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A B S T R A C T

Free-wave contamination is a non-desirable but frequent characteristic in many wave tank experiments. Higher-
order wave generation is not widely implemented yet, whereas the effectiveness of active wave absorption
systems is frequency-dependent, and usually unknown. The resulting free-wave contamination usually remains
unnoticed, but may have important consequences especially at low frequencies. We present a Generation–
Separation–Compensation (GSC) procedure to identify, quantify and attenuate the free-wave contamination.
The resulting wave field behaves as expected from a higher-order wave generation with no re-reflections at
the wave paddle. The attenuation ratio of the unwanted energy content is relatively high (between 60% to
90%).

The GSC procedure uses the general framework for wave separation proposed by Padilla and Alsina (2020)
with an array of in-line probes. The application of this technique over experimental data is presented with
excellent results. The robustness of the qualitative analysis is guaranteed for experimental settings fulfilling a
minimum distance between the first and the last probe and a maximum spacing between probes. The stability of
the quantitative analysis is guaranteed when 𝑃 , number of probes forming the array, is above five, and 𝛥𝑥𝑠𝑒𝑝∕𝜆,
ratio between the spacing of the probes forming the array and the wavelength, is within the recommended
range 0.1–0.45.
1. Introduction

In many experimental studies, a high control of the wave con-
ditions is fundamental, i.e., the target wave field being accurately
generated. However, wave generation systems present many difficulties
to accurately reproduce the target wave field (Hansen and Svendson,
1974; Hansen et al., 1980; Madsen and Sørensen, 1993; Schäffer, 1996;
Van Dongeren et al., 2002).

First-order wave-generation systems cannot accurately reproduce
nonlinear wave fields (Barthel and Mansard, 1988). When using first or-
der wave generation, the target primary waves are generated alongside
with the naturally generated superharmonic and subharmonic bound
waves (self, sum and difference interaction components). The resulting
wave field does not fully satisfy the linear boundary condition at the
wave-maker. As a consequence, an excess of wave energy is generated
at the superhamonics and subharmonics in the way of ingoing free
waves (Hansen et al., 1980). These free waves are typically called
spurious waves because of their unwanted nature. These spurious waves
contribute to the free-wave contamination that enhances the differ-
ences between the measured and the target wave field (Barthel and
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Mansard, 1988). During the last decades, much work has been done
to improve the wave generation systems above first-order. Schäffer
(1996) and Van Leeuwen and Klopman (1996) formulated and imple-
mented the wave-maker generation theory up to second-order. Spin-
neken and Swan (2009a), Spinneken (2010) and Aknin (2015) im-
plemented second-order force-feedback controlled wave-maker theory,
where a compensation signal is generated to cancel the spurious waves.
Hence, second-order wave generations are an available technology,
although not yet implemented in many of the experimental facilities
around the world.

Another source of free-wave contamination is the existence of re-
reflections at the wave paddle. They have been widely reported and
addressed by Milgram (1965), Kostense (1984), Van Dongeren et al.
(2002), Schäffer and Jakobsen (2003), Spinneken and Swan (2009a),
Newman (2010) and Maguire and Ingram (2011), and many more.
Regardless of the wave generation used, outgoing waves (radiated by
the surf zone, reflected from testing physical models, or reflected by the
shoreline) may be re-reflected at the wave paddle. These are usually
called re-reflections and give rise to extra ingoing free waves. These
029-8018/© 2022 The Authors. Published by Elsevier Ltd. Th
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re-reflections are also unwanted waves and their existence is gener-
ally minimized when active wave paddle absorption is applied. Most
common active wave absorption systems use measures of the surface
elevation or velocities in the nearfield (Kostense, 1984; Van Dongeren
et al., 2002; Schäffer and Jakobsen, 2003; Lykke Andersen et al., 2016),
or measures of the force in the wave paddles (Spinneken and Swan,
2009b), to quantify the outgoing energy content. Based on this outgoing
energy content, a compensating wave is generated in order to cancel
out the re-reflections. However, this cancellation is not always accurate.
Active wave absorption systems operate in the time domain, i.e., they
cancel the re-reflections in real time. To do so, active absorption sys-
tems use digital filters (type FIR or IIR) that optimize the cancellation
within the desired frequency band. Therefore, the accuracy of the
absorption is frequency-dependent. For instance, the active absorption
system used by Baldock et al. (2000) yield up to 90% of effective
absorption for wave frequencies above 0.4 Hz, while reducing to 60%
around 0.1 Hz. One of the most recent active absorption systems is the
one proposed by Lykke Andersen et al. (2016). They propose a stable
system based on a digital FIR filter that yields up to 90% of effective
cancellation within the frequency band 0.15 Hz - 1.2 Hz for regular and
irregular waves (Lykke Andersen et al., 2018).

At the wave generation stage, free-wave contamination being un-
noticed may be relatively common given that the performance of the
wave generation and active wave absorption systems are usually taken
for granted. Unfortunately, the consequences of this unnoticed free-
wave contamination may be important, e.g., a build-up of the energy
at the resonance frequencies leading to deviations from the target wave
field, or a build-up of low frequency seiches (Kirby et al., 2007). The
latter is especially critical when testing nearshore hydrodynamics under
mildly reflective environments, e.g., studies of long wave generation
and propagation in shallow water (Baldock et al., 2000; Battjes et al.,
2004; Padilla, 2019). For such studies, controlling the presence of free-
wave contamination is critical. Orszaghova et al. (2014) reported that
free-wave contamination due to first-order wave generation resulted in
unrealistic excesses in the run-up distances and overtopping volumes.

In order to assess the accuracy of wave generation or wave ab-
sorption systems, the separation of the wave trains (regular in- and
outgoing wave components for a target frequency) forming the regular,
bichromatic or irregular wave field is a fundamental task. Many wave
separation methods, such as (Goda and Suzuki, 1976; Kostense, 1984;
Lin and Huang, 2004; Battjes et al., 2004; Van Dongeren et al., 2007;
Lykke Andersen et al., 2017, among many others), have been proposed
for the last decades with relatively good results but low degree of
versatility. Padilla and Alsina (2020) (hereafter PA2020) presented a
revisited and more versatile framework for wave separation in the
frequency domain consisting of a qualitative and a quantitative anal-
ysis. The qualitative analysis provides useful information about the
number of existing wave trains at the target frequency, the nature of
these wave trains (bound or free), their propagation direction (ingoing
or outgoing) and their relative importance. The quantitative analysis
consists in a wave separation method to quantify the different wave
trains forming the wave field at the target frequency. PA2020 tested
the successful performance of this general framework with theoretical
nonlinear wave cases only. A proper discussion about the applicability
of this separation framework over experimental data has not been done
yet. Although Alsina et al. (2016), Padilla and Alsina (2017), Padilla
and Alsina (2018), Ruffini et al. (2019) and Alsina et al. (2020) have
achieved good results when applying the quantitative analysis (wave
separation method) to experimental wave cases.

In general terms, free-wave contamination is assumed to be a com-
bination of limitations in the wave generation system and residual
re-reflections. Regardless of the source, a procedure to identify and
attenuate the free-wave contamination is still needed in most of the
experimental facilities.

This paper presents a procedure to (1) identify and quantify the
2

existing free-wave contamination (assessment of the wave generation)
and (2) attenuate this free-wave contamination if needed (improvement
of the wave generation). This procedure (called GSC procedure) uses
the general framework for wave separation by PA2020 to assess the
wave generation. When the wave generation needs improving, the GSC
procedure computes the compensating waves that effectively suppress
the free-wave contamination. This paper is organized as follows. Sec-
tion 2 presents the GSC procedure. Section 3 summarizes the general
framework for wave separation in the frequency domain. The first half
of Section 4 assesses the wave generation of some experimental wave
conditions (mono- and bichromatic waves). The second half addresses
the improvement of the wave generation of some other wave conditions
(bichromatic waves). The results are discussed in Section 5 and final
remarks are given in Section 6.

2. The Generation–Separation–Compensation (GSC) procedure

In theory, the resulting wave field of an ideal wave generation
consists of the following combinations of wave trains. At the primary
frequencies, the expected combination is an Ingoing Free Wave (𝐼𝐹𝑊 ),
which corresponds to the linear input, and an Outgoing Free Wave
(𝑂𝐹𝑊 ) typically radiated by the surf zone, reflected from testing
physical models, or reflected by the shoreline. At superharmonics or
subharmonics of the primary frequencies, the expected combination is
an Ingoing Bound Wave (𝐼𝐵𝑊 ), an Outgoing Bound Wave (𝑂𝐵𝑊 ) and
an Outgoing Free Wave (OFW), i.e., the combination [𝐼𝐵𝑊 , 𝑂𝐵𝑊 ,
𝑂𝐹𝑊 ].

In experimental facilities, reproducing this ideal wave field up
to second-order requires an accurate second-order generation with
active wave paddle absorption. If second-order wave generation is
not available or the active absorption system cannot entirely absorb
the 𝑂𝐹𝑊 , the free-wave contamination is a noticeable amount of
unwanted energy propagating shoreward as a free wave (𝐼𝐹𝑊 ). As
a result, superharmonics and subharmonics of the primary frequencies
will consist of the combination [𝐼𝐵𝑊 , 𝐼𝐹𝑊 , 𝑂𝐵𝑊 , 𝑂𝐹𝑊 ], instead of
the expected combination [𝐼𝐵𝑊 , 𝑂𝐵𝑊 , 𝑂𝐹𝑊 ]. Therefore, in practical
terms, improving a wave generation ultimately requires the attenuation
of unwanted 𝐼𝐹𝑊 𝑠.

In this paper, a Generation–Separation–Compensation (GSC) pro-
cedure is proposed to firstly, identify and quantify the presence of
unwanted 𝐼𝐹𝑊 𝑠 (assessment of the wave generation) and secondly, to
attenuate the unwanted 𝐼𝐹𝑊 𝑠 at the generation. This GSC procedure
is performed in the following steps:

1. Initial wave generation based on a first-order input (𝜂(𝐼)) and
measurement of the resulting wave field along a dense array of
in-line probes.

2. Identification and quantification of the unwanted energy content
at the target frequency. At the target frequency (superharmonic
or subharmonic of the primary frequencies), any existing 𝐼𝐹𝑊
is separated by means of the general framework for wave separa-
tion that will be explained in Section 3. Therefore, its cross-shore
amplitudes (𝐴𝐼𝐹𝑊𝑥 ) and phases (𝜓𝐼𝐹𝑊𝑥 ) should be known at this
stage.

3. Back propagation of the separated 𝐼𝐹𝑊 to the wave-maker
location 𝑥0 (𝑥 = 0 m). At 𝑥0, the initial amplitude and phase
are computed as:

𝐴𝐼𝐹𝑊0 =
𝐴𝐼𝐹𝑊𝑥
𝐾𝑠,𝑥

, (1)

and

𝜓𝐼𝐹𝑊0 = 𝜓𝐼𝐹𝑊𝑥 + ∫

𝑥

0
𝑘𝐹 𝑑𝑥, (2)

where 𝐾𝑠 is the linear shoaling coefficient and 𝑘𝐹 is the
wavenumber of freely propagating waves at the target fre-
quency.
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4. Update of the original first-order wave-generation input (𝜂(𝐼)) by
adding a Compensating Wave (𝐶𝑊 ) at the target frequency. This
new wave-generation input is 𝜂(𝐼𝐼) = 𝜂(𝐼)+𝐶𝑊 , where the initial
amplitude and phase of the 𝐶𝑊 are:

𝐴𝐶𝑊0 = 𝐴𝐼𝐹𝑊0 (3)

and

𝜓𝐶𝑊0 = 𝜓𝐼𝐹𝑊0 + 𝜋. (4)

As a result of these steps, note that each wave condition needs
o effectively be run twice per target frequency: Firstly, without the
ompensation (𝜂(𝐼)), and secondly, with the compensation (𝜂(𝐼𝐼)). The
nteraction between the 𝐼𝐹𝑊 and the 𝐶𝑊 results in a destructive
nterference at the wave-maker. Ideally, no unwanted 𝐼𝐹𝑊 propagates
horeward at the target frequency in the wave field generated by 𝜂(𝐼𝐼).
he effectiveness of the GSC procedure will be discussed later on.

. Summary of the general framework for wave separation

The general framework for wave separation in the frequency do-
ain proposed by PA2020 consists of a qualitative and a quantitative

nalysis. The qualitative analysis (steps 1–4 below) provides useful
nformation about the number of existing wave trains at the target
requency, the nature of these wave trains (bound or free), their prop-
gation direction (ingoing or outgoing) and their relative importance.
he quantitative analysis (step 5 below) consists in a wave separation
ethod. This separation method assumes the target frequency to be

ormed of the combination [𝐼𝐵𝑊 , 𝐼𝐹𝑊 , 𝑂𝐵𝑊 , 𝑂𝐹𝑊 ].
In general, PA2020 consider cross-shore and long-shore wave prop-

gation (see Fig. 3 in PA2020). In this paper, we consider one dimen-
ional propagation in the cross-shore direction only (𝑥-axis). Based on
his simplification, the general framework for wave separation in the
requency domain is to be applied as follows for each target frequency:

1. Observation of the cross-shore wave amplitude at the target fre-
quency. This step aims to identify different node–antinode pat-
terns of the wave amplitude along the spatial domain (𝑥-axis).

2. Estimation of the existing wave trains. A first guess of the number
𝑛 of wave trains at the target frequency based on the observation
of 𝑁∗ different node–antinode patterns is

𝑛 ≥ ⌈(1 +
√

1 + 8𝑁∗)∕2⌉, (5)

where the operator ⌈⋅⌉ rounds the element to the nearest higher
integer.

3. Identification of the free or bound nature of the wave trains and
their relative propagation direction. Every pair of propagating wave
trains, whose wave numbers are 𝑘1 and 𝑘2, creates a node–
antinode pattern in the 𝑥-axis, if and only if, 𝑘1 ≠ 𝑘2. In this
case, 𝐿 is the observed distance between consecutive nodes (or
antinodes):

𝐿2 =
(

2𝜋
−(𝑘1 − 𝑘2)

)2
. (6)

𝐿 is the exact distance between consecutive nodes when the
bathymetry is a flat bed, whereas just an approximation for
uneven beds. Note that for a wave train 𝑗, 𝑘𝑗 = |𝑘𝑗 | cos(𝜃𝑗 ). |�⃗�|
depends on the nature of the wave train (free or bound), whereas
𝜃 depends on the propagation direction (𝜃 = 0 if ingoing; 𝜃 = 𝜋
if outgoing).
In general, a variety of pairs of wave trains may exist defining
their own distances between consecutive nodes (or antinodes).
Therefore, for each observed node–antinode pattern in step 1,
the nature and propagation direction of the pair of wave trains
are the ones leading to the computed 𝐿 that better explains its
3

observed distance between nodes.
4. Relative importance of the wave trains. In a time–space contour
plot, the dominant wave train is the one whose time–space tra-
jectory better matches with the overall trajectory of the surface
elevation crests at the target frequency. The relative importance
of the remaining wave trains is given by the relative amplitude
of the node–antinode patterns that those wave trains forms with
the dominant wave train, respectively.

5. Wave separation. This method provides the cross-shore wave
amplitudes and phases of the wave trains: 𝐼𝐵𝑊 , 𝑂𝐵𝑊 , 𝐼𝐹𝑊 ,
𝑂𝐹𝑊 . The performance of the method depends on the following
wave separation settings: number of probes forming the local ar-
ray (𝑃 ) and spatial resolution of the local array (𝛥𝑥𝑠𝑒𝑝). PA2020
recommend 4 ≤ 𝑃 ≤ 10 and 0.1𝜆𝑗 < 𝛥𝑥𝑠𝑒𝑝 < 0.3𝜆𝑗 , where 𝜆𝑗 is
the wavelength of each wave train 𝑗.

6. Validation of the wave separation based on the spatial distribution
of the nodes and antinodes. After step 5, the initial phases of
the wave trains are known, i.e., [𝜓𝐼𝐵𝑊0 , 𝜓𝑂𝐵𝑊0 , 𝜓𝐼𝐹𝑊0 , 𝜓𝑂𝐹𝑊0 ].
Therefore, the spatial locations of the antinodes (𝑥𝑎𝑛𝑡𝑖) and the
nodes (𝑥𝑛𝑜𝑑𝑒) may be computed as

∫

𝑥𝑎𝑛𝑡𝑖

0

(

cos(𝜃1)
𝑐1(𝑥)

−
cos(𝜃2)
𝑐2(𝑥)

)

𝑑𝑥 = −
2𝜋𝑚 − (𝜓1 − 𝜓2)

𝜔
, (7)

and

∫

𝑥𝑛𝑜𝑑𝑒

0

(

cos
(

𝜃1
)

𝑐1(𝑥)
−

cos(𝜃2)
𝑐2(𝑥)

)

𝑑𝑥 = −
𝜋(2𝑚 + 1) − (𝜓1 − 𝜓2)

𝜔
, (8)

with 𝑚 ∈ Z and 𝑐𝑗 being the celerity of each wave train 𝑗.
The comparison between the observed locations (step 1) and
the computed locations (step 6) of the nodes (or antinodes) will
determine the validity of the wave separation (step 5). When
the differences are below a certain tolerance, the separated wave
trains are considered valid. Otherwise, the separated wave com-
ponents needs re-computing by modifying the wave separation
settings (𝑃 , 𝛥𝑥𝑠𝑒𝑝).

This scheme is, in principle, applicable to low and high frequencies,
i.e., long or short waves, of numerical or experimental water surface
elevations when the following requirements about the spatial resolution
are fulfilled: First, the cross-shore resolution of the data set (𝛥𝑥) must
satisfy 𝛥𝑥 ≤ 𝐿∕2 in order to identify any node–antinode pattern whose
mean distance between antinodes is 𝐿. Second, the spatial domain
must include at least one node and one antinode. Therefore, the dis-
tance between the first probe (𝑥1) and the last one (𝑥𝑒𝑛𝑑) must satisfy
|𝑥𝑒𝑛𝑑 − 𝑥1| ≥ 𝐿∕2.

4. Results

4.1. Assessment of the wave generation

In this subsection, we assess the wave generation of two experi-
mental wave conditions by means of the wave separation of superhar-
monics (short waves) and subharmonics (long waves) of the primary
frequencies. For short waves, we assess the wave generation of the
monochromatic wave condition M3 presented in Alsina et al. (2020).
For long waves, we assess the wave generation of the bichromatic wave
condition B1025 A presented in Baldock et al. (2000). Note that, as M3
and B1025 A are prior to the present paper, the GSC procedure was only
used to assess the quality of the wave generation and the presence of
free-wave contamination.

4.1.1. Short waves
The wave condition M3 presents a monochromatic wave case prop-

agating on a flat bed of 0.3 m water depth. The period of the monochro-
matic train is 1.5 s, i.e., the primary frequency is 𝑓1 ≈ 0.667 Hz, and the
initial wave amplitude is 0.035 m. M3 was measured in a medium scale
wave flume, iCIEM, at the Universitat Politècnica de Catalunya. This is
a flume whose length is 16 m, with a width of 0.40 m and a working
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Fig. 1. Plot a shows the cross-shore evolution of the total wave amplitude at 2𝑓1. 𝑋𝑎𝑛𝑡𝑖 [𝐼𝐵𝑊 , 𝑂𝐹𝑊 ] (red arrows) and 𝑋𝑎𝑛𝑡𝑖 [𝐼𝐵𝑊 , 𝐼𝐹𝑊 ] (black arrows) are the set of computed
locations of the antinodes belonging to the pairs [𝐼𝐵𝑊 , 𝑂𝐹𝑊 ] and [𝐼𝐵𝑊 , 𝐼𝐹𝑊 ], respectively. 𝐿𝐼𝐵𝑊 ,𝐼𝐹𝑊 (light shaded area) and 𝐿𝐼𝐵𝑊 ,𝑂𝐹𝑊 (dark shaded area) are the flat-bed
approximation of the mean distance between antinodes. Plot b shows the 𝜂2𝑓1 contour plot where the time–space trajectories of 𝐼𝐵𝑊 (black), 𝐼𝐹𝑊 (green), 𝑂𝐵𝑊 (yellow) and
𝑂𝐹𝑊 (red) are displayed. Plot c shows the theoretical (Th) and separated (Sep) wave amplitude of [𝐼𝐵𝑊 , 𝐼𝐹𝑊 , 𝑂𝐵𝑊 , 𝑂𝐹𝑊 ], compared to the measured (Md) total wave
amplitude at 2𝑓1. Plot d illustrates the cross-shore water depth. Dots illustrate the location of the probes. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
water depth of 0.30 m. A dissipative beach made of synthetic foam was
placed at the flume end opposite to the wave generation in order to
minimize reflections. The wave generation system comprises a piston-
type wave paddle where first-order wave generation and no active
wave absorption were used. The water surface elevation is measured
using resistance-type wave gauges whose averaged spatial resolution is
𝛥𝑥 ≈ 0.15 m. The location of these probes is illustrated with dots in
Fig. 1.
4

Fig. 1 illustrates the wave separation of the superharmonic 2𝑓1.
Fig. 1-a shows the cross-shore wave amplitude at 2𝑓1 where two node–
antinode patterns are noticeable. Consequently, at least three wave
trains should exist according to Eq. (5). The larger pattern is the one
whose nodes are highlighted in black arrows. The distance between
these nodes, estimated as 𝐿𝐼𝐵𝑊 ,𝐼𝐹𝑊 = 3.25 m by Eq. (6), confirms
that this pattern corresponds to the propagation of an incident wave
(𝐼𝐵𝑊 ) that travels bound to the primary wave and an incident free
wave (𝐼𝐹𝑊 ), i.e., the pair [𝐼𝐵𝑊 , 𝐼𝐹𝑊 ]. The second node–antinode
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pattern is weaker with its nodes marked in red arrows. This second
undulation is due to the pair [𝐼𝐵𝑊 , 𝑂𝐹𝑊 ] as confirmed by the
estimation 𝐿𝐼𝐵𝑊 ,𝑂𝐹𝑊 = 0.5 m. Note that the latter pattern is only
noticeable as long as the spatial resolution fulfils the requirement 𝛥𝑥 <
𝐿𝐼𝐵𝑊 ,𝑂𝐹𝑊 ∕2, i.e., noticeable until 𝑥 = 5.5 m.

Fig. 1-b shows a contour plot of the surface elevation at 2𝑓1 (𝜂2𝑓1 ),
alongside with the estimated time–space trajectories of 𝐼𝐵𝑊 , 𝐼𝐹𝑊 ,
𝑂𝐵𝑊 and 𝑂𝐹𝑊 . The estimated time–space trajectory of 𝐼𝐵𝑊 (black
olid line) matches with the propagation trajectory of 𝜂2𝑓1 . This match
onfirms that the 𝐼𝐵𝑊 is the dominant wave train. Moreover, there is a
elative difference in the amplitude of the two observed node–antinode
atterns. The amplitude of the undulation associated to [𝐼𝐵𝑊 , 𝐼𝐹𝑊 ]
s larger than the one associated to [𝐼𝐵𝑊 , 𝑂𝐹𝑊 ]. This relative differ-
nce indicates that the wave amplitude of 𝐼𝐹𝑊 is larger than 𝑂𝐹𝑊 .
herefore, 𝐴𝐼𝐵𝑊 > 𝐴𝐼𝐹𝑊 > 𝐴𝑂𝐹𝑊 > 𝐴𝑂𝐵𝑊 at every single location,
hich is confirmed by the outcomes from the wave separation in
ig. 1-c. The energy content of the 𝑂𝐵𝑊 is negligible.

Fig. 1-c shows the outcomes from the wave separation. Based on
his wave separation, a summary of the initial amplitudes and phases
s presented in Table 1. The wave separation settings are 𝑃 = 9 and
𝑥𝑠𝑒𝑝∕𝛥𝑥 = 2, i.e., an average spatial separation resolution of 𝛥𝑥𝑠𝑒𝑝 =
.297 m. Moreover, 𝛥𝑥𝑠𝑒𝑝∕𝜆 ≈ 0.18, which is between 0.05 and 0.45
s recommended by Goda and Suzuki (1976). As a result, the stability
f the separation is clear in Fig. 1-c. The cross-shore wave amplitudes
f the 𝐼𝐵𝑊 , 𝐼𝐹𝑊 , 𝑂𝐵𝑊 and 𝑂𝐹𝑊 do not undergo any growth,
.e., being practically constant, as expected when propagating on a flat
ed. Based on the initial phases in Table 1, the spatial distribution of
he nodes is estimated using Eq. (8) for both undulations (marked in
ed and black arrows in Fig. 1-a). The good agreement between the
bserved and computed locations of the nodes validates the outcomes
rom the wave separation.

In summary, the GSC procedure allows the assessment of the wave
eneration by quantifying the presence of spurious waves in the form
f 𝐼𝐹𝑊 s. The potential application of the full GSC procedure to the
ave condition M3, i.e., including the attenuation of the 𝐼𝐹𝑊 s, may

esult in the reduction of the undesired cross-shore undulations.

.1.2. Long waves
The wave condition B1025 A presents a bichromatic wave case

ropagating on a wave flume 18 m long, which comprises a flat bed
egment of 5.65 m long and 0.8 m water depth, followed by a 1:10
loping bed (8 m long until the shoreline). The primary frequencies
re 𝑓1 = 1.123 Hz and 𝑓2 = 0.879 Hz, whose amplitudes are 0.025 m.
he resulting group frequency 𝑓𝑔 is 0.244 Hz. Waves were generated
y a hydraulically driven wedge type wave paddle using second-order
eneration for long waves alongside with a wave absorption system
see Baldock et al. (2000) for more details). At the beach end (inner
urf and swash zones), the bed was made of a rigid polyethylene
heet whose reflection coefficients ranged from 0.9 to 0.6 for unbroken
egular waves with frequencies between 0.1 to 0.4 Hz. The water
urface elevation is measured using resistance-type wave gauges whose
veraged spatial resolution is 𝛥𝑥 ≈ 0.32 m. The location of these probes
s illustrated with dots in Fig. 2.

Fig. 2 illustrates the separation of the existing long wave trains at
he group frequency 𝑓𝑔 . Fig. 2-a shows the cross-shore wave amplitude
t 𝑓𝑔 where a very well defined node–antinode pattern exists (the
ne whose antinodes are marked in the red arrows). In this case,
q. (5) would indicate that only two wave trains propagate within 𝑓𝑔 .
owever, there is what seems to be an anomalous behaviour of the
mplitude at the node around 𝑥 = 7 m compared to the adjacent nodes
round 𝑥 = 5 m and 𝑥 = 9.5 m. Assuming that this anomaly belongs to a
onger secondary node–antinode pattern, Eq. (5) suggests the existence
f at least three wave trains. This assumption will be confirmed later
n by the outcomes of the wave separation.

In Fig. 2-a, the observed distance between consecutive antinodes
5

arked in red arrows is well explained by the approximation
Table 1
Outcomes from the wave separation of Figs. 1 and 2: Wave amplitudes and phases of
the 𝐼𝐵𝑊 , 𝐼𝐹𝑊 , 𝑂𝐵𝑊 and 𝑂𝐹𝑊 at 𝑥0.

𝐼𝐵𝑊 𝐼𝐹𝑊 𝑂𝐵𝑊 𝑂𝐹𝑊

Fig. 1 𝐴0 (m) 5 ⋅ 10−3 2.5 ⋅ 10−3 1.4 ⋅ 10−4 3.4 ⋅ 10−4

𝜓0 (rad) 1.83 4.76 3.64 1.36

Fig. 2 𝐴0 (m) 7.31 ⋅ 10−4 1.2 ⋅ 10−3 1.75 ⋅ 10−4 4.5 ⋅ 10−3

𝜓0 (rad) 4.97 6.22 3.52 3.02

𝐿𝐼𝐵𝑊 ,𝑂𝐹𝑊 . This means that a group-bound 𝐼𝐵𝑊 and an 𝑂𝐹𝑊 coexist.
As seen in Janssen et al. (2003), the 𝐼𝐵𝑊 travels shoreward with the
linear theory group velocity of the primary waves at the mean primary
frequency 𝑓𝑝 (𝑓𝑝 = (𝑓1 + 𝑓2)∕2). The 𝑂𝐹𝑊 travels seaward with the
linear theory velocity that fulfils the Dispersion Equation at 𝑓𝑔 .

The undulation due the pair [𝐼𝐵𝑊 , 𝑂𝐹𝑊 ] is also clear in Fig. 2-b.
The dominant trajectory of the surface elevation at 𝑓𝑔 (𝜂𝑓𝑔) follows the
time–space trajectory of the 𝑂𝐹𝑊 (red solid line). Therefore, the 𝑂𝐹𝑊
dominates over the 𝐼𝐵𝑊 . At this stage, no more reliable information
may be inferred about the secondary node–antinode or the nature of
the third wave train. However, considering this third wave train to be
an 𝐼𝐹𝑊 is a reasonable guess that will be confirmed by the outcomes
of the wave separation.

Fig. 2-c shows the outcomes from the wave separation, whose initial
amplitudes and phases are presented in Table 1. The wave separation
settings are 𝑃 = 5 and 𝛥𝑥𝑠𝑒𝑝∕𝛥𝑥 = 3 (𝛥𝑥𝑠𝑒𝑝∕𝜆 in the range 0.1–
0.45). These settings allow the stability of the separation. The separated
(Sep) cross-shore amplitudes for the 𝐼𝐵𝑊 , 𝐼𝐹𝑊 and 𝑂𝐹𝑊 are in
good agreement with their theoretical (Th) cross-shore growth. The
theoretical evolution for the free waves (𝐼𝐹𝑊 and 𝑂𝐹𝑊 ) is based on
linear shoaling, whereas the evolution of the bound waves is 𝐴𝐼𝐵𝑊 ∝
ℎ−𝛼 as observed by Battjes et al. (2004) and Van Dongeren et al. (2007).
For the latter, 𝛼 converges to 1.15 in no more than 3 iterations (not
showed).

The good match between the observed and computed locations
of the antinodes (red arrows in Fig. 2-a) validates the outcomes of
the wave separation. Therefore, the existence of a dominant 𝑂𝐹𝑊
propagating in conjunction with a group-bound 𝐼𝐵𝑊 and an 𝐼𝐹𝑊 is
confirmed. The energetic content of the 𝑂𝐵𝑊 is negligible.

In summary, the wave condition B1025 A presents a very low level
of free-wave contamination (low energy content of the 𝐼𝐹𝑊 ). Baldock
et al. (2000) estimate the efficiency of the active wave absorption sys-
tem to be of 90% for frequencies above 0.4 Hz and 60% for frequencies
below 0.1 Hz. Therefore, the identified 𝐼𝐹𝑊 is assumed to be the result
of re-reflections at the wave paddle. Note that the wave separation
method proposed by PA2020 is not formulated to be used at the surf
zone. Therefore, the validity of the separation from 𝑃∕2 probes (𝑃 = 5
in this case) before the breakpoint onset shoreward must be carefully
considered.

4.2. Improvement of the wave generation

In this subsection, we use the GSC procedure to improve the wave
generation of experimental wave conditions belonging to two data sets:
IBIMS-ICL and DIFFREP-ICL. Before using the GSC procedure, the wave
generation of these data sets consisted of a first-order force-control
wave generation including active wave absorption (Spinneken, 2010).
The efficiency of the active wave absorption system is known to reduce
as the wave frequency reduces. Therefore, the presence of spurious
waves at low frequencies (𝑓𝑔 and subharmonics of 𝑓𝑔) is partially
attributed to the first-order wave generation, and partially attributed
to the re-reflected long waves at the wave paddle.
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Fig. 2. Wave case B1025 A. Plot a shows the cross-shore evolution of the total wave amplitude at 𝑓𝑔 . 𝑋𝑎𝑛𝑡𝑖 [𝐼𝐵𝑊 , 𝑂𝐹𝑊 ] (red arrows) and 𝑋𝑎𝑛𝑡𝑖 [𝐼𝐹𝑊 , 𝑂𝐹𝑊 ] (black arrows)
are the set of computed locations of the antinodes belonging to the pairs [𝐼𝐵𝑊 , 𝑂𝐹𝑊 ] and [𝐼𝐹𝑊 , 𝑂𝐹𝑊 ], respectively. 𝐿𝐼𝐵𝑊 ,𝑂𝐹𝑊 (shaded area) is the flat-bed approximation
of the mean distance between antinodes. Plot b shows the 𝜂𝑓𝑔 contour plot where the time–space trajectories of 𝐼𝐵𝑊 (black), 𝐼𝐹𝑊 (green), 𝑂𝐵𝑊 (yellow) and 𝑂𝐹𝑊 (red)
are displayed. Plot c shows the theoretical (Th) and separated (Sep) wave amplitudes of [𝐼𝐵𝑊 , 𝐼𝐹𝑊 , 𝑂𝐵𝑊 , 𝑂𝐹𝑊 ], compared to the measured (Md) total wave amplitude at
𝑓𝑔 . The shaded area in plot c highlights the measured breakpoint excursion (𝛥𝑥𝑏). Plot d illustrates the cross-shore water depth. Dots illustrate the location of the probes. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
4.2.1. Applying the GSC procedure at the group frequency
Twelve bichromatic wave conditions compose the IBIMS-ICL data

set (Padilla and Alsina, 2017). For a range of group frequencies, these
wave conditions are designed in such a way that all the wave groups are
identical within a time series, i.e., the repetition period 𝑇𝑟 between two
identical phases matches the group period 𝑇𝑔 (see Fig. 3, where 𝑇𝑟 =
𝑇𝑔). Consequently, the group frequency 𝑓𝑔 is the only existing energetic
low frequency. The primary frequencies are 𝑓1 and 𝑓2. See Padilla and
Alsina (2017) or Appendix A for a summary of the characteristics of
the wave conditions.
6

Fig. 4 shows the experimental wave condition B-1, where the surf
zone is not included. The measured cross-shore amplitude evolution at
𝑓𝑔 and the separated wave trains (𝐼𝐵𝑊 , 𝑂𝐹𝑊 , 𝐼𝐹𝑊 ) are illustrated
before (plots a and b) and after (plots c and d) the GSC procedure
is applied. As expected from such mild sloping bed (see plot e), the
separated 𝑂𝐵𝑊 has a negligible energy content and has not been
displayed.

Before applying the GSC procedure, two clear node–antinode pat-
terns may be identified in Fig. 4-a. Hence, at least three different wave
trains coexist at 𝑓 according to Eq. (5). The antinodes whose average
𝑔
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Fig. 3. Water surface elevation at 𝑥1 (closest probe to the wave-maker) for wave
onditions B-1 (a) and B-4 (b). The thicker line highlights an individual wave group
ithin the time series. The wave group period 𝑇𝑔 matches the repetition period 𝑇𝑟. 𝑇𝑝

s the mean period of the short individual waves (shaded area).

Table 2
Amplitudes and phases obtained at 𝑥0 (wave-maker) of the existing wave trains at 𝑓𝑔
for the experimental wave case B-1 (IBIMS-ICL data set) before and after applying the
GSC procedure.

Before GSC After GSC

𝐴𝐼𝐵𝑊0 (m) 5.66 ⋅10−4 5.51 ⋅10−4

𝜓𝐼𝐵𝑊
0 (rad) 3.41 3.47

𝐴𝐼𝐹𝑊0 (m) 2.59 ⋅10−4 0.25 ⋅10−4

𝜓𝐼𝐹𝑊
0 (rad) 4.48 4.51

𝐴𝑂𝐹𝑊0 (m) 1.57 ⋅10−4 1.65 ⋅10−4

𝜓𝑂𝐹𝑊
0 (rad) 2.34 3.06

distance is 𝐿 = (10 m) correspond to the linear superposition of
he pair [𝐼𝐵𝑊 , 𝐼𝐹𝑊 ]. The antinodes whose distance is 𝐿 = (1 m)

correspond to the linear superposition of the pair [𝐼𝐵𝑊 , 𝑂𝐹𝑊 ]. Since
the amplitude of the antinodes belonging to [𝐼𝐵𝑊 , 𝐼𝐹𝑊 ] is larger
than the associated to [𝐼𝐵𝑊 , 𝑂𝐹𝑊 ], then 𝐴𝐼𝐹𝑊 > 𝐴𝑂𝐹𝑊 . All this is
onsistent with the separated 𝐼𝐵𝑊 , 𝐼𝐹𝑊 and 𝑂𝐹𝑊 . Both 𝐼𝐹𝑊 and
𝐹𝑊 behave as free waves whose growth follows linear shoaling. In
ontrast, the growth of the 𝐼𝐵𝑊 is very well described as proportional
o ℎ−𝛼 , where 𝛼 ≈ 1.05 in this particular case. Likewise, the 𝐼𝐵𝑊 is, as
xpected, in antiphase with the envelope of the high frequency wave
roup (Fig. 4-b and d).

After applying the GSC procedure, only one node–antinode pattern
s observed at the cross-shore wave amplitude (Fig. 4-c). This pattern
orresponds to the propagation of the pair [𝐼𝐵𝑊 , 𝑂𝐹𝑊 ]. In Fig. 4-
, the negligible wave amplitude of the 𝐼𝐹𝑊 confirms its effective
ttenuation. Table 2 shows the amplitude and phase of the separated
ave trains back-propagated to 𝑥0 before and after applying the GSC
rocedure. The initial amplitudes of the 𝐼𝐵𝑊 and the 𝑂𝐹𝑊 are seen to
emain practically the same. The 𝐼𝐹𝑊 amplitude has been importantly
educed, with an attenuation of around 90%.

Fig. 5 verifies a proper attenuation of the 𝐼𝐹𝑊 throughout all the
xperimental wave cases in IBIMS-ICL data set. This figure shows the
bsolute (plot a) and relative (plot b) damping of the 𝐼𝐹𝑊 at 𝑓𝑔 after

applying the GSC procedure. In absolute terms, the 𝐼𝐹𝑊 amplitude
after the GSC procedure is (10−4 m). In relative terms, this damping
means an overall attenuation of above 60% of the spurious energy,
increasing to nearly 90% for some cases.
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4.2.2. Applying the GSC procedure at subharmonics of the group frequency
Ten bichromatic wave conditions compose the DIFFREP-ICL data

set (Padilla and Alsina, 2018). These wave conditions are designed
in such a way that the ratio between the repetition period 𝑇𝑟 and
the group period 𝑇𝑔 is a positive integer number 𝑅𝑝, i.e., 𝑅𝑝 is the
number of wave groups before a given wave phase repeats exactly (see
Fig. 6 for cases with 𝑅𝑝 = [2, 3 and 5]). The group frequency 𝑓𝑔 is
o longer the only energetic low frequency (as it was with IBIMS-ILC
ata set). Subharmonics of 𝑓𝑔 , like the repetition frequency 𝑓𝑟 (1∕𝑇𝑟),
re also energetic frequencies. As a consequence, an accurate long
ave generation of the cases forming DIFFREP-ICL data set requires the
ttenuation of the free-wave contamination at the group frequency and
urther lower frequencies. See Padilla and Alsina (2018) or Appendix B
or a summary of the characteristics of the wave conditions.

Fig. 7 shows the wave case MR-03 (𝑅𝑝 = 3) before and after
pplying the GSC procedure. The target wave frequencies in this case
re the subharmonics 𝑓𝑔 , 2𝑓𝑟 and 𝑓𝑟. Before applying the GSC procedure

(left-hand side plots in Fig. 7), the existence of 𝐼𝐹𝑊 s at 𝑓𝑔 , 2𝑓𝑟 and
𝑓𝑟 is evident because of the observed node–antinode patterns and con-
firmed by the separated wave trains. After applying the GSC procedure,
important differences are observed when comparing the cross-shore
wave amplitude in plots a-c with plots e-g, respectively. At 𝑓𝑔 , the
ode around 𝑥 = 5 m and the antinode around 𝑥 = 25 m observed

in plot a vanish in plot e. As a result, the cross-shore wave amplitude
n plot e is almost entirely explained by a dominant 𝐼𝐵𝑊 (the 𝑂𝐹𝑊
s practically negligible). At 2𝑓𝑟 and 𝑓𝑟, there is no propagating 𝐼𝐵𝑊
nd the observed node–antinode patterns in plot b and c are due to
ach pair [𝐼𝐹𝑊 , 𝑂𝐹𝑊 ]. In plots f and g, these node–antinode patterns
re importantly reduced once the respective 𝐼𝐹𝑊 s are attenuated. In
elative terms, the 𝐼𝐹𝑊 attenuation is 88.26% at 𝑓𝑔 , 80.63% at 2𝑓𝑟
nd 89.12% at 𝑓𝑟 for the wave condition MR-03.

It is important to mention that the attenuation of the 𝐼𝐹𝑊 at any
f the above subharmonics is experimentally observed to have implica-
ions in the rest. Therefore, in practical terms, the GSC procedure is to
e applied individually at each subharmonic in an energetic-descending
rder. The 𝐼𝐹𝑊 is suppressed at 𝑓𝑔 in the first place, followed by 2𝑓𝑟
nd 𝑓𝑟.

Fig. 8 verifies a proper attenuation of the free-wave contamination
hroughout all the experimental wave cases in DIFFREP-ILC data set.
ig. 8 displays the 𝐼𝐹𝑊 attenuation at 𝑓𝑔 and 𝑓𝑟 since those were the
requencies of interest in Padilla and Alsina (2018). At 𝑓𝑔 , the overall
ttenuation is above 90% (see plot c) and the resulting 𝐼𝐹𝑊 amplitude
fter applying the GSC procedure is (10−4 m) (plot a). At 𝑓𝑟, the
verall attenuation is above 60% (plot d). This represents a decay in
he efficiency to suppress the unwanted energy at 𝑓𝑟 compared to 𝑓𝑔 .
lthough, the wave amplitude of the 𝐼𝐹𝑊 at 𝑓𝑟 ((10−5 m)) is an order
f magnitude below the wave amplitude of the 𝐼𝐹𝑊 at 𝑓𝑔 .

. Discussion

Free-wave contamination is a relatively common and undesired
ssue in many experimental facilities. Free-wave contamination is the
ombination of spurious waves from different sources. These spurious
aves are partially the result of first-order wave-makers being unable

o correctly reproduce the target wave field, and partially, re-reflections
f outgoing waves at the paddle board of the wave-maker. Tradition-
lly, the implementation of second-order wave generation theory is
upposed to overcome the former (Van Dongeren et al., 2002), whereas
he use active wave absorption systems is supposed to overcome the
atter (Lykke Andersen et al., 2016, 2018). Unfortunately, it is difficult
o completely eliminate the free-wave contamination and it usually
emains unnoticed when the effectiveness of, mainly, the active wave
bsorption systems is taken for granted.

Active wave absorption systems absorb a good part of the outgoing
ave energy content. To do so, these systems generate a compensating
ave in real time that is meant to cancel out the re-reflection of the
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Fig. 4. Wave condition B-1 before (plots a and b) and after (plots c and d) applying the GSC procedure at 𝑓𝑔 . Plots a and c show the cross-shore evolution of the total amplitude
at 𝑓𝑔 and the separated wave trains (𝐼𝐵𝑊 , 𝑂𝐹𝑊 and 𝐼𝐹𝑊 ). Plots b and d show the water surface elevation time series at 𝑥1 with the separated wave trains at 𝑓𝑔 multiplied
by a factor of 10. The wave separation settings are [𝑃 = 15, 𝛥𝑥𝑠𝑒𝑝∕𝛥𝑥 = 3]. Plot e illustrates the cross-shore water depth. Dots illustrate the location of the probes.
outgoing wave at the paddle board. These systems yield a frequency-
dependent absorption rate that may be up to 90% within the target
frequency band, with rapid decay outside this band (Lykke Andersen
et al., 2016). In practice, the actual effectiveness of these systems is usu-
ally unknown. If no active wave absorption is used, a purely re-reflected
wave can be identified since it has to be in phase with the outgoing
wave at the paddle board. If active wave absorption is used, a residual
wave arises as the sum of the re-reflected wave and the compensating
wave. This residual wave is not necessarily in phase with the outgoing
wave at the paddle board, and consequently, cannot be distinguished
from any other existing spurious wave. Outside the target frequency
band where the effectiveness of the active wave absorption system
reduces, these residual waves may become important, being a signif-
icant fraction of the existing free-wave contamination. Some studies,
such as Barthel and Mansard (1988), Zaman et al. (2010), Orszaghova
et al. (2014), Grue and Kolaas (2017) or Padilla (2019), have reported
that the influence of free-wave contamination in the shallow water
hydrodynamics should not be ignored in experimental studies. In this
context, the GSC procedure allows identifying and minimizing the free-
wave contamination and may be of interest for most experimental
facilities.

The GSC procedure, as described in Section 2, is a useful tool to
evaluate the accuracy of wave generation and wave absorption sys-
tems. Applying this GSC procedure provides, in practice, with similar
results to a theoretical second-order wave generation with negligible
re-reflections. The advantage of the GSC procedure is that it minimizes
the free-wave contamination, regardless of the source (first-order wave-
generation or re-reflections). Furthermore, this GSC procedure provides
8

with more reliable wave fields since the level of free-wave contami-
nation is quantified before and after applying the GSC procedure. The
inconvenience is that the GSC procedure requires being applied to every
target frequency individually. This inconvenience is the main limitation
when applying the GSC procedure to irregular wave conditions as
it is meant to be sequentially applied to every frequency bin in the
wave spectrum. This sequential application implies some challenges
that would require to be properly addressed: (1) Setting the appropriate
frequency bin size as a balance between time cost and accuracy; (2) the
iterative application of the GSC procedure to each frequency bin; and
(3) considering the potential energy transfer between frequency bins
(e.g., between the bins centred at 𝑓𝑖 and 2𝑓𝑖). If these energy transfers
were relevant, the attenuation of the 𝐼𝐹𝑊 for a certain bin may alter
the energy content of some other frequency bins. Therefore, it would
be necessary to set the appropriate sequence of frequency bins where
to apply the GSC procedure. This effect increases with the number of
bins as has already been observed for a limited number of frequencies
in Section 4.2.2. On top of that, the framework for wave separation
by PA2020 turns less accurate when the number of wave components
within a certain frequency is above four, which is likely to happen
when working with frequency bins. This extra limitation is extensively
discussed in PA2020 when addressing the application of the qualitative
and quantitative analysis over irregular wave conditions. Therefore,
applying the GSC procedure to irregular waves is a complex topic which
is out of the scope of this paper.

The presented experimental wave fields belonging to IBIMS-ILC
and DIFFREP-ILC data sets were carried out in a wave flume where
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Fig. 5. Plot a shows the 𝐼𝐹𝑊 amplitude at the location 𝑥1 before and after applying
the GSC procedure to the wave conditions in IBIMS-ILC data set. Plot b shows the
𝐼𝐹𝑊 attenuation percentage.

first-order wave generation and active wave absorption, based on force-
feedback control, were used Spinneken (2010). This kind of active wave
absorption has been reported to effectively reduce the re-reflections at
the high frequency domain. However, an important level of free-wave
contamination is observed at the low frequency. After using the GSC
procedure, the experimental data sets are in very good agreement with
the expected second-order wave fields. For those, the attenuation rate
of the free-wave contamination is between 60% to 90%.

Reanalysis of previous data (Baldock et al., 2000) have been per-
formed where second-order wave generation and active wave absorp-
tion were used. It was detected the presence of a spurious 𝐼𝐹𝑊 , which
is likely to be the residual wave of the 𝑂𝐹𝑊 not being fully absorbed
by the active absorption system. Indeed, Baldock et al. (2000) already
reported a decay in the efficiency of active absorption as the wave-
length of the 𝑂𝐹𝑊 increases. The level of free-wave contamination
(energy content of the 𝐼𝐹𝑊 ) is low and did not affect the conclusions
presented in Baldock et al. (2000). However, the attenuation of this
𝐼𝐹𝑊 using the proposed GSC procedure could have improved the wave
generation reducing potential non-desired influences.

The GSC procedure is reliable as long as (i) the maximum available
stroke of the wave-maker is not exceeded and (ii) a minimum spatial
domain length and resolution are fulfilled. Assuming the former, the
latter is quite relevant to correctly perform the wave separation. In
this paper, the general framework for wave separation in the frequency
domain proposed by PA2020 has been used due to its suitability for
long and short waves propagating on uneven bathymetries. This frame-
work provides with a qualitative analysis to estimate the number of
existing wave trains at the target frequency, their nature, propagation
direction and relative importance. These outcomes are confirmed by
9

Fig. 6. Water surface elevation 𝜂 at 𝑥1 for the wave conditions MR-02 (a), MR-03 (b)
and MR-06 (c). The thicker line highlights the sequence of 𝑅𝑝 wave groups within a
repetition period 𝑇𝑟. The wave group period is 𝑇𝑔 and the mean period of the short
individual waves is 𝑇𝑝 (shaded area).

the quantitative analysis (wave separation method). In this paper, the
applicability of the qualitative and quantitative analyses over very
different spatial resolutions has been tested on a variety of experimental
wave conditions.

This paper presents a variety of nonlinear waves propagating over
different bathymetries and being measured with very different spatial
resolutions. For those wave fields, the number and nature of the ex-
isting wave trains at each frequency are a priori unknown. However,
when they are more than two, the cross-shore wave amplitude may
display observable node–antinode patterns. The qualitative analysis of
those patterns, as proposed by PA2020, allows an estimation of the
number and nature of the existing wave trains. For the wave fields
analysed in this paper, 𝐼𝐵𝑊 is often the dominant wave train that
travel bound to the primary frequencies, 𝐼𝐹𝑊 is an incident free
wave train and 𝑂𝐹𝑊 is an outgoing free wave train. In general,
the qualitative analysis applied to long waves requires longer spatial
domains ((10 m)) than what necessary for short waves ((1 m)), but
the spatial resolution does not really need to be as dense. An averaged
𝛥𝑥 around 0.4 m was used to capture the undulations at subharmonics
of the primary frequencies. An averaged 𝛥𝑥 around 0.1 m was used for
the superharmonics.

Having a wave field measured with a uniform spatial resolution
is typical of theoretical and numerical wave data. However, this is
not usually the case for experimental and field wave data, where the
number of available probes are limited. In these cases, a changing
spatial resolution offers higher resolution at locations of interest. This
lack of uniformity does not affect the quantitative analysis (wave
separation method), which is seen to work with probes having different
distances between each other. The resolution of the local array is not
constant and 𝛥𝑥𝑠𝑒𝑝∕𝜆 operates over a range. In the present analysis,
𝛥𝑥𝑠𝑒𝑝∕𝜆 is in the range 0.1–0.45, which is in agreement with the recom-
mended threshold proposed by Goda and Suzuki (1976) to guarantee
the stability of the separation. As a result, the outcomes from the wave
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Fig. 7. Wave case MR-03 belonging to DIFFREP-ICL data set before (left-hand side plots) and after (right-hand side plots) sequentially applying the GSC procedure. For the signals
𝜂(𝐼) (plot a) and 𝜂(𝐼𝑉 ) (plot e), the cross-shore amplitude of the total signal at 𝑓𝑔 and its separated components (IBW, IFW, OFW) are showed. Similarly, plots b (𝜂(𝐼)) and f (𝜂(𝐼𝑉 ))
show the cross-shore amplitude at 2𝑓𝑟, whereas plots c (𝜂(𝐼)) and g (𝜂(𝐼𝑉 )) does for 𝑓𝑟. Plots d and d’ illustrate the cross-shore water depth. Dots illustrate the location of the
probes.
separation perform a stable solution regardless of their cross-shore
changing spatial resolution. Furthermore, the recommended number
𝑃 of probes forming the local array is seen to lay in the range 5–10.
Similar sizes of the local array were used by Battjes et al. (2004), Lin
and Huang (2004), Van Dongeren et al. (2007) and Lykke Andersen
et al. (2017).

6. Conclusions

Free-wave contamination is a common issue in many experimental
wave facilities. Higher order wave generations are often not widely
implemented and the effectiveness of active wave absorption systems
10
is usually unknown. In order to minimize the free-wave contamination,
this paper presents a Generation–Separation–Compensation (GSC) pro-
cedure that effectively (1) identifies and quantifies and (2) attenuates
(if needed) the existing free-wave contamination. In practical terms, the
resulting wave field after applying the GSC procedure is seen to behave
as expected from a higher order wave generation. This accuracy up to
second order is seen for the experimental bichromatic wave conditions.
For those wave conditions, the attenuation ratio of the low frequency
unwanted energy content is usually relatively high (above 60%) and
especially high at the group frequency (around 90%).
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Fig. 8. Plots a and b show the IFW amplitude at 𝑓𝑔 and 𝑓𝑟, respectively, before and after applying the GSC procedure for the wave cases in DIFFREP-ILC data set. Plots c and d
show the IFW attenuation percentage at 𝑓𝑔 and 𝑓𝑟, respectively. The amplitudes are provided at the first measuring location (𝑥1).
In order to identify and quantify the level of free-wave contamina-
tion, the GSC procedure uses the general framework for wave separa-
tion proposed by PA2020. The application over experimental data of
this framework for wave separation is presented with excellent results.
The robustness of the information provided by the qualitative analysis
is guaranteed for wave cases fulfilling a minimum spatial domain length
and resolution. Moreover, the stability of the quantitative analysis
(wave separation method) is also guaranteed for local arrays formed of
more than 5 probes, with 𝛥𝑥𝑠𝑒𝑝∕𝜆 typically being in the recommended
range of 0.1–0.45.
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Table 3
Generated bichromatic wave conditions for IBIMS-ICL data set.

Case 𝑓𝑝 (Hz) 𝑓1 (Hz) 𝑓2 (Hz) 𝛥𝑓 = 𝑓𝑔 (Hz) 𝑎1 (m) 𝑁 𝑛 𝑅𝑝

A-1 1.1 1.257 0.943 0.314 0.015 1 3 1
A-2 1.1 1.200 1.000 0.200 0.015 1 5 1
A-3 1.1 1.144 1.056 0.088 0.015 1 12 1
A-4 1.1 1.127 1.073 0.054 0.015 1 20 1
A-5 1.1 1.122 1.078 0.043 0.015 1 25 1
B-1 0.9 1.029 0.771 0.257 0.015 1 3 1
B-2 0.9 0.981 0.818 0.164 0.015 1 5 1
B-3 0.9 0.936 0.864 0.072 0.015 1 12 1
B-4 0.9 0.922 0.878 0.044 0.015 1 20 1
C-1 0.6 0.686 0.514 0.171 0.015 1 3 1
C-2 0.6 0.640 0.560 0.080 0.015 1 7 1
C-3 0.6 0.624 0.576 0.048 0.015 1 12 1

Appendix A. IBIMS-ICL data set

See Table 3.

Appendix B. DIFFREP-ICL data set

See Table 4.
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Table 4
Generated bichromatic wave conditions for DIFFREP-ICL data set.

Case 𝑓𝑝 (Hz) 𝑓1 (Hz) 𝑓2 (Hz) 𝛥𝑓 = 𝑓𝑔 (Hz) 𝑓𝑟 (Hz) 𝑎1 (m) 𝑛 𝑅𝑝

MR-01 0.6 0.686 0.514 0.171 0.171 0.015 3 1
MR-02 0.6 0.700 0.500 0.200 0.100 0.015 3 2
MR-03 0.6 0.695 0.505 0.189 0.063 0.015 3 3
MR-04 0.6 0.695 0.505 0.189 0.063 0.025 3 3
MR-05 0.6 0.658 0.542 0.116 0.039 0.015 5 3
MR-06 0.6 0.697 0.503 0.194 0.039 0.015 3 5
MR-07 0.5 0.579 0.421 0.158 0.053 0.015 3 3
MR-08 0.3 0.347 0.253 0.095 0.032 0.010 3 3
MR-09 0.9 1.042 0.758 0.284 0.095 0.015 3 3
MR-10 0.6 0.637 0.563 0.074 0.025 0.015 8 3
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