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Abstract The propagation of bichromatic wave groups over a constant 1:100 beach slope and the influ-
ence of the group modulation is presented. The modulation is controlled by varying the group frequency, f,,
which is shown to remarkably affect the energy transfer to high and low frequency components. The growth
of the high frequency (hf) wave skewness increases when f, decreases. This is explained by nonlinear coupling
between the primary frequencies, which results in a larger growth of hf components as f; decreases, causing
the hf waves to break earlier. Due to high spatial resolution, wave tracking has provided an accurate measure-
ment of the varying breakpoint. These breaking locations are very well described (R? > 0.91) by the wave-
height to effective-depth ratio (). However, for any given Iribarren number, this y is shown to increase with f,.
Therefore, a modified Iribarren number is proposed to include the grouping structure, leading to a consider-
able improvement in reproducing the measured y-values. Within the surf zone, the behavior of the Incident
Long Wave also depends on the group modulation. For low f, conditions, the If wave decays only slightly by
transferring energy back to the hf wave components. However, for high f; wave conditions, strong dissipation
of low frequency (If) components occurs close to the shoreline associated with If wave breaking. This mecha-
nism is explained by the growth of the If wave height, induced partly by the self-self interaction of f,, and
partly by the nonlinear coupling between the primary frequencies and f;.

1. Introduction

The groupiness of high frequency (hf) waves, short gravity waves of period O(10 s), and the presence of
associated low frequency (If) motions, O(100 s), are characteristic features of random wave conditions
propagating to the coastline. These wave features can have important implications in terms of sediment
transport and beach morphology [Aagaard and Greenwood, 2008; Baldock et al., 2011; Alsina et al., 2016; de
Bakker et al., 2016b] or in the operability and safety of coastal infrastructures such as harbors [Bowers,
19771.

The presence of wave groups of short gravity waves implies the existence of at least two frequency compo-
nents in the wave energy frequency distribution. These are exactly two components of similar frequency in
case of bichromatic wave groups. The nonlinear interaction between different wave components causes
energy transfers in the wave spectrum [Phillips, 1960; Hasselmann et al., 1963]. Nonlinear coupling and
energy transfer between components occur to frequency components above and below the primary inter-
acting frequencies. Biésel [1952] presented a second-order solution for a wave system in uniform water
depth consisting of the sum of a given number of elementary harmonic waves, bound superharmonics and
subharmonics of pairs of interacting primary components. Later, Phillips [1960] and Hasselmann et al. [1963]
presented general formulations for the generation of second-order and third-order waves resulting from
the sum and difference of interacting components.

Two main generation mechanisms of If motions by hf wave groups have been identified. One is due to the
difference interactions between primary waves resulting in group-bound long waves in antiphase with the
envelope of the wave groups [Biésel, 1952; Longuet-Higgins and Stewart, 1962, 1964]. Physically, this wave
may be considered as the equilibrium system response to variations in the radiation stresses on the time
and length scales of the short-wave groups [Longuet-Higgins and Stewart, 1962, 1964]. A second mechanism
considers the generation of both shoreward and seaward propagating free waves during wave breaking by
the spatial modulation of the breakpoint due to the wave-group structure [Symonds et al., 1982; Symonds
and Bowen, 1984]. The breakpoint mechanism has been demonstrated experimentally [Kostense, 1984;
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Baldock et al., 2000; Baldock and Huntley, 2002; Contardo and Symonds, 2013; Moura and Baldock, 2017] and
numerical formulations have been presented [Schaffer and Jonsson, 1990; Schaffer, 1993] for the combina-
tion of the breakpoint and the radiation stress generation mechanisms.

During wave-group propagation onto a beach, the hf wave groups and If motions undergo substantial non-
linear transformations. The Incident Long Wave (ILW), which travels bound to the wave groups, will grow
during wave-group shoaling. The mechanism proposed by [Longuet-Higgins and Stewart, 1964] considers a
steady-state equilibrium solution, which, in principle, is no longer applicable to shoaling waves. In the equi-
librium situation, which is consistent with a constant lag of = radians [Battjes et al., 2004], there should not
be any transfer of energy from the primary waves to the bound wave. However, during the shoaling pro-
cess, the ILW has been observed to increasingly lag behind the group by an additional phase shift Ay [List,
1992; Van Dongeren and Svendsen, 1997; Janssen et al., 2003; Battjes et al., 2004]. This progressive phase lag
has been shown to be fundamental in the process of energy transfer from the primary waves. Battjes et al.
[2004] showed that this phase lag appears to increase with increasing frequency for a given beach slope.
This trend was also observed for the ILW amplitude and generalized as a function of the normalized bed
slope parameter f3,

p== /2 (M

where S is the bed slope, w is the angular frequency, and g is the gravitational acceleration. The water depth
h is usually taken at the breaking location (h), which results in f, for this case. Battjes et al. [2004] com-
puted the energy transfer per frequency band, highlighting that for low values of f§ (they suggest 8, < 0.1),
a “mild-slope regime” exists in which the forced wave amplitude growth in the shoaling zone is large and
close to the shallow-water equilibrium solution ~h~5/2. For large values of f§ (Bp > 0.45) a “steep-slope
regime” is defined where the amplitude growth is weak and close to a free-wave variation ~h~'/* (Green’s
law). The parameter f§ has been also proposed to be inversely proportional to the ratio of the radiation
stress to breakpoint long wave forcing [Van Dongeren et al., 2002]. Similarly, Baldock et al. [2000] and
Baldock and Huntley [2002] proposed that the breakpoint-forcing mechanism will become ineffective when
the breakpoint excursion becomes large in comparison with the wavelength of the long-wave motion.
According to Baldock et al. [2000], this occurs when G/2rf, > o, where G is the groupiness factor [List,
1991], S is defined by replacing h by the If wave height H in equation (1) and « is some fraction of the
wavelength of the free long wave, estimated to lie in the range 0.2-0.3.

During shoreward propagation of the primary wave components (f; and f,), nonlinear coupling occurs, and
causes an energy transfer to wave components with the sum (f; +£,) or difference (f; —f,) frequency. Nonlin-
ear energy transfer to the difference frequencies is associated to the growth of the ILW during shoaling
[Janssen et al.,, 2003; de Bakker et al., 2015] while energy transfer to sum frequencies results in changes in
the shape of individual shoaling waves from a quasi-symmetrical profile in deep water to more skewed
waves in shallow water characterized by sharp crests and flat broad troughs [Guza and Thornton, 1982; Elgar
and Guza, 1985]. Along with the amplitude evolution, the phase of the different hf harmonics changes dur-
ing shoaling leading to a steepening of the wave shape face. The lack of horizontal symmetry in the wave
shape (i.e., sharper crests and flatter troughs) is known as skewness, whereas the lack of vertical wave sym-
metry or its tendency to become pitched forward is called wave asymmetry. These changes in the skewness
and asymmetry of hf water surface elevations cannot be explained by linear theory. Higher-order regular
wave theories, such as that by Stokes [1847], can predict the skewness of individual hf waves from the
increasing contributions of superharmonics of the primary frequency. However, higher-order wave theories
do not lead to wave asymmetry because the harmonic components of the individual hf waves remain
phase-locked and in phase with the primary frequency. The pitching forward of the individual waves, or rel-
ative steepening of the wave face, is due to a forward phase-shifting of the harmonics relative to the pri-
mary components [Elgar and Guza, 1986; Doering and Bowen, 1986, 1995]. Wave skewness and asymmetry
increase during shoaling and eventually the hf waves will become unstable and break.

Due to hf wave breaking, the wave energy close to the shoreline may be dominated by If wave motions,
especially on dissipative beaches. Close to the wave breaking location, when the hf waves are in shallow
water, bound If waves can also be progressively “released” from the hf wave groups since these nondisper-
sive conditions correspond to those where the forced long wave satisfies the free wave dispersion
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relationship [Elgar et al.,, 1992; Herbers et al., 1995; Baldock and Huntley, 2002; Baldock, 2012]. Conversely, if
the hf waves are not shallow water waves at the breakpoint, the ILW may reduce in amplitude along with
the reduction in the primary wave forcing after breaking [Baldock and Huntley, 2002; Battjes et al., 2004;
Dong et al., 2009; Lara et al., 2011; Baldock, 2012]. A number of experimental and field data sets suggest
that ILWs undergo strong nearshore dissipation after wave group breaking [Baldock et al., 2000; Battjes
et al., 2004; Henderson et al., 2006; Baldock, 2012]. Part of the nearshore If wave dissipation has been sug-
gested to occur through nonlinear interactions that transfer energy from the If waves back to hf compo-
nents and is not generally attributed to frictional losses [Henderson et al., 2006; Thomson et al., 2006; Van
Dongeren et al., 2007; de Bakker et al., 2014]. Recently, a numerical investigation [de Bakker et al., 2016a] has
shown that this situation is characteristic of steep sloping beach conditions where If waves interact with the
hf components transferring energy to hf components.

For some If components and beach slope combinations resulting in small values of 5, the nearshore dissipa-
tion of If waves is attributed to long wave breaking [Battjes et al., 2004; Van Dongeren et al., 2007; de Bakker
et al, 2014, 2016a, 2016b] suggesting If energy saturation at the shoreline. Laboratory data [Van Dongeren
et al,, 2007] and numerical simulations [de Bakker et al., 2016a] have confirmed that with decreasing depth
on low-sloping beach conditions the If wave self-self interactions may dominate energy transfer causing
the If wave front to steepen and eventually break. This seems consistent with field measurements of run-up
elevation [Ruessink et al., 1998; Sénéchal et al., 2011; Guedes et al., 2013] showing run-up energy saturation
for low frequencies during highly dissipative energetic storms.

The main aim of this work is to study the wave-group propagation on a dissipative 1:100 sloping laboratory
beach, with a focus on the energy transfer from primary waves to superharmonics and subharmonics due
to nonlinear frequency coupling (triad interactions). The nonlinear energy transfer to superharmonics has
important implications in the wave breaking process and clear evidence of a relationship between the
wave breaking onset and the group frequency will be presented. As the use of a gentle beach slope causes
energy dissipation of most of the hf wave components due to wave breaking and a dominance of the If
energy in the inner surf zone, the If wave behavior during hf wave shoaling and after hf wave breaking will
be also discussed.

2. Experimental Setup and Method of Analysis

2.1. Experimental Setup

The experiments presented in this study have been carried out in the Wave Evolution Flume at Imperial Col-
lege London. This wave flume has a length of 60 m, with a distance from the paddles to the emerged end
of 52 m. The flume width is 0.3 m with a working water depth of 0.5 m (see Figure 1). A beach profile has
been built made of glass with a gentle slope (1:100).

The waves are generated using a flap-type, bottom-hinged, wave paddle which is numerically controlled
with active-force feedback. This guarantees the generation of the desired waves and the absorption of any
unwanted reflected waves. Wave generation is performed using a force control technique that has been
shown to be effective at suppressing high frequency spurious waves [Spinneken and Swan, 2011]. This tech-
nique is included in the commercial software that controls the wave paddle. The software does not allow
for second-order wave generation. However, for this study, we introduced an active suppression system of
spurious subharmonics in the form of unwanted energy as Incident Free Long Waves (IFLWs). The suppres-
sion technique consists of a separation methodology of the incident bound and free long waves (see Padilla
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Figure 1. Cross-shore bottom profile, still water level, and instrument locations deployed from the wave paddles. Dots and triangles indicate resistive-type and acoustic-type sensors,

respectively.

PADILLA AND ALSINA

WAVE-GROUP PROPAGATION ON A GENTLE BEACH 3



@AGU Journal of Geophysical Research: Oceans 10.1002/2017JC012703

and Alsina [2016] for further details on the separation technique). After an initial generation, any IFLW (spu-
rious) is separated using measured time series of water surface elevation at different cross-shore locations
and, after back propagation to the wave paddle, a correction is introduced to suppress the unwanted IFLW
during generation. This methodology provides in practice similar results to a theoretical second-order gen-
eration function with the inconvenience that it requires measuring and effectively correcting the wave gen-
eration each time.

The water surface elevation measuring system is composed of a set of resistance-type gauges (RTG) and
acoustic-type sensors (ATS). Both type of systems have been deployed on movable platforms that, with
repeated experiments, allow us to obtain a surface elevation data set with a spatial resolution from 0.3 m in
the shoaling zone to 0.1 m in the surf zone. The acoustic-type sensors are used in the downstream end of
the flume to characterize the water surface elevation within the swash zone. In total, this high spatial resolu-
tion allows us to obtain 218 cross-shore measuring locations along the 52 m of wave flume (see Figure 1).
Additionally, the breaking process is also recorded by video images.

2.2, Dataset Description

In this work, 12 bichromatic wave cases with the same wave energy content have been studied. These are
fully modulated cases (a;/a;=1) with the same initial amplitude for the primary frequencies f; and f,
(ay=a,=0.015 m). The generated wave conditions are divided into three different series by modifying the
mean primary frequency, f,=(f;+f,)/2 (series A, f,=1.1 Hz; B, f,=0.9 Hz; and C, f,=0.6 Hz). Consequently,
the second order sum-term component is imposed and remains the same for each series. Within each
series, for any chosen value of f, (see Table 1), the wave group frequency is varied by modifying the differ-
ence frequency (fy=Af=f, —f,). Assuming that the group velocity (linear theory), c,,, corresponding to the
mean primary frequency, f,, is a good approximation of the actual celerity of the wave groups [Janssen
et al., 2003], then each wave series is characterized by a constant wave energy and energy flux but a varying
wave group period.

The selection of these wave conditions, that is, the definition of the couple [f;,f;] is made in such a way
that all the groups are identical within a time series. It may be reduced to the condition Rp=T, /T;=1, where
the repetition time or periodicity of the signal T, matches the group period T;=1/f,. Thus, the relationship
between [f,, f;] and n, the number of short waves forming a group, for Rp = 1, is

fy
n+1/2°

fg: ()
The minimum number of generated waves per group is 3, which yields the higher group frequencies from
0.314 Hz for series A to 0.171 Hz for series C. Conversely, the group frequency decreases with an increasing
number of short waves in each group. For the longest generated group (length around 30 m), f; decreases
until 0.048 Hz, representing 12 individual waves per group (case C-3). The longest generated wave group is
limited by the generation system, not being able to guarantee a proper wave absorption and a second-
order correction below 0.04 Hz. Using bichromatic experimental conditions, the separation between high

Table 1. Simulated Bichromatic Wave Conditions, With f; and f; as the Primary Components, Whose Mean Frequency is f,,*

Case fo (Hz) f; (Hz) f> (Hz) Af=fy (Hz) n Xspwe (M) Axp (M)
A-1 1.1 1.257 0.943 0314 3 1.9 0.6
A-2 1.1 1.200 1.000 0.200 5 19 13
A-3 1.1 1.144 1.056 0.088 12 1.9 32
A-4 1.1 1.127 1.073 0.054 20 19 4.2
A-5 1.1 1.122 1.078 0.043 25 1.9 47
B-1 0.9 1.029 0.771 0.257 3 29 0.7
B-2 0.9 0.981 0.818 0.164 5 29 0.8
B-3 0.9 0.936 0.864 0.072 12 29 3.8
B-4 0.9 0.922 0.878 0.044 20 29 44
C-1 0.6 0.686 0.514 0.171 3 6.5 0.9
Cc-2 0.6 0.640 0.560 0.080 7 6.5 45
(€] 0.6 0.624 0.576 0.048 12 6.5 6.3

“The difference frequency or group frequency (Af=f, —f,) is f, and n is the number of short waves in each group, whose shallow
water limit is Xsp. AXp is the measured breakpoint excursion.
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and low frequency motions is straightforward. Every wave motion at around the primary frequencies (f;
and £;) and higher (frequency range in the present experiments of around 0.5-2 Hz) belongs to the high fre-
quency domain. Conversely, the wave motions at around the group frequency and below are considered as
low frequency (frequency range of 0.04-0.4 Hz).

The sampling frequency is 128 Hz for RTG, decreasing to 100 Hz for ATS. The designed experiments are
characterized by 12 min long data series. However, reasonably steady conditions were expected to develop
along the flume only after the initial 200 s.

2.3. Data Analysis

The repeatability of the groups plays an important role in the definition of the cases. Once the water surface
signal is ensemble averaged, the computed standard deviation is not higher than 3X10™* m (0.75% of the
significant wave height H,), below the RTG accuracy (+5X10"% m). Hence, to satisfy entirely Rp =1 and
minimize noise and undesired errors, the presented surface-elevation time series are henceforth built as a
repeating sequence of ensemble-averaged stationary groups. Consequently, the length of the time series
may be defined as a multiple of the grouping period T, The used time series comprises 50 groups for
frequency-discretization purposes.

Spectral analysis of the surface elevation 7 is performed via a fast Fourier transform (FFT). Each FFT was per-
formed using time series resampled to 10 Hz with 2048 data points. Likewise, bispectral analysis (explained
below in section 2.3.3) is performed using a total number of 8192 data points, divided into eight segments
(1820 samples per segment) whose overlapping is 50% of the segment length. As a results, final estimates
of the bispectrum yield a frequency resolution of 0.0049 Hz and 16 degrees of freedom.

2.3.1. Wave Separation Technique

The separation of the ingoing/outgoing waves at a certain frequency within a time series involves obtaining
both the initial amplitude Ay and phase ¢,=¢ (t=0,x=0) for the ingoing and outgoing wave components.
Hereafter, we will refer to this pair [Ag, ¢,] as Z=A, - &%, To achieve this, there are some techniques avail-
able [Kostense, 1984; Baldock and Simmonds, 1999; Battjes et al., 2004; Van Dongeren et al., 2007, among
others] that focus on the distribution of the wave energy budget at a given frequency f among the ingoing
and outgoing components based on their different propagation rates along a number of adjacent wave
gauges (local array).

This main separation technique, the so-called array method, has been presented for the separation of the
Incident Long Wave (ILW), bound to the grouping structure, and the reflected free wave, or Outgoing Free
Long Wave (OFLW), in Battjes et al. [2004] and Van Dongeren et al. [2007]. They assumed the nonexistence
of any Incident Free Long Wave (IFLW), i.e., all the ILW energy propagates bound to the hf wave groups,
and a perfect long wave absorption of reflected long waves at the wave paddle. However, this methodology
can also be applied when an IFLW (spurious) is present. This extension of the array method was used in the
present study to compute free spurious subharmonics in order to correct the wave generation. Once the
wave generation is corrected, the wave signal at the group frequency is composed by the pair ILW-OFLW
only. Hence, the separation is performed with the same starting conditions as in Van Dongeren et al. [2007].
A more detailed description of the used separation method is provided in Padilla and Alsina [2016].

2.3.2. Cross-Correlation Analysis and Wave Celerities

The matching degree between a pair of signals V(t) and Y(t) is quantified using a cross-correlation function,
such as

E[V(t)Y(t+A7)]

(ovay)

Rv,y(A‘L'): (3)
where E[-] denotes the expected value and ¢ represents the standard deviation. The usual cross-correlation
function Ry y returns a value between —1 and 1, where 1 means a perfect match. This technique enables us
to obtain the real propagation celerity ¢ of any signal measured at consecutive wave gauge locations by
computing the time lag At between them. We apply this correlation technique to various combination of
signals and therefore the notation of the correlation function varies depending of the pair of signals used.
For instance, Ryw uw denotes the correlation function performed between pairs of ILWs. As in Janssen et al.
[2003], the high spatial resolution of the measurement allows a representation of the cross-correlation func-
tions in a quasi-continuous distribution in space.
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2.3.3. Nonlinear Energy Transfers Based on HOS

The nonlinear wave interactions can be studied to the second order on the basis of high-order spectral
(HOS) energy balance [Hasselmann et al., 1963; Elgar and Guza, 1985; Herbers et al., 2000; de Bakker et al.,
2015, among others]. In these studies, the transport of energy associated with a frequency f is presented as
a balance between the cross-shore gradient of the energy flux spectrum F5 a nonlinear source S, s com-
puted by bispectral analysis and a dissipation term Sg ¢ that includes energy losses such as wave breaking:

6Ff (X)
ox

:Snl,f(x)+sds,f(x)' (4)

We have followed this approach, neglecting directional spread of the waves and alongshore depth varia-
tions. Furthermore, using the separation procedure presented above, only incident waves will be consid-
ered for computing this nonlinear energy balance. From equation (4), S4r may be extended as a sink term
that includes not just wave breaking losses, but any energy dissipation such as viscous dissipation along
the flume. The cross-shore integration of equation (4) results in,

X

£ L(pgcgﬁmxwf,«(mwj

= P gcer(x) N (Snif(x) +Sd5,,r(x))dx> , (5)

which assumes the linear approach that the spectral energy E travels with the wave group celerity ¢, Using
the relationship between the spectral energy content and the wave height (E=H?/8), the latter expression
turns into:

Cof(Xo) 8 X
H2 (x)=H?(xo) -2 +< )J Spr()dx+H? (x), (6)
f( ) f( ) Cgf(x) l)gCg_,f(X) o ni, ( ) dS,f( )
where the wave height grows due to shoaling (first term in the right-hand side of the equation) and nonlin-
ear energy gains (second term). Conversely, Hy s represents the height loss associated with the aforemen-

tioned sink term Sy; r where any dissipative processes may be included.

The nonlinear energy exchange term Sy is computed by integration of the imaginary part S of the bispec-
trum for the desired frequency f:

f f
_~ P9f
5n/f—3nh%{ZB(f/zf—f/)_z);) B(f,af)}v 7)

=0

where the bispectrum B accounts for the phase coupling among triads of the frequency components [f;, f,
fi+£1. It is formally defined as B(f;, f;) =E[A; Af Ar+], where Ay is the complex Fourier coefficient of the fre-
quency f and the asterisk denotes a complex conjugate. Further details of the presented bispectral analysis
can be found in Padilla and Alsina [2016].

In general, H3 ;(x) is a closure term since the incident wave amplitude Hrand the nonlinear energy balance
Snif are known for every frequency. However, for the experimental wave conditions presented in this work,
the sink term S4 ¢ has been defined as the time-averaged rate of energy dissipation due to bed friction
[Jonsson, 1966]:

2
Sasr=3_pfe (Aw)’, 8)

where A and w are the amplitude and angular frequency, respectively, and f, is the energy dissipation factor
set around 0.05 in smooth laminar conditions (Re < 3X10°).

2.3.4. Wave Asymmetry and Skewness Based on HOS

Skewness (Sk) and asymmetry (As) are geometric parameters that quantify the lack of symmetry to the hori-
zontal and vertical axes, respectively. The skewness and asymmetry arising from second-order nonlinear wave
coupling (also called wave-wave or triad interactions) can be evaluated from bispectrum analysis [Elgar and
Guza, 1985]. Given a record of surface elevations 1, the integral of the real and imaginary parts of the bispec-
trum B defines the skewness and asymmetry, respectively [Hasselmann et al., 1963; Elgar and Guza, 1985], i.e.,

Sk= Um rj R{B(f, f,-)}df,-df,} / El? ()2, 9)

—00
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and
rtoo ptoo
as=[[ " [ oottt et 10)
where the normalizing factor E[Uz(t)]3/2:62.
3. Results

3.1. Breaking of the Incident hf Grouping Waves

The high spatial resolution of the present data enables a quasi-continuous tracking of individual wave crests
in the spatial and temporal domain. In Figure 2a, a contour plot of the time and space distribution of the
water surface elevation is illustrated. In the space-time domain, the trajectory, s, of an individual crest n
(where n is the label of the wave crest) can be tracked by computing the propagation time of the crest n
between wave sensors at known cross-shore locations. Therefore, the discrete trajectory of a high frequency
wave crest n can be obtained from its celerity defined by

ds(xi,n) _ Axi
dt A‘L’,’7

(1

where Ax is the separation between wave sensors and At is the time-lag computed using cross-correlation
functions R, , as described in section 2.3.2.

Figure 2a reveals the trajectories, s, of the different wave crests (colored lines) forming a wave group. By fol-
lowing the crest elevation along s, the wave crest breaking process and location are characterized accu-
rately (accuracy of =0.05 m in the horizontal distance) as the maximum crest elevation within a trajectory
in the nearshore areas. Since the short-wave breaking event takes place over the crests themselves, this pro-
cess may only appear along the trajectory s for each constituent crest. In Figure 2a, the wave breaking loca-
tion of individual waves is illustrated with circles. For the time being, it will be assumed that individual
crests follow slightly parallel trajectories to each other, which means that the wave celerity is very similar for
every single crest, as obtained from c,, the phase celerity of the mean primary frequency. This assumption
seems reasonable observing the trajectories depicted in Figure 2a and will be discussed later on.

The water surface elevation along individual crest trajectories s projected onto the axis x is presented in Fig-
ure 2c. The breaking location is clearly identified as the drastic decrease of the crest height as the wave
crests propagate. The breaking excursion Ax, is displayed as the shaded area in plot c. The distribution of
the breaking events seems to follow a pattern given by the wave group modulation as illustrated also in
plot a. However, analogous crests (same color) of the wave group break at remarkably different crest eleva-
tions depending on whether they are at the front or back of the group (although the crest elevation is ini-
tially the same). This breaking sequence is extended to the rest of the crests forming the groups and allows
distinguishing between wave breaking at the frontside and the backside of the group. As can be seen in
Figure 2¢, the frontside (solid circles) always consists of higher breaking crests compared with the backside
(open circles). This different breaking behavior is caused by the existence of long waves at the wave group
frequency. Assuming a depth-induced breaking, the wave height to depth ratio y offers a good description
of the breaking sequence when the water depth is corrected with the measured low frequency amplitude.
Figure 2d shows the wave height at breaking versus the effective depth h*(x,t)=h(x)+7(x)+ns(x,t),
where the still water depth h has been corrected with the mean water surface elevation, set down 7, and If
oscillations, 7. It is evident that this correction requires accurate time-space breaking identification, which
does not present a problem due to the aforementioned dense resolution. For this specific case, B-4, the ILW
dominates the If signal and is out of phase, slightly lagging behind the hf wave group structure [List, 1992;
Janssen et al., 2003; Battjes et al., 2004]. Therefore, it is responsible for larger breaking wave heights at the
frontside of the wave groups. This phase lag will be investigated in detail in section 3.4. When the water
depth at the breaking location is corrected with the If waves, the wave height at breaking shows a linear
distribution with the corrected water depth as illustrated by a dashed line in Figure 2d.

Figure 2b illustrates a set of time series at five fixed cross-shore locations across the surf zone. These time
series illustrate the evolution of the wave groups from x=7.43 m, where no breaking is observed, to
x = 3.23 m, where the grouping modulation has been lost almost completely. The time evolution of the
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Figure 2. Contour plot of water surface elevation for case B-4. The individual wave crests as they propagate over the space-time plane are illustrated in plot a and the crest elevations
(with respect to the mean water level) along the trajectories s are presented in plot c. The breaking location of individual waves is marked with colored circles. The shading zone in

plot ¢ represents the breaking excursion. Plot b includes the time series along the surf zone where the loss of wave group modulation is noticeable and plot d shows the wave height as
H=1crest —Mthrough Versus the actual water depth h*.

varying breakpoint is already illustrated in Figure 2a (black dashed line with colored dots) where the waves
at the frontside break earlier in time and at locations closer to the shoreline compared to similar waves at
the backside. Likewise, Figure 2b shows the distribution of the individual waves breaking within the group.
The breaking process starts in the center of the group, with the biggest waves, and the sequence moves to
the adjacent ones at both sides, with a slight dominance for the backside where the effective depth is
reduced due to the long wave presence. Across the surf zone, the wave group modulation is strongly
reduced and the initial crest of the wave group turns into a flat sequence of bores that will eventually dissi-
pate their energy close to the shoreline. The reduction in the wave groupiness due to the breaking of the
largest waves is consistent with earliest observations of Veeramony and Svendsen [1996].

The same data treatment to identify individual hf wave breaking has been extended to all tested wave con-
ditions. Figure 3 shows the differences in the spatial distribution of the breaking mechanism for hf waves
within a wave group. For wave conditions A and B, wave breaking occurred predominantly at intermediate
water, while for wave conditions C wave breaking occurred at intermediate and shallow water. Figure 3
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Figure 3. Space-time distribution of the varying

breakpoint (black dashed line) for wave groups with

f,=1.1 Hz (plots a, b, ¢, d, and e) and f,=0.6 Hz

(plots f, g, and h). Black dots mark the locations of
individual breaking events and the red dashed line

indicates the shallow water limit xspy;.

shows that, for a given f, value, the breaking onset (xp)
moves seaward as the group frequency decreases. The high-
est waves (at the center of the group) break in deeper water
whereas the smallest ones (at the edges of the group) travel
further into shallower water, widening the surf zone. This is
also translated into longer breaking cycles T, since the break-
ing time modulation is inversely related to the grouping fre-
quency (T,=1/fy). Therefore, with longer cycles and,
consequently, higher number of constituent waves with the
same mean period, the breakpoint excursion grows in time
and space. For series A, the breaking onset moves from
Xx=445 m to x=7.20 m for f;=0.314 Hz, and 0.043 Hz
respectively, whereas, lower f,-frequency wave conditions,
series C (f,=0.6 Hz), start breaking at x = 7.85 m for f;=0.171
Hz and move seaward to x = 9.38 m as the group frequency
reduces to f;=0.048 Hz. Although smaller waves may break
in shallow water, all these breaking onsets occur always
before reaching the shallow water limit xsp,, associated with
the mean primary frequency (red dashed lines in Figure 3).

The wave height distribution of individual waves with respect
to the actual water depth h* has been computed for all the
tested wave conditions (not shown) and indicates that the
saturation law (H=7yh*) describes the breaking sequence for
every case remarkably well. The mean coefficient of determi-
nation R? is, in most of the tested cases, higher than 0.91 but
with different y values depending on f, and group frequency.
The influence of f, on wave breaking is well known, with
larger y values for longer individual wave crests [Bowen et al.,
1968; Battjes, 1974; Alsina and Baldock, 2007]. The distribution
of the observed y values with the Iribarren number or similar-
ity surf parameter ¢ is presented in Figure 4a. There, the Iri-
barren number is computed close to the wave-maker as:

S

AL "
where § is the beach slope, L, is the wavelength at the mean
primary frequency (f,), and H; is the significant wave height
computed from the standard deviation of the water surface
signal. The y is seen to increase for larger Iribarren numbers
[Bowen et al, 1968; Battjes, 1974] (Figure 4a, black dashed
line). However, the scatter of the data is large, and for a given
fp value, it is also evident that there is an increase in the y
value as the group frequency increases. In other to retain the
information of both influences, f, and f;, a modified Iribarren
number is proposed, including the wave group structure:

L K
&=¢& <i) , (13)

where L is the length of the group and «x is an empirical
parameter that may depend on the beach slope. For practical
purposes, Ly = cgp - Tg, assuming the linear theory group
velocity of the primary waves at the mean primary wave fre-
quency ¢4, as a good approach of the group celerity (this
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Figure 4. (a) Wave-height to effective-depth ratio (y) in terms of the Iribarren number &, (b) The colored dashed lines illustrate the influ-
ence of the group frequency (f,) in contrast to the influence of the hf waves (black). Both trends collapse onto a single one considering a

modified Iribarren number é; accounting for the grouping structure.

validation will be discussed later on in section 3.4). For a given value of k=0.2, the modified Iribarren num-
ber presented in Figure 4b suggests a linear relationship y=8.52 - §;+0.4, where wave conditions with a
very different grouping structure (different grouping lengths and number of constituent crests), such as B-1

and C-3, share a similar y-value.

3.2. Skewness and Asymmetry of hf Waves
Although the saturation parameter, 7, describes the breaking process reasonably well, it does not offer a

physical explanation of the wave group modulation (group frequency) influence on 7, or of the triggering of
the wave breaking. Instead, the skewness Sk (a measure of the horizontal symmetry) associated to 7, has
been traditionally used to describe the wave breaking onset because of the wave shape instability [Babanin

et al., 2007].

Figure 5 shows the cross-shore distribution of the skewness and asymmetry for the tested wave conditions.
The plots show an overall increase in absolute value of skewness and asymmetry during wave propagation
consistent with previous reported measurements [Doering and Bowen, 1986, 1995; Elgar and Guza, 1985,
1986]. However, for a given f,, a larger increase in skewness is observed as the group frequency decreases.
At the same time, the onset of the asymmetry growth (in absolute value) is observed to move seaward as
the group frequency decreases. A close relation between the maximum value in the cross-shore skewness

A1 A2 A3 A4 A5 B-1 B2 B-3 B4 g “‘\ -~ C1 C2 C3
Sk —o— —o— o o Sk o o o Sk —e— —o—
As -o- -0 - - As - -0 -& As -o -o
10 50 10 50 10
x(m) x(m) x(m)

50

Figure 5. Cross-shore evolution of the hf wave skewness (solid line) and asymmetry (dashed line) for series (a) A, (b) B, and (c) C. The breaking onsets are displayed with dots.
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Figure 6. Contour plot of the surface elevation n in terms of
the cross-shore location and time shift ¢ with respect to the
central group crest 10. The black dashed line points out the
shallow water limit for the mean primary frequency wave,
whereas the red dots show the trajectories of the ILW

crests.

distribution and the wave breaking onset is observed
(Figure 5). During hf waves shoaling, the crest height
grows larger than the trough depression, increasing
wave skewness, and reaching a maximum ratio of
around 1.5 before becoming unstable and breaking at
Xob- The breaking onset x,,, is obtained as the breaking
location of the highest wave in the group as described
in section 3.1. Trends in wave asymmetry/skewness are
different for varying group frequencies, which is
explained by the influence of the group frequency on
the nonlinear energy transfer from the primary compo-
nents to superharmonics and subharmonics. This link
will be further discussed in section 4.

3.3. Wave Propagation Celerity

As mentioned above, the constituent wave crests fol-
low parallel space-time trajectories s (Figure 2a), which
implies the same propagation velocity. This is validated
using the trajectory of a single wave crest as a refer-
ence to compare the relative time shift with the adja-
cent remaining crests. If the crests propagate with the
same celerity, then the relative time shift among them
must be a constant 4. In Figure 6, the water surface ele-
vation contour plot is displayed with respect to the
cross-shore location and time shift between individual
waves and the selected reference wave crest, which is
the wave crest n=10 at ¢ =0. The remaining crests
are straight lines (6=const) until they approach the
shallow water limit (black dashed line). As the individ-
ual waves travel to shallow water depths, where the
propagation celerity depends on the water depth, the
back-sided crests (top half in Figure 6) slow down,
increasing the time shift (positive ¢) with respect to the
reference wave due to the presence of lower water
depth induced by the low frequency wave trough, 7,
whereas the waves in the frontside (bottom half) speed
up travelling on locally deeper areas around the ILW
crest (red dots). These differences in individual wave
celerity in shallow water caused by the variations in
water depth and velocity induced by long waves have
already been observed by Tissier et al. [2015]. The intra-
wave variability of celerity can modify the wave-field
considerably in shallow water inducing bore “focusing”
or “merging” as illustrated by Sénéchal et al. [2011] (i.e.,
faster bores overtake slower bores and focusing) and
will be discussed further in section 3.6. Figure 6 shows
that intrawave variability in celerity is low before reach-
ing shallow water suggesting that most of the wave
celerity differences are induced by the water depth
variations caused by the long wave presence, which
grows with decreasing water depth. This influence
seems larger than any wave celerity variability induced
by differences in wave height or amplitude-dispersion
[Thornton and Guza, 1982].
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Figure 7. Additional phase shift Ay between the group structure and the ILW, above the expected n-shifted phase typical from the equi-
librium solution. ILWs lag behind the groups for positive values of Ay. The present cases show the longest and shortest groups for series A
(blue circles), B (red squares), and C (green triangles).

3.4. Phase Lag of the If Waves

The dynamics of the If motions associated with the wave groups will be illustrated in this section. The ILW
celerity has been computed by the cross-correlation functions Ryw uw. A growing propagation time-lag is
observed between 1, (the cumulative propagation time of the ILW) and 14, (the theoretical propagation
time associated with the group structure), where the ILW lags behind the groups as they propagate to shal-
lower water. The relative phase shift iy between ILW and the wave group structure is obtained as
Y =mn+2nfy(tuw—1gp), and the additional phase shift with respect to the theoretical = value as Ay=y—x.
Figure 7 shows the cross-shore variation of the additional phase shift Ay. Close to the wave-maker, where
an equilibrium situation is expected,  ~ © which means that the ILW and the group structure are in anti-
phase. After hf wave breaking and when approaching shallow water depths, the additional phase shift
decays. This may be due to nonlinearities in this region which also affect the separation method. More
importantly, during hf wave shoaling, { separates from = strongly as the group frequency decreases.

3.5. Nonlinear Energy Transfer

Nonlinear energy transfer between harmonics will be examined using a higher-order spectral technique
accounting for triad interactions. The shortest (C-7) and longest (C-3) wave group modulation of series C
will be analyzed. Similar behavior was observed for series A and B but series C showed more energetic
low frequency components which helped to better explain the observed behavior. Figures 8 and 9
gather the spatial evolution of the high and low frequency components for wave conditions C-1
([f;,f] = [0.686 Hz, 0.514 Hz]) and C-3 ([f;,f,] = [0.624 Hz, 0.576 Hz]), respectively. Plot a, in both cases,
shows a contour plot of the cross-shore and frequency spectral distribution. Initially, close to the wave
paddle, the spectral energy is dominated by the target primary frequencies (f; and f,), around f,=0.6 Hz.
During wave group propagation, high and low frequency components arise as a consequence of triad
interactions. Whereas superharmonics grow quickly during hf wave shoaling, they also dissipate during
hf wave breaking (dashed black line denotes the breaking onset). After hf wave breaking, the remaining
energy is dominated by subharmonic components. The energetic growth of these higher-order compo-
nents may be noticeable up to the third order for some cases [Johannessen and Swan, 2003], but in this
work we mainly focus on nonlinear interactions up to the second order (sum-interaction, difference-
interaction, and self-interaction terms).

Plots b and c present the cross-shore amplitude evolution for the high and low frequency components,
respectively, comparing them to the evolution of the primary components, f; and f5. In the vicinity of the
wave-maker, the primary components concentrate more than 98% of the spectral energy content, which
progressively decreases as they travel shoreward and transmit energy to higher and lower frequency com-
ponents. Both plots display the measured amplitudes at different frequency components (Md) and the com-
puted ones (Cp) based on equation (6). Furthermore, the ingoing and outgoing amplitude obtained from
the separation procedure (Sp) at f, (ILW and OFLW) are also shown, where the separated OFLW is compared
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Figure 8. Plot a shows the cross-shore distribution of power spectra density at different frequency components for the case C-1 ([f;,f,] = [0.686 Hz, 0.514 Hz]). The black dashed line
denotes the breaking onset. Plots b and ¢ gather the cross-shore amplitude evolution of components belonging to the high and low frequency domain, respectively. Therefore, the
amplitudes measured from the data (Md) are compared to the computed (Cp), separated (Sp), and theoretical (Th) ones. Finally, plot d presents the energy fluxes to(+)/from(—) the
primary waves from(—)/to(+) the rest of their triads; and to(+)/from(—) the ILW from(—)/to(+) the rest of the frequency domain F. The brown shaded region represents the breakpoint
excursion. 3,=0.104 for this case.
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Figure 9. Plot a shows the cross-shore distribution of power spectra density at different frequency components for the case C-3 ([f;,f,] = [0.624 Hz, 0.576 Hz]). The black dashed line
denotes the breaking onset. Plots b and ¢ gather the cross-shore amplitude evolution of components belonging to the high and low frequency domain, respectively. Therefore, the
amplitudes measured from the data (Md) are compared to the computed (Cp), separated (Sp), and theoretical (Th) ones. Finally, plot d presents the energy fluxes to(+)/from(—) the
primary waves from(—)/to(+) the rest of their triads; and to(+)/from(—) the ILW from(—)/to(+) the rest of the frequency domain F. The brown shaded region represents the breakpoint
excursion. f3,=0.339 for this case.
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to its linear theory cross-shore evolution (Th). No dissipation term (Hgs ¢ ~ 0) has been considered for com-
puting any component but for the primary ones (f; and f,) only.

Overall, the second-order components are well explained in terms of nonlinear triad-interaction energy
exchanges until the wave breaking onset. For the wave condition with the larger group frequency (C-7) and
within the hf domain (Figure 8b), the higher growth is in general observed by the self-self interaction compo-
nent of f, ({f,,f,} — 2f,), whose maximum is reached just before the wave breaking onset. At the same time,
the energy budget associated with 2f; remains remarkably low compared to 2f,, whereas the sum term 2(f; +
f,) reaches its maximum amplitude far outside the surf zone. Likewise, in the If domain (Figure 8c), the ILW
grows considerably during hf wave group shoaling, reaching a maximum energy content at the onset of the hf
wave breaking (Figure 8c) where the shallow water limit is not reached yet. After hf wave breaking, the If ampli-
tude reduces but other If components (2f;) still grows. Shoreward x ~ 5 m the ILW and 2f; component reduces
considerably to reach an almost zero amplitude at the shoreline. This reduction in If amplitude close to the
shoreline is not explained by nonlinear frequency interactions (see Figure 8c separated Sp and computed Cp).

The nonlinear energy flux attributed to each component is illustrated in Figure 8d. This energy contribution
varies during propagation and depends on the involved frequency components. Therefore, positives fluxes
mean that f,, f;, and f, receive energy, whereas negative ones imply a transfer of energy from those to the
rest of the triad. Particularly, the balance over f; accounts for the resultant balance throughout all the triad
interactions where fg is involved (this is simplified in the legend as the whole frequency domain F). In fact, it
may be seen that the f; component is the main energy supplier and responsible for the ILW enhancement
(blue line in Figure 8d). According to that, the maximum ILW amplitude is reached at the same place where
f; transfers its highest energy content. The differential transfer of energy from the primary frequencies to
the If domain illustrates the selective loss of energy for f; compared to f, as previously reported by Baldock
et al. [2000] and Alsina et al. [2016].

The wave condition (C-3), illustrated in Figure 9, is characterized by a lower group frequency (longer wave
groups) than C-1 (Figure 8). There are small differences in the growth of the 2(f; +f,) component which
presents a maximum close to the surf zone, a slightly smaller growth of 2f, and also slightly larger growth
of 2f; for the case with the lower group frequency C-3. However, the most distinguishing feature is a consid-
erable smaller decay of the f; component (f, also shows a slightly smaller decay). In the low frequency
domain, a smaller growth of the ILW is observed in Figure 9c consistent with the smaller decay of f;. The
ILW does not reach a clear maximum at the breaking locations as for case C-7 but increases slightly in ampli-
tude across the breaking region and reduces in amplitude after the breaking location of the smallest hf
waves indicating the loss of the group modulation. Also for C-3, the maximum combined [f;, f>] contribution
is again reached at the breaking onset but after that, they still supply energy with a lower rate which
explains a gentle ILW growth along the surf zone. In general, throughout the studied cases, the breaking
onset is an inflection point in the ILW growth due to the dissipation of primary components by hf wave
breaking. Within the surf zone, the ILW may either keep growing with a lower rate for larger wave group
periods or just decrease for smaller wave group periods.

The overall behavior of high and low frequency components during wave group propagation is summa-
rized in Figure 10 for all tested wave conditions. The cross-shore distribution of the maximum hf wave enve-
lope (top figures) and the absolute growth of the ILW (bottom figures) are illustrated for wave series A in
Figures 10a and 10d, B in Figures 10b and 10e; and C in Figures 10c and 10f. The absolute growth is
expressed as the ILW height (H,.y) difference at any cross-shore location with respect to the initial one
(Hiw x,) close to the wave paddle. Hyw x, is provided in Figure 11a compared with the equilibrium solution
Hyw over a flat bed proposed by Longuet-Higgins and Stewart [1962]. This comparison is achieved 3 m away
from the wave paddle, in the deepest region where a flat bottom is deployed along 1.5 m. Other authors
such as Baldock et al. [2000] or Alsina et al. [2016] have validated this second-order solution with a satisfac-
tory fit around 8=H/LW/F//LW ~ 1. However, for our simulations, since this flat bottom length represents
between 7% and 50% of the running ILW wavelength for the longest and shortest groups, respectively, the
equilibrium second-order solution may not be fully developed. Consequently, the theoretical solution
underestimates the energy at the group frequency by approximately 33%, or alternatively, € raises to 1.5.

For a given mean primary frequency f,, the hf wave envelope maxima show (Figure 10) a larger growth as
the group frequency decreases (increasing wave groups length) consistent with the larger growth of wave
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Figure 10. Cross-shore distribution of the (top plots) hf wave envelope maxima and (bottom plots) ILW height growth. The dots mark the breaking onsets for each wave case, whereas
the black dashed line indicates where the shallow water limit is reached. The spatial domain has been plotted in log-scale to enhance the surf-swash region and has also been modified
as x* =x+3 to include swash areas beyond the shoreline.

asymmetry and skewness illustrated in Figure 5 and, thereby, producing a breaking onset in larger water
depths. On the contrary, the ILW behavior shows a larger wave height growth up to the breaking onset as
the group frequency increases. This is consistent with the increasing phase-lag between the wave group
structure and the ILW for increasing group frequencies as shown in Figure 7. After the onset of hf wave
breaking, an important ILW height decay is observed for high group frequency conditions (short-wave
groups, see cases A-1, A-2, B-1, B-2, and C-1). For these wave conditions, the wave group modulation is lost
over a narrow breaking region due to the small breaking excursion induced by the group modulation. The
long wave amplitude at the shoreline is minimal for these wave conditions. However, for wave conditions
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Figure 11. Plot a compares the initial measured ILW height (Hyw x,) with the equilibrium solution (FI,LW‘XO), close to the wave-maker. Plot b gathers the ILW growth rate during hf wave
shoaling («) as a function of the normalized bed parameter f,. Plot ¢ presents the reflection rate R of the ILWs in the nearshore areas in terms of f3;;.
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with low group frequency (long wave groups), the ILW demonstrates a limited growth after the hf breaking,
associated to a larger breaking area, a progressive reduction in the wave group modulation, and the pro-
gressive reduction in the primary waves contribution to the group frequency shown in Figure 11c. The loca-
tion of ILW dissipation does not coincide with the onset of hf breaking, but rather occurs close to the
shoreline, after the breaking of the smallest hf waves in the group.

The ILW behavior as it travels with the incident hf wave groups is presented in Figure 11. Van Dongeren
et al. [2007] evaluated the growth rate of the ILW by fitting a function of local depth with an unknown
power o of the water depth, as Hyw o< h™%, using experimental data and numerical simulations. They
observed this value of o always to be below 2.5, defined as the maximum theoretical “shoaling” law for
bound waves over a sloping bottom, and above 0.25 (Green’s law), typical for free waves during shoaling.
Overall, our data confirms that the ILW height growth increases with the group frequency for the gentle
slope tested in the present experiments (Figure 11b). Extending this finding to a larger range of wave group
frequencies, the results agree with the o values presented by Van Dongeren et al. [2007], where the growth
rate becomes weaker for increasing f.

3.6. Low-Frequency Energy Dissipation After High Frequency Wave Breaking

From Figures 8 and 9 (plot ¢) and Figure 10, the ILW energy is observed to decay strongly in the nearshore
areas for the wave conditions with higher group frequency, whereas for the cases with lower group fre-
quency, a remarkable percentage of the ILW energy is conserved and reflects at the shore to travel seaward
as an Outgoing Free Long Wave (OFLW). Consequently, the reflected waves (OFLWs) are more energetic as
the group frequency decreases since the amplitude of the ILW and OFLW is very similar around x = 0 (Fig-
ure 9¢). As the definition of the reflection coefficient R is influenced by the location at which it is defined,
being influenced by both the varying incoming and outgoing components, in this work, we have defined a
more convenient variable D. This accounts for the ratio of ILW dissipation across the surf zone and reflection
at the shoreline as:

D=AHuw /Hiw xpp » (14)

where AHyy is the difference between Hy,y at the breaking onset x,;, and Hy,y at the shoreline. This variable
may be easily related to the reflection coefficient used in previous works [Battjes et al., 2004; Van Dongeren
et al., 2007; de Bakker et al., 2014] as D=1—R. Accordingly, similar results are achieved in Figure 11c com-
pared to the presented ones in Van Dongeren et al. [2007]. Plot c gathers the reflection coefficient for the
tested cases compared to the nondimensional parameter f3; in deep water that accounts for the steepness
of the beach (slope) relative to the initial steepness of the ILW. Figure 11c confirms that shorter groups
(groups with the lower number of constituent crests) undergo a lower reflection, or alternatively, higher If
dissipation across the surf zone. The reflection coefficient is almost null (R ~ 0) for the cases with higher
group frequency and increases to about 1 for those with lower group frequency. The data tends to follow
the relation between the reflection coefficient and the surf similarity parameter R=0.1¢2, found by Battjes
[1974] and plotted in solid blue line. Actually, our data agrees with Battjes [1974] and Van Dongeren et al.
[2007] yielding a transition point at §; =~ 1.25, where dissipation is no longer expected for longer groups.

The analysis of the If energy dissipation close to the shoreline for wave conditions with higher group fre-
guency shows a growing importance of the self-self interaction of the wave group frequency component
(see Figure 8c). For the case C-1, the component 2f; exhibits a larger energy growth of around 3 times
higher than in case C-3. When the group is composed of three short waves only, it is observed that
2fg=f,—fg. This implies that 2f; is at the same time a superharmonic of f; and subharmonic of the triad
interaction composed by f,,f;. Therefore, its energy gain is larger. This statement may be analytically
proven using the definition of f, in terms of the group frequency, f;:

f=f—1g/2, (15)
and using equation (2) to replace f,=f; (n+1/2). As a result,
fr=n-fy, (16)

and particularly for n = 3, f,=2f;+f,. In Figure 8¢, (C-1) can be observed that the amplitudes of f; (black)
and 2f, (grey) reach a similar maximum value, which is not the case for C-3 (Figure 9c). Van Dongeren et al.
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Figure 12. Identification of the additional breaking event (red circle) not belonging to the varying crest-breaking points (black dots) for the case C-1. Plot a shows the water surface ele-
vation contour plot in terms of the relative time delay 6 among crests, where the wave convergence in the limit between consecutive groups is evident. The wave belonging to the front
side of the group (3) speeds up chasing (0) in the surroundings of the ILW crest (red dots). Plots b-g present the sequence of lab-pictures that record the process.

[2007] roughly mentioned the importance of f,—f; in the lee side of If waves. With the present data, the
fact that 2f;=f, —f; shows a direct implication of the interaction between primary wave components and If
components in the increasing If wave steepness, such that, this LW becomes unstable and eventually break
as Van Dongeren et al. [2007] suggested.

For case C-1, Figure 12 presents the water surface contour plot distribution with the cross-shore location
and time-lag with respect to a central grouping crest n =2 and an isolated If wave breaking event (at the
red circle). This wave condition is initially characterized by 3-4 individual waves per wave group. The wave
crest n = 3 travelling nearly at the crest of the If motion when arriving to shallow water conditions is shown
to speed up while wave crests n =0 and n = 1, travelling with the trough of the If motion are shown to
slow down. Wave crest n = 3 reaches wave crest n =0 at the red circle marked location, focusing in the
vicinity of the crest of If components (ILW and 2f,). As a result, an isolated If wave breaking event is illus-
trated at the area marked with a red circle at approximately x = 5.5 m. The sequence b-g shows the individ-
ual wave crests while focusing. Immediately after, the If wave is shown to break (Figure 12g). This latter If
breaking point is consistent with the 2f; decay after reaching a maximum around x =5 m as illustrated in
Figure 8c.

4, Discussion

Nonlinear energy transfer between frequency components in the form of second-order triad interactions
causes the growth of both superharmonics and subharmonics of the primary components. In the hf
domain, the group frequency has been shown to influence the behavior of the primary components and
their superharmonics.

In the shoaling zone, the wave groups with low group frequency experience a slightly larger growth of
their superharmonics (2f;, f; +f,) compared to wave groups with high group frequency, and more impor-
tantly, a smaller dissipation of the primary frequency components, in particular f;. This trend, a reduced
decay of f; for decreasing group frequency, has already been reported by previous authors [Baldock
et al., 2000; Alsina et al., 2016] and may only be attributed to nonlinear transfers of energy to superhar-
monics (i.e, 2f;, 2(f+£)) and If components (f,). As the groups travel shoreward, it is difficult to assess
which frequency component contributes more to the wave skewness since the wave shape is the result
of the contribution of all the harmonics and superharmonics. Nevertheless, it is clear from the present
experiments that the group frequency f, results in a good descriptor of these nonlinear exchanges of
energy and their further implications in hf wave skewness and eventual breaking. A clear tendency of
low group frequency wave conditions to promote a larger growth in the wave skewness has been
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observed, whose immediate consequence is an earlier breaking onset. The presented results are consis-
tent with previous analysis of random wave conditions [Norheim et al., 1998; Rocha et al., 2017] showing
an increase in hf wave asymmetry when the spectral bandwidth is narrowed (which leads to longer
wave groups). Norheim et al. [1998] attributed this to the fact that sum and difference interactions tend
to cancel in broad spectrum conditions. The group frequency controls the group modulation and the
nonlinear energy transfer to superharmonics (2f;, 2f,, f; +f,,...) that contributes to the wave asymmetry.
Moreover, the group frequency also influences the energy transfer to low frequency components and
the consequent decay of primary components also affecting to the wave asymmetry. The present data
show that a larger growth of If waves (i.e., ILW) is accompanied by a loss of horizontal hf wave asymme-
try or amplitude. Previous works [Baldock, 2012; Alsina et al., 2016] have already suggested this link
between high and low frequency energies. The influence of the wave group modulation in wave skew-
ness and breaking has important implications in coastal morphology as shown in Alsina et al. [2016].
Therefore, long wave groups (low group frequency) induced earlier wave breaking and a breaker bar
located at further seaward locations. A modification of the Iribarren number, equation (13), has been
proposed to account for the influence of the wave group modulation on the hf wave breaking parameter
7. However, the applicability of equation (13) to random wave conditions where wave group modulation
occurs over a wide range of group periods requires further investigation.

In the If domain, the presented influence of the wave group frequency on the growth of the ILW (which
travels bound to the group structure before hf wave breaking) is consistent with previous works [Battjes
et al., 2004; Van Dongeren et al., 2007], showing a clear growth dependence on the parameter f5, when the
primary wave forcing is nonresonant (as in the present study). Based on the present work, f; is in general
the main energy supplier to f;. Therefore, a larger decay of f; for large group frequency wave conditions
(low values of f3,) is likely to have a larger contribution to the growth of the ILW. Since the ILW growth and
its time-lag behind the hf wave structure are physically related, the influence of the group frequency on Ay
has been illustrated. Increasing the difference frequency (decreasing f3,, for the given beach slope) results in
larger phase lags, consequently associated to a larger ILW enhancement. With the present data, the varying
breakpoint generation [Symonds et al.,, 1982; Symonds and Bowen, 1984] was not observed. Baldock et al.
[2000] suggested that the breakpoint mechanism becomes ineffective when the breakpoint excursion Ax,
becomes larger than a certain fraction (0.2-0.3) of the long-wave wavelength. This was always the case for
the present experimental conditions (not shown).

In the surf zone, hf wave modulation is reduced due to short-wave breaking and, therefore, the primary
wave forcing is reduced. For wave cases of low group frequency (long groups), this results in only a slight
reduction in If wave amplitude as a consequence of, both, the progressive reduction of the forcing from pri-
mary waves components, and nonlinear energy transfer from the group frequency to hf components. The
remaining If energy is reflected at the shore and a fairly good correlation between the incident and outgo-
ing If energy at the shoreline has been observed. The nonlinear energy transfer model seems to reproduce
part of this behavior of energy transfer from If components to superharmonics, at least within the surf zone.
This is consistent with the works of Thomson et al. [2006] and Henderson et al. [2006]. Their finding of full
reflection from the shoreline is consistent with our observations for the low group frequency (long wave
groups) wave conditions. In contrast, for the high group frequency conditions, a considerably larger reduc-
tion in If amplitude has been observed, which is not explained by nonlinear energy transfer to higher
frequencies.

The analysis presented in this paper is therefore consistent with previous studies [Van Dongeren et al., 2007;
de Bakker et al., 2015, 2016a; Battjes et al., 2004] suggesting If wave breaking as the mechanism behind the
sharp reduction in ILW amplitude. In Van Dongeren et al. [2007] and de Bakker et al. [2016a,2016b], they
attributed the If wave breaking to the growth in asymmetry of the If wave due to self-self interaction
({fg, fg} — 2f,). However, the results presented in this paper suggest that for a decreasing number n of
short waves forming the group, the component 2f; also becomes a subharmonic of the coupling between
primary wave and the wave group components. Therefore, the growth of If wave height and asymmetry in
the nearshore areas (surf zone) is partly explained by wave group frequency self-self interaction, and partly
by nonlinear coupling between primary wave components and the wave group frequency. Visually, this is
explained as hf broken waves focusing (reported as bore-bore capture of short waves [Sénéchal et al., 2001;
Van Dongeren et al., 2007] or bore merging [Tissier et al, 2015]) at the crest of the If wave motion
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destabilizing the If wave and eventually breaking. The probability of this If breaking happening, as
described in this paper for the particular case n = 3, tends to be reduced in groups composed of an increas-
ing number n of short waves. This behavior is consistent with the influence of 3, in the shoreline reflection
coefficient R [Battjes et al., 2004; Van Dongeren et al., 2007] or ILW dissipation at the shoreline D presented
here.

5. Conclusions

A detailed analysis of new experimental data for the propagation of bichromatic wave groups on a very
gentle beach slope has been presented. The use of a gentle beach profile (1:100) with a high cross-shore
wave gauge resolution provides a detailed analysis of nonlinear energy transfer between frequency compo-
nents over a very long shoaling region. In this work, different wave conditions were generated to account
for the influence of the group modulation on the hf and If wave dynamics.

The individual wave tracking has shown a varying breakpoint location oscillating with the wave group fre-
quency and whose amplitude affects the surf zone width. Longer wave groups (low group frequency) have
shown a longer breakpoint excursion and their breaking onsets move seaward compared to the shorter
wave groups. This is explained by the increasing growth of hf wave skewness during wave group shoaling,
inducing an earlier hf wave breaking for low group frequency wave conditions. The different behavior of
wave skewness among the studied cases is partly explained by the nonlinear energy transfers from the pri-
mary wave components to superharmonics, and partly by the transfer of energy to subharmonics, where a
larger decay of the primary wave components is observed for larger group frequency wave conditions, lim-
iting the contribution of the primary waves to the skewness.

The influence of the wave group frequency in the hf wave breaking is also observed in the hf wave height to
water depth ratio y, which is shown to increase with the group frequency. The y coefficient computed for indi-
vidual waves was shown to describe the breaking sequence remarkably well (R> > 0.91). Traditional models
estimate y using the Iribarren number &, which does not account for variations in the group frequency. There-
fore, a modification to the Iribarren number has been proposed in this work, to account for that influence as
expressed in equation (13). The proposed formulation for y displays a good correlation with the presented data.

The growth of the ILWs in the shoaling region has confirmed previous studies in terms of amplitude and
phase evolution [Janssen et al., 2003; Battjes et al., 2004; Van Dongeren et al., 2007]. An accurate measure-
ment of the phase shift Ay, of the ILW lagging behind the hf wave structure in the nearshore areas has
been achieved. The increasing phase-lag Ay, as the wave group frequency f; increases, matches the ILW
growth under the same conditions.

After hf wave breaking, the wave group frequency is shown to have a large impact on the If wave dissipa-
tion. For low group frequency conditions, the hf wave modulation decay occurs over a wider surf zone, pri-
mary wave forcing still persists in the surf zone and the If wave decay is small and caused by nonlinear
energy transfer from the wave group frequency to higher frequencies. The remaining If energy reflects at
the shoreline. However, for large group frequency wave conditions, the If wave decay is stronger and can-
not be explained by energy transfer to higher frequencies. In this case, the If wave seems to turn unstable
in the inner surf zone due to the enhancement of If components that are simultaneously superharmonics of
fq (self-self interaction) and subharmonics of triad interactions between the primary waves and the wave
group frequency (2f;=f,—f,). In the latter case, If wave breaking has been observed.

Acronyms

hf high frequency

HOS higher-order spectra

ILW Incident Long Wave

IFLW  Incident Free Long Wave
If low frequency

OFLW  Outgoing Free Long Wave
ShWL  shallow water limit
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