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ABSTRACT

A high-resolution dataset of three irregular wave conditions collected on a gently sloping laboratory beach
is analyzed to study nonlinear energy transfers involving infragravity frequencies. This study uses bispectral
analysis to identify the dominant, nonlinear interactions and estimate energy transfers to investigate energy
flows within the spectra. Energy flows are identified by dividing transfers into four types of triad interactions,
with triads including one, two, or three infragravity—frequency components, and triad interactions solely
between short-wave frequencies. In the shoaling zone, the energy transfers are generally from the spectral
peak to its higher harmonics and to infragravity frequencies. While receiving net energy, infragravity waves
participate in interactions that spread energy of the short-wave peaks to adjacent frequencies, thereby cre-
ating a broader energy spectrum. In the short-wave surf zone, infragravity—infragravity interactions develop,
and close to shore, they dominate the interactions. Nonlinear energy fluxes are compared to gradients in total
energy flux and are observed to balance nearly completely. Overall, energy losses at both infragravity and
short-wave frequencies can largely be explained by a cascade of nonlinear energy transfers to high frequencies
(say, f > 1.5Hz) where the energy is presumably dissipated. Infragravity-infragravity interactions seem to
induce higher harmonics that allow for shape transformation of the infragravity wave to asymmetric. The
largest decrease in infragravity wave height occurs close to the shore, where infragravity—infragravity in-
teractions dominate and where the infragravity wave is asymmetric, suggesting wave breaking to be the
dominant mechanism of infragravity wave dissipation.
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1. Introduction

When short (2-20s) ocean surface waves travel to
shore, their shape transforms from (nearly) sinusoidal
into skewed with peaked crests and flat troughs. In
shallow water the wave shape becomes asymmetric with
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increasingly pitched forward crests that ultimately break
in the surf zone. These shape transformations take place
because of energy transfers between three wave com-
ponents, often referred to as nonlinear triad interactions
(Elgar and Guza 1985). Through such interactions en-
ergy is initially transferred from pairs of wave compo-
nents (frequencies fi and f,) near the dominant spectral
peak f, to higher frequencies by sum interactions
(fi + f2 =13); typically, fi =~ f> =~ f, and f3 ~ 2f,,. Closer to
the shore energy is also transferred to higher harmonics
of f,. Coincident with the shape transformation of the
incident ocean waves, difference interactions (f; — f> = f3)
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also transfer energy to infragravity waves (e.g., Herbers
et al. 1994). Infragravity waves, longer (20-200s) period
waves, may be important for the erosion of beaches (e.g.,
Russell 1993) and dunes (Van Thiel de Vries et al. 2008)
during storms. They are bound to the short-wave groups
with a 180° phase difference (Longuet-Higgins and Stewart
1962), and have the same wave period and wavelength as
the group. During the breaking of the short waves, the
coupling between the short-wave group and the in-
fragravity waves disappears (e.g., Ruessink 1998). The in-
fragravity waves then propagate toward the beach as free
waves and generally reflect from the shoreline to form
cross-shore standing waves (e.g., Guza and Thornton 1982).

Studies on nonlinear interactions have thus far con-
centrated mostly on the short-wave frequency band of
the energy spectrum. The offshore wave conditions,
such as wave height, peak period, and directional
spread, together with the local water depth and beach
shape have been observed to influence the strength, di-
rection, and involved frequency range of energy trans-
fers within a wave field (e.g., Hasselmann et al. 1963;
Elgar and Guza 1985; Herbers et al. 1994; Herbers and
Burton 1997; Norheim et al. 1998). Although these
variables are known to influence interactions including
infragravity wave frequencies as well (e.g., Elgar and
Guza 1985; Herbers et al. 1995; Norheim et al. 1998),
overall interactions involving infragravity wave fre-
quencies have received considerably less attention than
interactions involving short-wave frequencies.

In recent years, a number of studies including field
(e.g., Ruessink 1998; Sheremet et al. 2002; Henderson
et al. 2006; Sénéchal et al. 2011; Guedes et al. 2013; De
Bakker et al. 2014) and laboratory experiments (e.g.,
Battjes et al. 2004; Van Dongeren et al. 2007) as well as
numerical modeling (Van Dongeren et al. 2007; Ruju
et al. 2012) have shown that incoming infragravity waves
can lose a considerable fraction of their energy close to
shore. Henderson et al. (2006) and Thomson et al.
(2006) attributed this energy loss to nonlinear energy
transfers from infragravity frequencies back to short-
wave frequencies and/or their higher harmonics. At
their field sites, the beaches were steep to mild sloping
(=~1:15 and 1:50, respectively), and infragravity energy
levels were small compared to short-wave energy levels.
Nonlinear interactions including infragravity frequen-
cies were stronger during low tide when the beach shape
was convex than during high tide when the beach shape
was concave. These stronger interactions were probably
because of the relatively longer time that the waves are
in shallow water while propagating over a convex pro-
file, compared to a concave profile (Thomson et al.
2006). Guedes et al. (2013) also observed nonlinear
energy transfers from infragravity waves to higher
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frequencies (f ~ 0.15-0.5Hz) on a gently sloping beach
(=1:70), where infragravity energy was much stronger.
However, these transfers were too small to explain the
large energy loss observed at infragravity frequencies in
the near shore. Several other laboratory and field studies
(Battjes et al. 2004; Van Dongeren et al. 2007; Lin and
Hwung 2012; De Bakker et al. 2014) observed particu-
larly large infragravity energy losses very close to the
shoreline and ascribed it to the breaking of the infragravity
waves themselves. This breaking was seen to be the con-
sequence of infragravity—infragravity interactions that lead
to the steepening of the infragravity waves and the de-
velopment of “borelike” infragravity wave fronts, which
become unstable and break. Ruju et al. (2012) suggested
that both nonlinear energy transfers back to short waves
and the breaking of the infragravity wave might each play
a part in the observed infragravity wave energy dissipation.
In the outer short-wave surf zone, where short-wave fre-
quencies still dominate the water motion, the infragravity
waves were predicted to transfer energy back to short
waves through triad interactions. Close to the shoreline,
the infragravity wave energy was predicted to dominate
and be dissipated because of the steepening up of the in-
fragravity wave by infragravity—infragravity interactions,
causing the wave to become unstable and break. Despite
all these research efforts, energy transfers and energy
dissipation involving infragravity waves in the surf zone
remain poorly understood.

In the present work, we analyze a high-resolution
(both in space and time) dataset of irregular wave con-
ditions collected on a small-scale, fixed, 1:80 laboratory
beach and focus on nonlinear energy transfers involving
infragravity frequencies. In section 2, we introduce our
dataset and describe the bispectral analysis and nonlinear
energy transfer equations. In section 3, we use bispectral
analysis to demonstrate typical trends in the nonlinear
interactions. More specifically, we investigate the domi-
nant energy flows within the spectra by dividing the
transfers into four different types of triad interactions,
with triads including one, two, or three infragravity—
frequency components and triad interactions solely be-
tween short-wave frequency components. In section 4, we
compare the nonlinear energy fluxes with the gradients in
total energy flux, discuss infragravity wave dissipation,
and explore the similarities of our laboratory findings
with recent field data from a gently sloping beach. We
summarize the main findings in section 5.

2. Methods
a. Laboratory experiments

The laboratory dataset analyzed in this study was
obtained during the Gently Sloping Beach Experiment
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FIG. 1. Elevation z vs cross-shore distance x in the Scheldegoot during the GLOBEX project. Here,
x = 01is the location of the wave maker at rest, and z = 0 corresponds to the still water level. At x =
84.6 m, the still water level intersected with the bed. The 190 dots are the positions of the wave gauges,
the 43 circles are the positions and heights above the bed of the electromagnetic current meters.

(GLOBEX) project (Ruessink et al. 2013). The experi-
ments were performed in the Scheldegoot in Delft, the
Netherlands, in April 2012. The flume is 110m long, 1 m
wide, and 1.2m high and has a piston-type wave maker
equipped with an active reflection compensation (ARC) to
absorb waves coming from the flume and hence prevent
their rereflection from the wave maker. A fixed, low-
sloping (1:80) concrete beach was constructed over al-
most the entire length of the flume, except for the first
16.6 m that were horizontal and where the mean water level
was 0.85m (Fig. 1). At the cross-shore position x = 16.6m
(x = Om is the wave maker position at rest), the sloping bed
started and intersected with the mean water level at x ~
84.6m. As detailed in Ruessink et al. (2013), the ex-
perimental program was composed of eight wave condi-
tions. Here, we will focus on the three irregular wave
cases: an intermediate energy sea wave condition (A1; Hy
= 0.1m; T, = 1.58s), a high energy sea wave condition
(A2; Hy = 02m; T, = 2.255), and a narrowbanded swell
condition (A3; Hy; = 0.1m; 7, = 2.255). All wave paddle
steering signals included second-order wave generation
(Van Leeuwen and Klopman 1996) and were based on
a Joint North Sea Wave Project (JONSWAP) spectrum
with a peak enhancement factor y of 3.3 for A1 and A2 and
20 for A3. Each condition had a duration of 75 min with 21
wave gauges and five flow meters sampling at 128 Hz, fol-
lowed by a rest period of about 15min. After all wave
conditions were completed, most instruments were re-
positioned and the conditions were repeated with the same
wave paddle signal. Altogether, the conditions were each
repeated 10 times, resulting in a total of 190 positions with
water level n data and 43 positions with cross-shore flow
velocity u data, with an instrument spacing varying from
2.2m offshore to 0.55m in the middle section and 0.37m
inshore (see Fig. 1). See Ruessink et al. (2013) for further
details and initial data processing.

b. Dataset description

Figures 2a—c show the cross-shore evolution of the
significant short-wave (Fig. 2a) and infragravity wave

(Fig. 2b) heights for the three cases, together with the
bottom profile (Fig. 2c). The separation frequencies
fic of 0.37 (A1) and 0.26 Hz (A2 and A3) were chosen
because the variance density spectra of n at the wave
gauge closest to the wave maker contained a minimum at
these frequencies. The significant wave height for both
the short-wave Hgw and infragravity wave Hjg range was
calculated as 4 times the standard deviation of the sea
surface elevation of each frequency range. As can be
seen, the short waves barely shoal and even decrease
slightly in height for cases A1 and A2. Infragravity wave
heights on the other hand increase considerably up to the
outer edge of the short-wave surf zone, from whereon
they stay constant or decrease slightly.

Figures 2d-f display the incoming and outgoing in-
fragravity waves separately for the three conditions. The
infragravity wave signals were separated in incoming and
outgoing wave signals with the Guza et al. (1984) time-
domain approach. This method uses collocated wave
gauges and velocity meters to construct surface elevation
time series of the incoming n* and outgoing n~ signals:

. n=xhlg)u
n*=7( zg) , 1)

where h is water depth, and g is gravitational acceleration.
The dependence of n on x here and in what follows is
dropped for brevity. In Figs. 2d-f, the incoming wave
heights are seen to increase until the edge of the short-
wave surf zone, similar to the total infragravity wave
signal. Further onshore the incoming wave heights de-
crease somewhat to increase again close to the shoreline
(still water line is at x ~ 84.6m). The substantial differ-
ence in incoming and outgoing infragravity wave height
near the shoreline is striking and is indicative of strong
infragravity energy dissipation in very shallow water
(~swash zone). The remaining outgoing infragravity
waves decrease in height as they propagate offshore.
Figure 3 shows the infragravity energy fluxes and
reflection coefficients. The incoming and outgoing
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FIG. 2. Significant wave height vs cross-shore distance x for (a) short waves (Hsw ) and (b) infragravity waves (Hjg ) for
A1 (black dots), A2 (light gray dots), and A3 (gray dots). (c) Bed profile. Furthermore, the significant incoming (circles)
and outgoing (dots) infragravity wave heights calculated from separated signals (following Guza et al. 1984) are shown
for (d) A1, (e) A2, and (f) A3. Visually observed locations where the highest waves started to break and the location from
where all waves were observed to break were x = 69 and 76 m for A1 (indicated by vertical dashed lines), x = 44 and 66 m
for A2, and just one location for A3, namely, x = 62 m, because of the narrowbanded spectral shape.

frequency-dependent energy fluxes F were determined
with the spectral domain separation method of Sheremet
et al. (2002):

Fj- = Nj /gh, )

L1 h h
Nf =4 [Cnnf+§cuu PE= <2ﬁ>cw}, 3)

where N is the energy, C,, is the n — u cospectrum, and
Cyn and C,, are m and u autospectra, respectively.
Summation over infragravity frequencies gives the bulk
infragravity energy flux F, . The bulk reflection co-
efficient R? is defined as the ratio of the offshore to
onshore propagating bulk infragravity energy flux
R? = F; /F,". For all three conditions, the incoming in-
fragravity energy fluxes increase up to the edge of the
short-wave surf zone and then decrease considerably
(Figs. 3a—c), varying from a decrease of about 50% for
the intermediate energy sea case A1 and narrowbanded
swell case A3 to about 65% for the high energy sea case

A2. Almost all the remaining energy is dissipated either
very close to the shoreline and/or in the swash zone,
judging from the very low reflection coefficients of ~0.1
(Figs. 3d-f).

c. Bispectral analysis

The bispectrum By, s, detects the phase coupling be-
tween the frequency components in a triad. Here, we
will introduce the bispectral analysis briefly; for a more
in-depth description of bispectra, see, for example,
Hasselmann et al. (1963) and Collis et al. (1998). The
discrete bispectrum is defined as

B

£, =E[A A, A%

7 ARG “
where E[ | is the ensemble average of the triple product of
complex Fourier coefficients A at the frequencies fi, f>,
and their sum f; + f>, and the asterisk indicates complex
conjugation. Likewise, the power spectrum is defined as

1
Pf1 = EE[A ]A}‘l]. 5)
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FIG. 3. Bulk incoming (F;, circles) and outgoing (F, , dots) infragravity energy fluxes vs cross-shore distance x for (a) A1, (b) A2, and

h s

(c) A3. Corresponding infragravity wave reflection coefficients R2 vs cross-shore distance x for (d) A1, () A2, and (f) A3. Vertical dashed lines

indicate visual breakpoint positions as specified in Fig. 2.

The normalized magnitude and phase of the bispectrum,
called the bicoherence b%,fz and biphase By, 4, provide
a normalized measure of the strength of the coupling
and the phase relationship of the interacting wave
components. They are here defined as

2
e - ©)
PP Py,
and
Im{B, .}
-
B, . =arctan| ———2— || (7)
Ity Re{B, ,}

following Collis et al. [1998, their Eq. (27)] and Kim and
Powers (1979), where Im{ } and Re{ } are the imaginary
and real part of the bispectrum, respectively. The sta-
bility of the biphase estimates is highly dependent on
bicoherence values; for low bicoherence, the biphase is
randomly distributed between 7 and —. Although re-
flection from the shore was rather low for all three
random wave cases (Figs. 3d—f); where possible, the in-
coming wave signal was used to avoid any reflection-
related noise in the bispectral analysis (e.g., Elgar and
Guza 1985). A comparison of the bispectra for the total
and incoming wave signals is provided in appendix A.

d. Nonlinear energy transfers

Assuming the reflection from the shore to be small, the
cross-shore energy flux gradient F, on an alongshore

uniform beach is balanced by the sum of a nonlinear source
term S,;, which accounts for energy transfers to and from
a frequency fand a dissipation term Sgs, which accounts for
wave breaking-induced energy losses and bottom friction
(Herbers and Burton 1997; Herbers et al. 2000):

Fos

=Sar T Sas f- 8)
In the case of flume experiments, side-wall friction may
also be important. As we observed low reflection rates
(Figs. 3d-f), Eq. (8) likely forms a reasonable approxi-
mation to the energy budget for our laboratory data. The
energy flux gradient was determined from differences in
the energy flux measured over the profile (dF/dx), where
the energy flux (Fy) for each frequency is given by Pycg.
Here, c, is the group velocity. The nonlinear source term
Sy was estimated by integrating the product of the imagi-
nary part of the surface elevation bispectrum By ;, and
a coupling coefficient. Various approximations of the
coupling coefficient have been introduced, ranging from
the Boussinesq scaling (e.g., Herbers and Burton 1997)
valid for resonant waves in shallow water up to the more
generalized theory (e.g., Janssen 2006), which includes
full linear dispersive effects. In shallow water during
both shoaling and breaking short-wave conditions, the
Boussinesq approximation yields reliable results
(Herbers and Burton 1997; Herbers et al. 2000; Smit
et al. 2014). Using the stochastic formulation of the
second-order nonlinear wave interaction theory of
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Herbers et al. [2000, their Eq. (4)], Sn can be determined
discretely by

377.]0 f °
Suig =7 Im{ < 2 By =2 2B ’f) } ©)

f1=0

where the imaginary part of the bispectrum represents
the energy transfers and is integrated in two parts. The
term fo:oBf’ f—f accounts for the sum interactions in
the bispectrum, and the term —ZZ;C,:OBfr,f accounts for
the difference interactions. Wave reflection is assumed
negligible in the used Boussinesq approximation of
Herbers and Burton (1997), although Henderson et al.
(2006) showed that the reflection of infragravity waves
does not invalidate the nonlinear source term approxi-
mations of Herbers and Burton (1997).

The estimate of the nonlinear source term as given by
Eq. (9) includes the energy transfers by all possible in-
teractions. To obtain better insight into the relative
importance of interactions between infragravity waves
and short waves, or between infragravity waves alone,
we separated the interactions into four different
categories with triads including either one, two, or
three infragravity frequencies or triads including only
interactions between short-wave frequencies. In the
bispectrum, this separation can be visualized as four
different zones (Fig. 4). The three involved frequencies
(fi, f2, f3) are depicted in the bispectral plane with f;
along the horizontal axis, f, along the vertical axis, and f3
as the sum of f; and f,. In zone I, interactions include
infragravity frequencies only, zone II involves two in-
fragravity frequencies and one short-wave frequency,
zone III includes one infragravity and two short-wave
frequencies, and zone IV includes solely short-wave
frequencies. The corresponding energy transfers can
be obtained by integrating Eq. (9) over each of the
bispectral zones; see appendix B for definitions. Arguably,
this separation is somewhat arbitrary in that it depends
on an artificially chosen upper limit to the infragravity
band. Nevertheless, it is seen to be a useful method to
identify the dominant energy flows within the spectrum.

e. Implementation

For the present bispectral analysis, the time series were
resampled to 10 Hz and divided into blocks of 15 min (the
total record length per simulation excluding the spinup at
the start of the simulation was 69 min). Averaging of the
bispectral estimates over 15 frequencies resulted in
a frequency resolution of 0.0167 Hz and 240 degrees of
freedom. The b? values larger than 0.158 are statistically
significant from 0 at the 95% confidence level, based on
the approximation of Kim and Powers (1979).

JOURNAL OF PHYSICAL OCEANOGRAPHY

VOLUME 45
1
\,\
’
\,\
K4
\Y) ,\'
s,\
v
1] \,~
= s v
S~ R4
’
\,\
’

fl(} ,K

n ,

,

| v I 1
K
0 £ :
0 fra 0.5 1
f (Hz)
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I contains infragravity frequencies only, zone II contains two in-
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short-wave and one infragravity frequency, and zone IV contains
short-wave frequencies only. The present figure shows the case A3,
with fic = 0.26 Hz. The black dashed-dotted line indicates the
symmetry of the bispectra. The gray dotted lines indicate the in-
tegration for an example frequency f = 0.66 Hz, consisting of three
branches, a diagonal branch for sum interactions (S};), and hori-
zontal and vertical branches for difference interactions (Sy;).

Biphases (By, ;,) were integrated over the infragravity
(B1g; zone I) and short-wave (Bgy; zone IV) frequency
bands separately and combined ( B sw; zone II and
III) as

Im B
£,=0 ffo{ )

By = arctan (10)

fi fig '
Re{z Z{B{’fz}}
0 0

{ 2§Z 2§z }
Im {B, .}
156 15,

2Hz 2Hz

Re{ ¥ 3 {Bl,fz}}
fi=te fi=ha '

Bgw = arctan

(11)

and

2Hz f|c,
Im{ DI {B',fz}}
fi=he £,=0 ]

Big sw = arctan (12)

2Hz fi6
Re{ ¥ z{Bl,fz}}
fi=he /=0
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FIG. 5. Power spectra of the incoming wave signal during A3 at
six cross-shore locations. The red line indicates the f3°¢ de-
pendence for the high-frequency tail of the spectrum (f = 2-5 Hz)
atx = 79.2 m. The vertical dashed lines indicate the positions of the
spectral peak (f = 0.44 Hz), the first harmonic (f = 0.88 Hz), and
the second harmonic (f = 1.32 Hz).

To determine the cross-shore energy flux gradient Fy,
rather than using occasionally noisy sensor-to-sensor
estimates, we estimated F, as the slope of a linear re-
gression using all flux estimates in a cross-shore window
with a width of twice the local wavelength of the off-
shore spectral peak frequency. This width varied be-
tween 5.7 and 1.0 m. On average, 16 points were used to
determine the slope. The Boussinesq source term ap-
proximation used to determine the nonlinear energy
transfers S, assumes that ki < 1, where k is the wave-
number. Although we are including rather high fre-
quencies (up to ~5Hz) where this approximation is
violated, the transfers in these off-resonant triad in-
teractions are small, and their contribution to the in-
tegrals is negligible. For our analysis, we are mostly
interested in the processes close to shore and in fre-
quencies smaller than the first harmonic of the spectral
peak (f < 0.88Hz), where kh < 1.

3. Results

Figure 5 shows the power spectra for six cross-shore
positions for case A3, from x = 25.2m near the wave
paddle to x = 79.2m, very close to the shoreline. The
results of case A3 are shown as this narrowbanded
condition has clearly distinguishable peaks in the power
and bispectrum. This facilitates interpretations of the
results compared with the two other cases that are more
broadbanded and where energy peaks and interactions
are spread over more frequencies. At x = 25.2m, a clear
peak at f = 0.44 Hz is present. In the shoaling zone, the
energy levels at the spectral peak stay more or less the
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same, but additional peaks develop due to nonlinear
interactions; one at the first harmonic (f = 0.88 Hz), and
one at infragravity frequencies (f = 0.04 Hz). In the first
part of the short-wave surf zone (x = 70.0m), the spec-
tral peak decreases strongly, while the secondary peaks
continue to develop. The energy around the spectral
peak and the first harmonic are seen to shift slightly to
lower frequencies. Deep into the surf zone (x = 75.2m)
the first harmonic decreases as well, while the in-
fragravity peak develops further. Very close to the
shoreline (x = 79.2m), the infragravity frequencies
dominate the spectrum. Here, the high-frequency
spectral tail of the spectrum (f = 2-5Hz) has a =3¢
rolloff, typical of saturation (Thornton 1979).

The imaginary part of the bispectra at those same six
locations is shown in Fig. 6. Colors indicate the direction
of the energy transfers, and color intensity is a proxy of
the magnitude of the energy transfers (for absolute
transfers the bispectral values need to be multiplied with
the interaction coefficient). Positive values at By, s, in-
dicate a transfer from f; and f, to f3, the sum frequency.
Negative values indicate a transfer from f; to f; and f;.
Figure 6a shows that close to the wave maker triad
interactions are dominated by a positive interaction around
B(0.44, 0.44), which is the peak—peak interaction trans-
ferring energy to the first harmonic at f; = 0.88Hz, and
a negative interaction near B(0.42, 0.04), with energy
transfers from f3 = 0.46 Hz to both f; = 0.42Hz and f, =
0.04 Hz. This last interaction causes the energy around
the spectral peak to shift slightly to lower frequencies as
seen in Fig. 5 (at, e.g., x = 70m) and generates in-
fragravity energy. Up to the outer short-wave surf zone,
the interactions gain in strength (Figs. 6b,c). The nega-
tive values at B(0.86, 0.04) cause the slight shift of en-
ergy around the first harmonic as seen in Fig. 5 (at, e.g.,
x = 70m) to somewhat lower frequencies and a gain at
low infragravity frequencies. Within the short-wave surf
zone, the nonlinear interactions are seen to generally
decrease in strength, although there are some exceptions
(Figs. 6d,e). For instance, interactions between the peak
and its first harmonic B(0.88, 0.44) transfer energy more
strongly to its sum f3. Interestingly, the imaginary part of
the bispectrum shows two other peaks: a negative peak
at ~B(0.36, 0.07) and a positive peak at ~B(0.45, 0.07),
indicating the infragravity wave components act as con-
duits in interactions that broaden the spectral peak. In
addition, interactions between the infragravity waves
themselves develop that transfer energy from low to high
infragravity frequencies. A few meters from the shoreline,
interactions involving short-wave frequencies disappear
entirely (Fig. 6f). From here on the bispectrum is domi-
nated by infragravity—infragravity interactions. The in-
termediate and high energetic conditions A1 and A2 show
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similar trends (not shown) in bispectral evolution as
shown for narrowband condition A3 in Fig. 6, although
with the broader band spectra, interactions are generally
weaker and spread over more frequencies. Furthermore,
bispectral values for the high energy condition A2 are
seen to be considerably stronger than for lower energy
condition A1, confirming previous studies by, for ex-
ample, Elgar and Guza (1985) and Norheim et al. (1998).

The integrated short-wave biphases Bgy for cases A1,
A2, and A3 all evolve from about zero in the shoaling zone,
indicative of a skewed wave, to a more sawtooth shaped
wave, with Bgw ~ —50° about 5Sm from the shoreline
(Fig. 7c). When Bgy are calculated using the total rather
than incoming wave signal (not shown), which allows us
to look closer to the shoreline, Bgy is seen to evolve
further to a value of —75° The largest shape trans-
formations take place in the short-wave surf zone. The
term Bgw of high energetic case A2 starts to evolve at
a location farther offshore because of the larger waves
that break farther offshore than during the other two
cases. The integrated infragravity/short-wave biphases
Big sw» calculated for the incoming wave signal, evolve
from ~180° (indicative of bound infragravity waves)
offshore to ~—90° close to shore (Fig. 7b). The gradual
decrease of By sw from 180° to about 140° in the shoaling
zone corresponds to field and laboratory observations, as

well as theoretical considerations, of a slightly larger
phase lag of the infragravity wave behind the short-wave
group (e.g., Van Dongeren and Svendsen 1997; Janssen
et al. 2003). This phase lag is necessary for energy transfer
from the short waves to the infragravity wave frequencies
to occur and allows the infragravity waves to grow in
height, with a larger phase lag allowing for stronger
transfers. The sudden shifts seen in B8y sw from about 140°
to —50° are a few meters into the short-wave surf zones
where the significant short-wave height (Fig. 2) starts to
decrease considerably. Here, the group structure disap-
pears and the coupling of the infragravity waves with the
short-wave group disappears too, as seen in De Bakker
et al. (2013) for the same dataset and reported for other
datasets (e.g., Janssen et al. 2003; Battjes et al. 2004; Van
Dongeren et al. 2007). The integrated infragravity bi-
phases B;g, calculated for the incoming wave signal, also
evolve from ~180° to about —90° (Fig. 7a), except for case
A1 where B evolves only to about —20°. The values of
—90° indicate a sawtooth shape of the infragravity wave in
shallow water, reported earlier for this laboratory dataset
by Rocha et al. (2013).

The nonlinear energy transfers Sy including sum and
difference interactions for case A3 are shown in Fig. 8 as
a function of frequency and cross-shore distance. The
four panels show transfers by triad interactions involving
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either one, two, or three infragravity frequency com-
ponents or interactions involving only short-wave fre-
quencies (as defined in appendix B). The strongest
interactions in the spectrum are the interactions be-
tween short-wave frequencies alone (S 1v; Fig. 8d). The
spectral peak loses energy along the entire flume, which
is transferred mainly to its higher harmonics. At the
edge of the short-wave surf zone, the first harmonic
starts to lose energy, and slightly farther shoreward, the
second harmonic loses energy as well. The energy lost by
the spectral peak and its harmonics are received by
a broad band of high frequencies (f > 1.5 Hz) consistent
with Herbers et al. (2000) and Smit et al. (2014). Close to
shore (x > 75m), the interactions involving short-wave
frequencies become very weak, probably caused by the
strong energy decay at short-wave frequencies in these
depths (Fig. 5). The strength of the interactions between
one infragravity and two short-wave frequencies (S r;
Fig. 8c) is slightly smaller than Sy 1v. The term Sy
represents the classic infragravity interactions where
two short-wave frequencies force a third low frequency,
here predominantly at f ~ 0.04 Hz. The slight shift of the
energy around the spectral peak and its harmonics to
lower frequencies as seen in Fig. 5 can be understood
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more clearly with the use of this figure. Energy at fre-
quencies slightly higher than the spectral peak transfer
energy to frequencies slightly lower than the spectral
peak. This trend is similar for harmonics of the spectral
peak. In the short-wave surf zone, energy is seen to be
transferred to the spectral valleys. The energy transfer to
infragravity frequencies continues until x ~ 75m, from
whereon the infragravity frequencies lose energy. Sub-
harmonic interactions between two infragravity fre-
quencies and one short-wave frequency (Sy 1; Fig. 8b)
are an order of magnitude smaller than interactions in-
cluding two or more short-wave frequencies (Spmr and
Sni1v). Transfers go from short-wave frequencies to in-
fragravity frequencies until x ~ 80 m, where the transfers
reverse and higher frequencies receive energy at the ex-
pense of the infragravity wave band. Interactions be-
tween infragravity frequencies alone start to play a role in
the short-wave surf zone (Fig. 8a), and especially from
x =~ 75m onward, the interactions grow in strength. A net
transfer is directed from the lower infragravity frequen-
cies (f < 0.15Hz) to the higher infragravity frequencies
(f = 0.15-0.26 Hz) by sum interactions.

Figure 9 compares the nonlinear source term contri-
butions of the three types of interactions including in-
fragravity frequencies (Sni1, Snir, and Spp) at four
selected locations. At x = 70.4m, interactions are still
dominated by the short-wave frequencies Sy, from
which the infragravity frequencies receive their energy.
At x = 75.2m, infragravity frequencies now lose energy
by Suim interactions, but at the same time receive en-
ergy by Sy interactions. Even closer to shore, at x =
80.3m, triad interactions between infragravity waves
alone (S, 1) become relatively important. A few meters
from the shoreline, at x = 81.5 m, those transfer patterns
increase in strength. The transfers of infragravity energy
to higher frequencies in the surf zone suggest that the
infragravity waves, as they become dominant, become
nonlinear and develop harmonics similar to the short-
wave transformation through the surf zone.

4. Discussion

Our results have offered detailed insight into the
nonlinear interactions within an irregular wave field as it
propagates over a plane-sloping laboratory beach. In
this section, we will examine what part of the total en-
ergy flux gradient can be explained by nonlinear energy
transfers and what part might otherwise be because of
dissipation by breaking or frictional losses. In this con-
text, we also address infragravity wave dissipation.
Furthermore, we will discuss similarities of the present
laboratory findings with field data recently obtained on
a gently sloping beach (De Bakker et al. 2014).
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a. Energy transport equation

Figure 10 displays the energy flux gradient (Fig. 10a)
and the nonlinear source term (Fig. 10b) versus the
frequency and cross-shore position and compares the
estimates at three locations close to and in the short-
wave surf zone (Figs. 10c—e). As can be seen, a large part
of the variation in F, is explained by Sy;. The energy
losses at the spectral peak, and the energy gain (Fig. 10c)
and subsequent loss (Fig. 10d) at the first harmonic, are
because of nonlinear energy transfers. Even close to
the shoreline, Sy, accounts largely for the trends seen in
F, (Fig. 10e), although for f < 0.1 Hz reflection disturbs
the F, signal considerably. The large gain of energy at
high frequencies in the short-wave surf zone seen in
Sn is not present in Fy, a trend reported before by
Herbers et al. (2000) and Smit et al. (2014). Appar-
ently, energy is transferred to higher frequencies
where the energy is then dissipated, instead of direct
dissipation in the energetic part of the spectrum. This
indicates that the decay of wave spectra in the surf
zone is primarily the result of nonlinear energy trans-
fers to higher frequencies and that the actual dissipa-
tion occurs in the high-frequency tail of the spectrum
(Herbers et al. 2000).

Figure 11a shows the comparison of S, and F, for
infragravity frequencies integrated over f = 0.1-0.26 Hz.
The infragravity wave energy gain throughout the
shoaling zone and energy loss close to the shoreline are
explained almost completely by the nonlinear energy
transfers. However, in between x =~ 62m and x ~ 75m,
the outer region of the short-wave surf zone, S;,; and F;
differ noticeably. A similar mismatch is observed in the
exact same region, when looking at the frequency-integrated
terms for the peak frequency (0.38 < f< 0.50 Hz) (Fig. 11b).
Although other processes might be relevant, it seems
likely that the abrupt wave transformation and sub-
sequent energy exchanges are not described completely
by the applied second-order Boussinesq approximation
and that errors in Sy, are the main source of the S, — F,
mismatch. To describe the processes in this energetic
part of the surf zone, and especially at frequencies larger
than the first harmonic where kh > 1, third- and higher-
order interactions likely need to be incorporated. A
similar mismatch was identified in Thomson et al.
(2006), who used the same interaction coefficient to
determine nonlinear energy transfers to and from in-
fragravity waves. Although some mismatch exists in the
short-wave surf zone, overall the energy losses at both
infragravity and short-wave frequencies can largely be
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explained by a cascade of nonlinear energy transfers to
the very high frequencies. At these high frequencies, the
energy is then dissipated.

Intriguingly, neither the observed bispectra (Fig. 6)
nor the deduced energy exchanges (Figs. 8 and 9) in-
dicate a considerable transfer from infragravity to short-
wave frequencies. This contrasts with the findings of
Henderson et al. (2006) who identified energy gain at the
peak frequency through interactions with infragravity
frequencies. It is important to note that we observe the
dominant reduction in infragravity wave height to take
place shoreward of our most landward used sensor
(Figs. 2d—f), where we have seen infragravity waves dom-
inate the power spectrum and infragravity—infragravity
interactions dominate the bispectrum. Infragravity fre-
quencies dominate the swash energy spectrum as well in
the present data (Ruju et al. 2014). The infragravity—
infragravity interactions induce higher harmonics that al-
low for the shape transformation of the infragravity waves.
This then leads to the steepening and asymmetric shape of
the infragravity wave (see Fig. 7a) and eventually to
breaking. These findings might indicate the presence of an
infragravity wave surf zone inshore of the short-wave surf
zone.

b. Field data

With the absence of directional spread in the labora-
tory data, the ratio of infragravity to short-wave energy
is likely to be considerably larger than in the field (e.g.,
Herbers et al. 1995). To investigate whether the rela-
tively large importance of infragravity energy in the
laboratory data alters bispectral trends, we compare our
one-directional laboratory observations with the field
observations of De Bakker et al. (2014). Bispectra were
calculated for an intermediate energy condition (off-
shore Hy = 1.5m, T,, = 4.8s, and incidence wave angle
6 = 21.2°) measured during a high tide on a 1:80 beach,
located on the barrier island Ameland, the Netherlands
(Ruessink et al. 2012). For the bispectral analysis, the
time series (sampled at 4 Hz) were processed in blocks of
15 min (total record length was 120 min). Averaging of
the bispectral estimates over seven frequencies resulted
in a frequency resolution of 0.0078 Hz and 210 degrees
of freedom. The b? values over 0.169 are statistically
significant from 0 at the 95% confidence level, based on
the approximation of Kim and Powers (1979).

Figure 12 shows power spectra of two locations in the
surf zone, with one location that is dominated by short-
wave frequencies (local spectral peak at f = 0.09 Hz,
h = 1.64m) and one location in shallower water, where
infragravity waves dominate (f < 0.05SHz, 2 = 0.97 m).
Figure 13 shows the accompanying bispectra. From
Fig. 13a, we infer that the spectral peak transfers energy
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to the first harmonic, judging from positive interaction at
B(0.09, 0.09). The negative interactions at, for example,
B(0.09, 0.03) and B(0.045, 0.04) show energy transfers from
the short-wave frequencies to infragravity frequencies.
Figure 13b shows that interactions at infragravity frequen-
cies dominate close to shore (4 < 0.97 m), and interactions
involving short-wave frequencies have disappeared, con-
sistent with our laboratory observations.

Opverall, our laboratory results for three irregular
wave fields progressing over a gently sloping laboratory
beach, and the Ameland field observations, all show that
dominant wave interactions close to shore are among
infragravity frequencies, and the infragravity motions
are largely dissipated near the shoreline with very little
reflection. These results differ from the infragravity
wave evolution observed on steeper beaches (Elgar
et al. 1994; Henderson et al. 2006; Thomson et al. 2006)
that is characterized by strong shoreline reflection and
energy transfers back to the incident short waves.

Additional data collection and numerical modeling are
necessary to investigate the effect of the beach slope
and beach shape on the strength of nonlinear in-
teractions involving infragravity waves. The presence
of a sandbar might, as suggested by Norheim et al.
(1998), for instance force a different trend in the ex-
change of energy.

5. Conclusions

Using a high-resolution laboratory dataset, we ex-
plored nonlinear energy transfers within an irregular
wave field as it progresses over a gently sloping (1:80)
beach. In the shoaling zone, the nonlinear interactions
are dominated by sum interactions transferring energy
from the spectral peak to its higher harmonics and by
difference interactions creating infragravity energy.
While receiving net energy, infragravity waves simulta-
neously participate in sum and difference interactions
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that spread energy of the short-wave peaks to adjacent
frequencies, thereby creating a broader energy spec-
trum. In the short-wave surf zone, infragravity—
infragravity interactions develop that transfer energy
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tide in water depths of 4 = 1.64 m (black) and 2 = 0.97 m (gray)
during the Ameland campaign in 2010.

from low infragravity frequencies to high infragravity
frequencies. Close to shore, where almost no short-wave
energy remains, the interactions are dominated by these
infragravity frequencies. Overall, the nonlinear energy
transfers balance with the gradient in the energy flux,
although a mismatch exists in the outer short-wave surf
zone, probably because of the Boussinesq approxima-
tion that does not take higher-order interactions into
account, while the wave field is highly nonlinear. Instead
of dissipation at the infragravity and short-wave fre-
quencies directly, the energy cascades to higher fre-
quencies (f > 1.5Hz) where it presumably dissipates.
The largest decrease in infragravity wave height close
to the shoreline, where infragravity—infragravity in-
teractions dominate and force the transformation of
the infragravity wave shape to asymmetric, suggest
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FIG. 13. Imaginary part of the bispectrum (X10~°) of a moderate energy wave field at high tide, for values where
b? > byss,, in water depths of (left) # = 1.64 m and (right) # = 0.97 m during the Ameland campaign in 2010. Black
lines indicate the cutoff from infragravity frequencies (f < 0.05 Hz) to sea—swell frequencies (f > 0.05 Hz).
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infragravity wave breaking to be the dominant mecha-
nism of infragravity wave dissipation.
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APPENDIX A

Total versus Incoming Wave Signal

Although the bulk infragravity wave reflection from
the shoreline is low for all three irregular wave cases
(R?~0.1; Figs. 3d-f), the outgoing infragravity waves
may considerably disturb the observed frequency cou-
pling and hence the bispectral signal (e.g., Elgar and
Guza 1985). Using only the incoming wave signal would

therefore result in more accurate analysis, but the
downside is the limited number of available locations
because of the needed collocated wave gauge and ve-
locity meters to separate the incoming and outgoing
signals (see section 2b). Here, we compare bicoherence
and bispectral values of the incoming (n*) and total (n)
wave signals to examine the sensitivity of bispectra and
nonlinear source term estimates to the exclusion of re-
flected waves.

Figure Al shows bicoherence values for the total
wave signals of cases A1, A2, and A3 for the offshore
spectral peak frequency (Fig. Ala) and the dominant
infragravity frequency of 0.04 Hz (Fig. Alc), providing
a normalization for the coupling strength between fre-
quencies. Bicoherence values for the offshore spectral
peak are highest for case A3 because of the narrow-
banded shape of the spectrum that enhances strong
coupling between specific frequencies. For all three
cases, b? for the offshore spectral peak are seen to de-
crease slightly in the shoaling zone, but the strongest
decrease takes place in the short-wave surf zone where
the coupling decreases strongly because of breaking
and where bicoherence values are limited to 0.2. The
bicoherence b? for the dominant infragravity frequency
is very low, with values < 0.05. Although case A2 has
a considerably higher wave height that would promote
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larger bispectral values, the broadbanded shape of the
spectrum reduces the coupling strength. Case A1 has
the weakest bicoherence values, due to both the
moderately high waves and the broadbanded spectral
shape. When bicoherence values are determined for
the incoming wave signal, values increase consider-
ably, especially for the dominant infragravity fre-
quency (Figs. Alb,d), indicating that the waves
reflected from the shore might indeed disturb the
bispectral signal, especially for the infragravity wave
frequencies.

As bispectral values for infragravity frequencies are
very small in deep water, bicoherence levels are not
that informative in this region. A comparison of the
imaginary part of the bispectrum for A3 at a location
in the surf zone (x = 70.0m; Figs. A2a,b), where
bicoherence values reach up to ~0.2 shows that although
the bispectral values for n* are slightly smaller than for
7, the trends are very similar. Interactions within the
spectral peak are also slightly influenced by the

separation method. Bispectral values for n* and 7 at
a few meters from the shoreline (x = 79.2m; Figs. A2c,d),
where infragravity frequencies dominate, show very
similar trends as well, indicating that although reflected
waves alter the bicoherence values, the bispectral sig-
nal is not altered considerably, not even at infragravity
frequencies.

APPENDIX B

Separated S, Terms

The nonlinear source term S,y represents the net
transfer of energy to (or from) waves with frequency
f through triad interactions. It is often convenient to
express the integral of S, in the terms of an in-
tegration over the positive quadrant of the bispectrum
alone or equivalently in terms of the sum and differ-
ence interactions:
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TABLE B1. Definition of the set of f' over which the summation of
the sum interactions is taken.

JOURNAL OF PHYSICAL OCEANOGRAPHY

VOLUME 45

TABLE B2. Definition of the set of f’ over which the summation of
the difference interactions is taken.

Set Defined such that If Set Defined such that If
Ffr o<f=f 0<f=fic Fr 0<f'=fic—f 0<f=fic
0 Elsewhere 0 Elsewhere
Fy f—he<f =fic fic <f=2fc Fy fic—f<f =fc 0<f=fic
0 Elsewhere 0 Elsewhere
Fip 0<f =f-ficorfhc<f =f fic <f=2c Fnq fic<f'=fn—f 0<f=fic
0<f=ficorf-fic<f=Ff 2fic<f=/f~ 0<f'=min(fy - f. fic) fic<f=fn
0 Elsewhere 0 Elsewhere
Fy fic<f'=f-fic 2fic<f=fv Fy fio<f=fn—Ff fic <f=fv-fic
0 Elsewhere 0 Elsewhere
— ¢t - REFERENCE
S =Sals + Sy (B.1) CES

where the sum and difference contributions are ex-
pressed as

Suf= 2 Wy pIm{B, .}, (B2)
f/eF+
and
Sai f:_szF Wi p pIm{B;,},  (B3)
'eF~

respectively, where in case of the Boussinesq scaling,
W(fi, f2) = [3w(fi + f2)]/h. The sum contributions are
obtained by integrating diagonally over the bispectrum,
and the difference contributions are obtained by in-
tegrating along straight lines perpendicular to the x and
y axes (see dashed gray lines in Fig. 4).

To obtain more insight in nonlinear interactions in-
volving infragravity frequencies, we separate the integrals
over the bispectrum into four different zones as depicted
in Fig. 4. The terms S, and S ; are rewritten as

Saiy = Saipr+ o T Saipm + Saiprvs (B4
where Sy 71 describes interactions with only infragravity
frequencies involved, Sy s11 describes interactions be-
tween two infragravity and one short-wave frequency,
Suzm describes interactions between two short-wave
and one infragravity frequency, and Sy srv describes
interactions between short-wave frequencies alone.
Note that when using the Boussinesq coefficient, just as
the total term, all the terms separately are conservative;
that is, the integral over the combined sum and differ-
ence interactions applying to a specific zone is zero. The
set of f' over which the summation is taken is defined
using the infragravity separation frequency fig and the
Nyquist frequency fy = 5 Hz and is specified per zone in
Table B1 for the sum interactions and in Table B2 for
the difference interactions.
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