Chen et al., 2010). water depth, which confirms the previous view that the relative

Since the primary frequency E1 region concentrates the main submerged depth is the most important parameter affecting the
energy of the wave, according to the experiment results, the total wave transmission coefficient of the submerged breakwaters
energy of the wave spectrum will be lower after passing through (Seabrook and Hall, 1998). In engineering practice, increasing
the oyster reefs with smaller water depth and larger top width, the top width of oyster reefs will increase the project cost.
indicating a better energy dissipation effect. Therefore, in the Therefore, the relationship between wave dissipation effect and
ecological restoration project, to reduce the wave energy, oyster economic investment should be considered comprehensively to
reefs are recommended to be designed as nonsubmerged, and the design the appropriate top width.
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The imaginary part of bispectrum is used to illustrate the
phase coupling between wave components and the energy
transfer caused by nonlinear wave-wave interaction. The
nonlinear interaction is strongest in the area near the oyster
reef (x = 0.5 m), where the secondary and third harmonics are
generated. The amplitude of third harmonic is small, but it can
be seen from the spectrum obviously (Figures 6, 7). As the
distance increases, less wave modes involved in the nonlinear
interaction, and the coupling intensity decreases accordingly.
After x = 2 m, the triad coupling weakens to a minor degree, and
the energy spectrum basically does not change. This result
further indicates that it is a gradual evolution process for
bound higher harmonics releasing into free waves, which is
also consistent with previous conclusions of Dong et al. (2009).

At present, the success rate of coastal ecological projects is
low, and the expected role of wave consumption is often unable
to play in ecological projects (Lewis, 2009). For example, in
coastal ecological projects focusing on mangrove restoration, the
mortality rate of mangrove plants is high, which makes it almost
impossible to attenuate wave. This result is partly due to the
coastal hydrodynamic conditions (Hurst et al., 2015), including
wave energy being too high and the sediment movement caused
by wave nonlinearity being too strong (Constance et al., 2021).
Based on the significant influence of oyster reefs on wave energy
and nonlinear characteristics, if the oyster reefs could be
arranged in front of immature mangroves to form a coastal
ecological restoration system of “oyster reefs + mangroves”,
oyster reefs could dissipate wave energy before mangroves
grow up steadily, improving the survival rate and expanding
the suitable growth area of mangroves. Meanwhile, mangroves
can degrade and purify the biological wastewater produced by
oyster reefs (Chen et al., 2011). Finally, the combination system
can improve the energy dissipation effect during storm surge
(You, 2022). The combination of oyster reefs and mangroves can
not only play its role in disaster reduction but also improve

Frontiers in Marine Science

17

ecological benefits, which may have application potentiality in
coastal ecological restoration projects.

After arriving at the reef, the oyster larvae will cling to the reef
permanently, allowing the reef to expand continuously. Only the
static or initial state of oyster reefs, rather than the dynamic growth,
is considered in the experiment. The interaction and feedback
mechanism between the hydrodynamic characteristics of waves
and the growth process of oyster reefs is the direction of
future research.

5 Conclusion

Physical experiments are carried out to study the energy
transfer process and nonlinear triad interactions after waves
propagating over the artificial bag oyster reefs, based on Fourier
spectral and wavelet bispectral analysis.

The oyster reefs mainly affect primary harmonic energy, which
transfer to higher harmonics by triad nonlinear interactions. The
transmission spectrum presents three peaks at primary, second and
third harmonics. The energy increase in 2f, and 3f, results from the
phase coupling between the primary and secondary harmonics. The
nonlinear interaction is strongest near the oyster reefs, and is
weakened with increasing of distance.

With increasing water depth, the energy of both the primary
and secondary harmonics increases. This is because the energy
transferred between different frequencies decreases with the
nonlinear coupling decreases. An increase in the top width
leads to a decrease of the primary harmonic energy and an
increase of the secondary harmonic energy, which is due to the
increase of the shoaling region length, resulting in the
enhancement of triad nonlinear interactions and the increase
of high-frequency free waves released.

However, the influence of top width on energy is far less than that
of water depth. Therefore, in the coastal restoration projects, taken
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wave dissipation into consideration, it is recommended that keep the
oyster reefs nonsubmerged. However, for the top width of oyster
reefs, it is necessary to be designed reasonably by considering both the
project cost and the influence on wave energy dissipation effect.
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