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Infragravity wave height
dependency on short wave
parameters — observations on
the east coast of South Korea
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Maritime Information & Communications Technology (ICT) & Mobility Research Department, Korea
Institute of Ocean Science and Technology, Busan, Republic of Korea

Infragravity waves (IGWs) that have lower wave frequencies than short waves
(SWs) can cause significant impacts on coastal processes, such as beach erosion,
when their amplitude increases toward the shore, specifically under energetic
wave conditions. Therefore, it is important to precisely predict IGW shoaling
based on SW conditions for scientific and engineering purposes. In this study,
shoaling of IGWs was observed at three different sites along the east coast of
South Korea based on continuous wave observations at various water depths.
The nearshore IGW shoaling was dominant over the SWs, which was likely due to
the energy transfer between the SWs and IGWs. Two types of SW parameters
were employed to examine their correlations with IGWs, and linear dependences
were observed for both types. However, the determination coefficient showed
the opposite pattern between the two types, as it increased with decreasing
depth with the wave energy flux. The comparison showed that the energy flux
could be a preferred parameter type to represent the correlations of the IGW
height in these calculations, as one formula could be developed for the depth-
dependent proportional coefficients of the linear correlations when the energy
flux was used. However, a discrepancy was also observed in the magnitude of the
proportional coefficients, indicating that the IGW height over the SW parameters
was higher in the sandy beaches than in the rocky seabed. Therefore, it could be
assumed that seabed conditions may be an important factor for the process of
IGW shoaling, but further evidence is needed.
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1 Introduction

The east coast of South Korea extends in the north—south
direction, and the coastline is monotonously connected, having
only a few islands. The coast can be divided into some sectors that
face the open sea (East/Japan Sea), with slightly different angles, as
its northern part faces NE, whereas the southern part faces E
(marked with red arrows in Figure 1A). On the coasts open to
the oceans or seas, a close relationship between short waves (SWs)
and infragravity waves (IGWs) is commonly observed (e.g.,
Holman, 1981; Guza and Thornton, 1982; Guza and Thornton,
1985; Elgar et al, 1992; Huntley et al., 1993). High correlations
between the SWs and IGWs have also been reported by wave
observations along the east coast of South Korea, which were
different from the observations along the southern and western
coasts (Jeong et al., 2002; Cho et al., 2014).

IGWs are surface gravity waves with frequencies lower than
SWs, typically ranging from 20 sec to 300 sec (e.g., Oh et al., 2020).
In terms of height, IGWs are only a few mm to cm high in the deep
ocean (e.g., Rawat et al., 2014; Crawford et al., 2015; Smit et al,,
2018) but can reach nearly 1.0 m close to shore under storm
conditions (Ruessink, 2010; Fiedler et al., 2015; Inch et al., 2017;
Bertin et al., 2020). Unlike SWs, which are dissipated via the
breaking process in shallow water, IGWs sometimes abruptly
increase near the shore (Fiedler et al,, 2015; Gao et al., 2019).
Researchers have reported that IGWs can cause (or at least increase)
beach erosion under energetic wave conditions (Roelvink et al.,
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2009) and induce harbor agitation or resonance (Bellafont, 2019;
Gao et al,, 2020). Severe harbor resonance phenomena can further
disrupt the loading/unloading operations of ports. Thus, IGWs near
the coast need to be considered and studied as much as SWs.

Two mechanisms are responsible for the generation of IGWs.
The group waves in SWs excite group-bound IGWs, and the bound
IGWs are amplified through interactions of these SWs as the
radiation stress becomes greater in a group of higher waves
(Longuet-Higgins, 1962; Zhang et al., 2020). In the nearshore
zone where SWs break, bound waves are released and travel in
the form of free waves to the coast and are reflected, propagating
toward the open ocean (Baldock, 2012; Zhang et al., 2020). Free
IGWs can also be generated in the surf zone when the time-varying
breaking points act as free wave generators, creating energy at
infragravity frequencies (Symonds et al., 1982).

The generation and growth of IGWs are highly nonlinear
processes and difficult to precisely predict closer to the shore.
Nearshore IGWs are sensitive to water depth, sediment, and
other geomorphological conditions, so it is difficult to consistently
estimate IGWs despite their certain correlation with SWs. Steady
attempts have been made to predict IGWs using the correlation
between SWs and IGWs (Nelson et al., 1988; Bowers, 1992;
McComb et al., 2005). Moreover, an empirical formulation for
IGWs with numerically modeled ocean waves has been attempted
(Ardhuin et al., 2014; Rawat et al., 2014). However, the consistency
of the estimated IGW cannot be guaranteed under various
conditions close to shore, so IGWs have not been treated as a
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(A) Locations of the study sites on the east coast of Korea; (B—D) maps of observation stations at each site (left) and photographs that show the
sediment conditions of the sites (right). The three sites, Namhangjin, Hujeong, and Jigyeongri, are marked as Site N, Site H, and Site J in the
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major factor for coastal structural design or environmental impact
analysis, even when considerable IGW impact was expected.
Therefore, it would be useful for engineering applications if some
practical methods to predict reliable IGW height or energy are
developed; here, a reliable IGW should vary consistently with water
depth and other geomorphological factors.

In this study, the dependency of IGW height on SW parameters
was investigated by considering the propagation of IGWs. For this
investigation, continuous observations for approximately 1 year or
more were made at three different sites along the east coast of South
Korea. At each site, wave gauges were deployed at different depths
from an intermediate depth to the surf zone, where the correlation
between SWs and IGWs was consistently observed (Herbers et al,
1995b; Ruessink, 1998; Mahmoudof et al., 2021), unlike the inside of
the surf zone, where IGW transformation was significantly affected by
the topography (Munk, 1949; Herbers et al., 1995a; Sheremet, 2002).
Therefore, at these three sites, observing the IGW growth through a
comparison of the results between the different sites is effective.

To accurately estimate IGWs, it is important to understand
IGW propagation during shore-approaching processes, which is
mainly affected by IGW shoaling and dissipation. The shoaling of
IGWs in the nearshore zone may be more significant than the
conservative SW shoaling caused by the decrease in the water depth
because the IGW height can additionally increase when the energy
is transferred to the IGW's from the SWs. Therefore, the rate of IGW
shoaling could be higher than the conservative shoaling that follows
Green’s law, by which the shoaling is proportional to dV/* where d
is the water depth (Bertin et al., 2018). The energy transfer that
contributes to IGW shoaling depends on the bed slope, as more
energy can be transferred to the infragravity frequency band on a
gentle slope (Henderson et al., 2006; De Bakker et al., 2015; De
Balker et al., 2016; Li et al., 2020). On steeper slopes, the energy can
be transferred away from the IGW band to the SW band, thereby
contributing to the reduction in IGW height (Bertin et al., 2018).
Therefore, the pattern of energy transfer between SWs and IGWs
should be carefully examined, specifically for shore-approaching
waves. Dissipation due to bottom friction may play only a
secondary role in reducing the IGW energy (Van Dongeren et al.,
2007; De Bakker et al., 2014). However, it may become significant
over coral reefs (Pomeroy et al., 2012; Van Dongeren et al., 2013),
implying that seabed conditions can be considered factors in the
development of shore-approaching IGWs (Billson et al., 2019; Poate
et al., 2020).

In the present study, the IGW shoaling and dissipation processes
were considered by analyzing the energy transfer and comparing the
seabed conditions between the observation sites, according to the
study goal of investigating the correlation between IGW and SW
parameters during wave propagation to the shore. Previously, the
correlation of the low-frequency band with SWs has been studied by
many researchers. For example, linear dependence was observed
between the IGW and SW heights (Tucker, 1950; Herbers et al,
1995a). Bowers (1992) suggested an empirical relationship for IGW
height by considering additional parameters, such as the SW period
and water depth. Later, Ardhuin et al. (2014) suggested a correlation,
supporting the linear dependence between the IGW and SW heights
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and the additional dependence of H, significant wave height of the
IGWs, on the SW period and water depth, indicating IGW shoaling
due to decreasing water depth. This correlation was used in the
WAVEWATCH III spectral wave model (Tolman, 2008) to
parameterize the nearshore source of IGWs as a function of the
SW spectrum. In this study, however, the proportional coefficient
between Hy; and SW parameters was not closely analyzed, although
its range significantly varied from one site to another. Ardhuin et al.
(2014) suggested that the shelf width could be an important factor
that affected the proportional coefficient.

On the other hand, some studies have reported that the IGW
height is proportional to the wave energy flux instead of the SW
height (Inch et al., 2017; Poate et al., 2020). For example, Inch et al.
(2017) examined the correlation of the IGW height with various SW
parameters, such as the SW height, period, and energy flux, and
reported that the highest determination coefficient, 7%, of the linear
regression was found in the case of the wave energy flux, as Hjg =
HZ, where H, is the significant wave height of SWs. Similarly, Poate
et al. (2020) examined the same correlation at two different sites on
rocky platforms and observed that the slope of the regression line
between Hj; and H? was greater on sloping platforms than on
flatter platforms, suggesting that the transformation of infragravity
energy across platforms was more energetic on sloping platforms.
Poate et al. (2020) further suggested that, based on their
observational and modeled data, a linear parameterization of the
IGW height with offshore energy flux might not always be suitable
because it is highly site specific.

In this study, we compared both of the correlations suggested by
Ardhuin et al. (2014) (i.e. Hyg vs. H, T2 where T,, is the mean period
of SWs) and by Inch et al. (2017) (i.e. Hyg vs. H2T,,) based on the
wave data sets measured at three different sites. Two of these sites
are sandy beaches, and the other is basically a rocky coast covered
with sediments composed of a sand and gravel mixture. The beach
profiles were similar outside the surf zone. Therefore, the
hydrodynamic and geographic conditions in this study were
distinguished from those in previous studies, whose data were
measured in dissipative sandy beaches or rocky platforms with
gentle slopes. We specifically focus on the spatial variation pattern
of the proportional coefficient, ¢, by considering various factors,
including beach slopes, seabed sediments, and SW breaking
conditions. As mentioned, beach slope is an important factor for
IGW development because it affects the energy transfer between SW
and IGW bands. The seabed sediment condition is also an
important factor, as it can affect IGW dissipation. Previously,
Billson et al. (2019) observed that the ratio of infragravity swash
height to SW height was higher for sandy beaches than gravel or
mixed sand-gravel sites. We additionally considered the SW
breaking index in analyzing the correlation pattern of the waves
within the breaking regime by comparing the data measured at
different depths along the cross-section at each site to examine the
impact of SW breaking on IGW development. The wave
measurements in this study were conducted constantly for
approximately 1 to 2.5 years, and the data at each site contain
seasonal wave variations/changes from mild to extreme storm
waves, with heights greater than 4 m.
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2 Materials and methods

2.1 Field observations

2.1.1 Study sites

In this study, three sites were selected along the east coast of
South Korea, at which the wave data were measured at different
depths from the shallowest 3.5 m to the deepest 33.5 m. The three
sites are Namhangjin (hereafter, Site N), Hujeong (Site H), and
Jigyeongri (Site J), and their locations are marked in Figure 1A. The
eastern coast of South Korea, where the three sites are located, is a
microtidal region where the maximum tidal range is approximately
0.3 m. Therefore, the impact of tides on IGW development might
not be significant.

The seabed sediment pattern was clearly distinct between the
sites, as shown in the photographs of Figures 1B, C, D. Site N and
Site H were sandy beaches where berms and dunes were developed
in the backshore. The sediment size was similar between the two
beaches, i.e., D5y=0.8~1.0 mm. In contrast, the foreshore of Site J
was covered with gravels greater than 20 mm in size and partially
covered with rocks. Inside the water, the seabed was largely covered
by rocks, and sediments were occasionally observed over the rocks.
Figure 2A shows the rocky seabed condition at d=5 m (J5) on 24
November 2021 when a pressure gauge was installed on a rock. The
seabed sediment became finer with increasing depth, as a mixture of
sand and gravel (D5,>100 mm) was found at d=24 m (J1) on the
same day (Figure 2B). Outside the water, a road is parallel to the
shore in the backshore area of Site J, which restricts the size of the
backshore to a narrow band whose width is no greater than
5 m (Figure 1D).

The seabeds of Site N and Site H had steeper bottom slopes in
the shallow areas (seabed bottom slope, 5P~1/ 12), whereas the slope
became milder (s,~1/40-1/50) in deeper areas (4>8 m). In between
the two sites, the slope became flat (Site N), or a nearshore bar was
observed (Site H), indicating that the SWs were likely breaking at
depths of 5-8 m for both Site N and Site H. At Site ], the profile was
monotonous compared to the sandy beaches, with a slope of 1/50.
Although the slope became different in the shallow nearshore areas
between the sites, it was similar outside the surf zone, as Sp ranged
from 1/40-1/50 at all three sites.

FIGURE 2

10.3389/fmars.2023.1194472

2.1.2 Observations

At three sites (Site N, Site H, and Site J), four to six wave gauges per
site were employed to measure wave data at water depths from 3.5 m to
33.5 m for 11-31 months (the details are listed in Table 1). At Site N,
four pressure transducers (PTs) were deployed at the wave stations
from NO to N3, as shown in Figure 1B. The depths of each station were
31 m (NO), 14 m (N1), 10 m (N2), and 6 m (N3), and the wave data
were measured for 22 months from 1 Feb. 2013 to 10 Dec. 2014. In
addition, a Nortek Acoustic Wave and Current profiler (AWAC) was
installed at the same location of NO (d=31 m) to validate the PT data.
An array of three stations from N1 to N3 was formed in the
perpendicular direction to the shoreline, whereas NO was located
separately offshore of the breakwater that was constructed to protect
the shore and the port near Namhangjin. At Site H, PTs were installed
at five stations at depths of 19 m (H1), 14 m (H2), 9 m (H3), 5 m (H4),
and 3.5 m (H5), as marked in Figure 1C. The PTs were deployed
between 2008 and 2020. It should be noted that, however, the times of
wave measurements were different between the stations at Site H (each
observation period is described in Table 1), indicating that direct
comparisons during concurrent wave conditions were not available
at this site. However, comparisons of the wave statistics were still valid
between different depths at the site and with those at other sites. At Site
J, an array of five PTs was deployed at six stations at depths of 24 m
(J1), 19 m (J2), 12 m (J3), 8 m (J4), and 5 m (J5) from 11 Sep. 2021 to 29
Sep. 2022 (Figure 1D). At JO (d=33.5 m), in addition to a PT, an
AWAC was installed for the validation of wave measurements during
the same period. Stations installed with an AWAC at depths deeper
than 30 m, such as NO and JO, were specifically marked with ‘0” to
distinguish them from the stations where only PTs were installed. For
example, all the stations at Site H had only PTs at water depths
shallower than 30 m, and there was no HO station. The observation
period was different between the wave stations, but their data were
constantly measured during the observation period of each station. The
observation periods listed in Table 1 show that the shortest duration of
wave measurements was 11 months at station H4, and the longest
duration was 31 months at H1. Therefore, the wave data used in this
study can represent the wave climates at the three sites, reflecting their
seasonal changes. For example, the energetic wave conditions during
the typhoon seasons in late summer and early autumn and during the
winter storm seasons were reflected in the observation data sets.

Photographs showing the seabed conditions at wave stations (A) J5 at d=5 m and (B) J1 at d=24 m. The photographs were taken on 24 November

2021.
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TABLE 1 List of the water depths (d), observation periods, and mean/maximum wave heights at each wave station.

Station Observation period

(Depth)

NO (31 m) 2013/02/01-2014/12/10, 22 months 0.60 491 0.03 0.43
N1 (14 m) 0.73 4.83 0.05 0.78
N2 (10 m) 4 0.64 4.64 0.05 0.90
N3 (6 m) 4 0.76 3.92 0.08 113
H1 (19 m) 2014/09/02-2017/04/05, 31 months 0.76 571 0.04 0.55
H2 (14 m) 201571128//1162-/;3;(3/01109//1067,/;: ?:(flnths 076 >13 005 078
H3 (9 m) 2011/06/14-2013/04/10, 22 months 0.81 5.01 0.07 0.92
H4 (5 m) 2015/10/17-2016/09/11, 11 months 0.70 252 0.10 1.05
H5 (3.5 m) 2008/10/16-2009/10/16, 1 yr 0.58 161 0.11 0.92
J0 (33.5 m) 2021/9/11-2022/9/29, 1 yr 0.54 4.19 0.02 0.20
J1 (24 m) 4 0.61 461 0.02 0.24
J2 (19 m) 4 059 413 0.03 032
J3 (12 m) 4 0.59 415 0.03 0.48
J4 (8 m) 4 0.57 3.70 0.04 0.55
J5 (5 m) 4 0.61 3.18 0.06 075

2.2 Methodology

2.2.1 Previous study results

As described in the introduction, the goal of this study is to
compare the dependency of the IGW height on the short-wave
parameters with the previous studies by Ardhuin et al. (2014) and
Inch et al. (2017). In this section, the parameterization by the
previous studies are described.

Before Ardhuin et al. (2014), linear dependence was observed
between the IGW and SW heights (Tucker, 1950; Herbers et al.,
1995a). Similarly, Bowers (1992) suggested an empirical
relationship for IGW height by considering additional
parameters, such as the SW period and water depth, as

Hy =~ H'T]d° (1)

where T), is the peak period of SWs; and d is the water depth. In
this study, 1.32, 1.17, and -0.34 were used for f, ¥, and 6,
respectively, to minimize scatter in the data plot, using the field
data measured in Port Talbot, United Kingdom. Later, Ardhuin
et al. (2014) used data sets obtained from North Carolina and
Hawaii (United States) and Crozon, Bertheaume, and Banneg island
(France) and suggested a correlation,

Hig = o4 H,T\/g/d )

where T, is the mean period of SWs, g is the acceleration of
gravity, and o4 is a proportional coefficient. This correlation
supports the linear dependence between the IGW and SW heights
and the additional dependence of Hy; on the SW period and water
depth, indicating IGW shoaling due to decreasing water depth.

Frontiers in Marine Science

Inch et al. (2017) reported that the IGW height was more closely
related to the short wave energy flux, rather than the SW height,
suggesting a correlation as

Hie = H;T, ©)

where H, is the offshore SW height and T}, is the peak wave period,
which was also supported by Poate et al. (2020) although the IGW
height dependency on offshore energy flux might be highly site specific.

2.2.2 Wave measurement and analysis

The AWAC measures the surface elevation by acoustic surface
tracking (AST) with vertical beams. The AWAC for this study
recorded 2048 samples (=17.1 min) at a rate of 2 Hz every 30 min.
Then, the surface elevation spectrum E(f) was estimated from the
AWAC-obtained surface elevation. On the other hand, the surface
elevation data from the PT were estimated from simultaneous
subsurface pressure data at a 2 Hz sampling rate. In this study,
subsurface pressure signals of 8192 samples (=68.3 min) were
transformed into surface elevation spectra by the power spectrum
density of wave pressure E,(f), which was obtained from the
hydrostatic elevation by Fourier transform. The hydrostatic
elevation { was converted from the pressure gauge signal P by
considering atmospheric pressure, with the density of water p,,, the
gravitational acceleration g and the mean water depth d.

P
Pug

Then, the surface elevation spectrum E(f) was obtained from

¢ (4)

the wave pressure spectrum E,(f) and the pressure transfer function
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K, (Vasan et al,, 2017). Here, the wavenumber k(f) was obtained
from the linear dispersion relationship that assumes the small
amplitude wave theory.

E(f) = K2E, () 5)

_ cosh{(d + &)k(f)}

P cosh{Sk(f)} ©)

The significant wave height H; or the mean period T,, of SWs
can be estimated from the surface elevation spectrum E(f) by using
spectral moments in Eqn. (7) (Holthuijsen, 2007). The nth-order
spectrum moment m,, was calculated as in Eqn. (8) with the upper
and lower limits fypper and fioyer Of the specified frequency band of
SWs. H = 4\/m_0,

H, =4\/my, T, =+/my/m, (7)

fuppr
A fU-E()df ®)

m, =

Spectral analysis was also applied to obtain the significant wave
height of IGWs Hjjgw using the IGW frequency band. The upper
limit of the SW frequency band was set to 0.3 Hz, and the
lower limit of the IGW frequency band was set to 0.004 Hz.
The upper limit of the IGW frequency band and the lower limit
of the SW frequency band were set equal to 0.05 Hz.

Higw = 4y/Mo1gw 9

fupperiGw
MyiGw = / f-E(f)df (10)

froweriow
Bispectral analysis was performed to examine the nonlinear
energy transfer between SWs and IGWs. The bispectrum By, g,
represents the coupling between f), f, and f; +f, and indicates
whether or not there is a triad nonlinear interaction (Hasselmann
et al., 1963; Elgar and Guza, 1985).

"
Byp, = E[An Az AL ] 11)

where Ay is the complex Fourier coefficient at frequency f,
(n = 1,2),and E[] is the ensemble average operator for the product of
Ay Ay, and the complex conjugate term A; +, The imaginary part of
the bispectrum indicates the direction and magnitude of the energy
transfer between the frequency components f;,f, (Herbers et al,
2000). Positive values of the imaginary part of By, ; indicate energy
transfer from f; and f, to f; + f,. Negative values of the imaginary part
of By, , indicate energy transfer from f; + f; to f; and f,.

3 Data

AWAC data measured at NO and JO for validation of PT data
had good correlations with PT data, as their correlation coefficients
between the H; of AWAC and PT data are 0.96 at NO and 0.95 at JO,
supporting the accuracy of the PT measurements, even at the
deepest stations. Furthermore, the AWAC could provide wave-
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directional information at the two sites. The principal directions of
wave propagations were NE and ENE, as 25-30% of the waves came
from the NE for both stations. Although AWACs were not installed
at Site H, its primary wave direction may also be NE, as previously
observed (Chang et al.,, 2019; Do et al., 2021).

In Table 1, the mean and maximum values of SW and IGW
heights are listed, as they were measured during the whole
observation period of each wave station. Because the observation
periods were different between the sites, a direct comparison is not
feasible. However, the wave conditions were comparable between
the three sites. At Site N, the mean values of the significant wave
height of SWs (H,) varied from 0.60 m to 0.76 m, showing a
shoaling pattern as the measured depth decreased from 31 m (NO)
to 6 m (N3). In contrast, the maximum values decreased with
decreasing depth from 4.91 m (NO) to 3.92 m (N3), likely due to the
effect of SW breaking. This pattern was similarly observed at Site H
and Site J, as their maximum values decreased with decreasing
depth. In terms of the mean values, however, Site H showed a
difference from the patterns in Site N and Site J, as SW shoaling was
not clearly observed, likely because the wave stations in Site H were
not aligned and refraction conditions changed.

In the case of the IGWs, the shoaling pattern was clearly
observed as both the mean and maximum values of the
significant wave height (HjGy) increased as the water depth
decreased. In particular, the maximum values of Hgy
significantly increased as the waves approached the shore. At Site
N, its maximum value was 0.43 m at d=31 m (NO) but reached
1.13 m at d=6 m (N3). The high values of the IGW height (>1 m)
were not extraordinary in this study, as was also observed in
previous studies (Ruessink, 2010; Fiedler et al., 2015; Inch et al.,
2017; Bertin et al., 2020). At Site H and Site ], the shoaling pattern of
IGWs was also clearly observed, as the maximum values of H gy
were measured to be 1.05 m and 0.75 m at d=5 m at Site H and Site
J, respectively. At Site H, the maximum value of H; ;51 decreased to
0.92 m at d=3.5 m, possibly due to IGW dissipation. However, this
result cannot be confirmed because a direct comparison was not
feasible between the wave stations at Site H, as their observation
periods were different, as listed in Table 1.

In Figure 3, time variations in H, are compared between the
wave stations at Site H and Site J for the selected wave events
measured in February 2013 and September 2021. The two wave
events were selected because they can represent the irregular pattern
of SW shoaling at the study sites. In Figure 3A, shoaling was
observed only at some specific times during the whole event
period of ~2.5 days. For example, shoaling was clearly observed
during the growth (03:00-9:00, 15 February 2013)/decay (06:00-
17:00, 16 February 2013) phases of H, and at the phase of the H;
peak (15:00-21:00, 15 February 2013). The pattern of shoaling was,
however, different between the phases because the decrease in H;
was clearly observed only between NO (d=31 m) and N1 (d=14 m)
in the growth/decay phases, whereas it was dominant between N1
and N2 (d=10 m) during the peak phase. Between N2 and N3 (d=6
m), the changes in H; were minimal in all three phases. The
irregular shoaling pattern was also observed at Site J. Figure 3B
clearly shows that H; increased between JO (d=33.5 m) and J1 (d=24
m). At shallower depths, however, the shoaling of SWs is not clearly
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FIGURE 3

Time variations in Hs during selected wave events that represented the irregular pattern of SW shoaling at (A) Site N from 15 February 2013 to 17
February 2013 and (B) Site J from 24 September 2021 to 27 September 2021. The data at Site H are not presented due to the absence of concurrent

station data.

distinguishable between stations J1 to J5. Similar to the cases in
Figure 3, SW shoaling occurred only irregularly or was not clearly
observed in many other cases during the experimental periods. The
irregularity in the SW shoaling pattern was also observed in the
statistics listed in Table 1. In contrast, the table shows that shoaling
was clearly observed in the case of IGWs. The data at Site H were
not included, as the comparison was not feasible due to the different
observation times between the stations. The data used to produce
the figures in this study are available in Mendeley (Oh and
Jeong, 2023).

4 Results

4.1 Correlation of IGW height with SW
parameters

In this section, the correlations between the significant wave
height of IGWs (H, ;) and SW parameters are investigated. Two
types of SW parameters, H2+T,, and Hyx T2, were examined because
they were suggested in previous studies by Ardhuin et al. (2014) and
Inch et al. (2017), respectively, as described in Section 1. Before
testing these parameters, the direct relationship between the SW
height, H;, and IGW height, H, ;y,, was examined because a linear
dependency between the two wave heights was observed in Herbers
etal. (1995b). In Figure 4, the correlations were estimated using the
wave measurements from all observation periods at all wave
stations at the three sites. Each data point was calculated from the
wave spectra obtained by measuring waves for up to ~68.3 min
every hour during the observation periods, as described in Section
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2.2. The figure shows strong correlations between them, as H ;g
increases with H; at all wave stations. However, it does not confirm
a linear dependency because the data were widely scattered around
the regression lines. In particular, the correlation pattern became
more quadratic as the water depth decreased. In the case of Site N,
for example, the data were scattered around the linear regression
lines (black solid lines), with a coefficient of determination of R?
=0.86 at the deepest wave station (d=31 m). The scattering became
narrower as the water depth decreased. However, Hgy
significantly increased over a similar range of H,, which makes
the regression pattern more quadratic. This pattern of narrower
scattering but deviation from the linear regression with decreasing
water depth was similarly observed at the other two sites: Site H and
Site J. The colors of the scattered data points denote the breaker
ratio (H,/d) as an index of SW breaking. For example, the yellow to
red colored dots mark the data that belong to the breaking regime,
which was determined using a simple conventional SW breaking
index (H,/d < 0.33). Therefore, the results in Figure 4 indicate that
linear correlation might not be applicable for the SW and IGW
heights, specifically in the surf zone.

The quadratic correlations in Figure 4 indicate that the shoaling
rate of H; g was greater than that of H, which was also suggested
by the data in Table 1. In Figure 5, the pattern of wave height
changes during the shore-approaching process is compared
between SWs and IGWs, in which the estimated values of H; and
H; jgw of selected wave events are plotted against different water
depths. The data were selected at concurrent times at all the wave
stations at each site so that the spatial variation in wave heights
could be directly compared during the same courses of propagation.
In addition, the selection of wave events was necessary because the
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mean values of all wave data would smear the plots, and the
shoaling pattern could not be identified. For example, Figures 5A,
B show the statistics of the waves whose H; values were greater than
2 m. For those energetic waves, the shoaling of SWs was not clearly
observed along the shore-approaching courses. In fact, the H; of Site
J decreased at the shallowest water depth, which was an indication
of SW breaking. In contrast, IGW shoaling was clearly observed at
both sites, as the mean values of H sy, increased to 0.4 m at the
shallowest water depths, whereas they were lower than 0.2 m at the
deepest stations. Figures 5C, D show the same statistics as those in
Figures 5A, B, but for the specifically selected wave events during
which the shoaling of SWs was detectible from the comparison of
time series data between the wave stations, and examples are shown
in Figure 3. In this case, the SW shoaling pattern became more
obvious than those in Figures 5A, B, and IGW shoaling was more
clearly observed. These results confirm those found in Table 1 and
Figure 4 that shoaling occurred more dominantly for IGWs than
SWs. Note that the data from Site H are not included in Figure 5
because the comparison during wave propagation was not available
due to the different observation times between the stations.

An increase in IGW energy was also detected via the comparative
view of the power spectra. Figure 6 compares the power spectra
measured at different depths between Site N and Site J. To examine
the spatial variation in the spectra during wave propagation, the data
at different wave stations were measured at concurrent times for each
station. For Site N, the spectra were constructed based on the wave
data measured over 5 hours from 2:00 to 7:00 on 7 Apr. 2013 and
over 6 hours from 9:00 to 15:00 on 19 Sep. 2022 for Site J. In addition,
the specific times were selected for Site N and Site ] because the H;
was greater than 4 m during the times when the spectra were
estimated. The energetic wave conditions were used for the
comparison because the difference between the wave stations was
clearly reflected in the power spectra. The data at Site H are not

NO, d=31m N1, d=14m N2, d=10 m

10.3389/fmars.2023.1194472

included in Figure 6 because a direct comparison among stations
cannot be made due to the absence of concurrent station data.
Figure 6 shows that two patterns are consistently observed in
the power spectra of the two sites. First, there are SW frequency
bands in which the spectrum magnitude (i.e., SW energy) decreases
with decreasing water depth. In the case of Site N, for example, the
peak of SWs is found atfp:0.0S Hz (=12.5 s), and the spectrum
magnitude sharply decreases to the higher and lower frequencies. In
particular, the level of the spectrum magnitude decreases as the
water depth decreases within the SW frequency band from 0.05 Hz
(=20'5) t0 0.15 Hz (=6.7 5). Although f, is different for the other two
sites, this pattern of SW energy decrease with decreasing water
depth is observed at both sites. Second, the level of spectral
magnitude in the IGW frequency band increases with decreasing
depth. However, the energy magnitude of the spectra in the IGW
band is different between the sites. At Site N, for example, the IGW
energy was 0.12-0.37 m*/Hz at d=31 m and 0.80-2.20 m*/Hz at d=6
m, whereas it was 0.02-0.08 m*/Hz at d=33.5 m and 0.27-1.12 m?/
Hz at d=5 m at Site J. The SW energy decrease and IGW increase
with decreasing water depth in Figure 6 support the observations in
Figures 4, 5, as they both indicate that IGW shoaling is greater than
that of SWs. The discrepancy between SW and IGW development is
further analyzed in Section 4.3 with a discussion of energy transfer.
In Figures 7, 8, the correlation between IGWs and SWs is
examined using two parameters, i.e., Hs*Tfn and HSZ*T,,,, using the
same data sets in Figure 4, based on all wave measurements
available at the three sites. The results show a largely linear
correlation of Hgy with both of the parameters. Therefore,
linear regression lines can be estimated as they fit the scatterplots
with Hy g = A xH T2 and Hy gy = AyxH2xT,,, where A; and A,
are the proportional coefficients for the data in Figures 7 and 8,
respectively. Although the linear fits reasonably represent the
correlations between the SWs and IGWs in both figures, their

N3, d=6m

FIGURE 4

Correlations of the significant wave heights between SWs (H) and IGWs (H, ,g). Top panels: NO-N3; middle panels: H1-H5; bottom panels: J0-J5.
The '0’s used to mark the wave stations distinguish the wave stations with AWACs from the stations with PTs, in which numbers (1, 2, 3, ..) mark the

deeper wave stations. The black solid lines are the linear regressions. The regression coefficients, r?, are also marked for each wave station

Frontiers in Marine Science

08

frontiersin.org


https://doi.org/10.3389/fmars.2023.1194472
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Oh et al. 10.3389/fmars.2023.1194472
B Site N 5 Site J 2 Site N 2 Site J ,
~——a—mean 90th percentile ~ - — 10th percentile =—s—mean ~ ~ -90th percentile ~ - ~10th percentile ——a—mean 90th percentile ~ - —10th percentile —e—mean 90th percentile ~ - ~10th percentile
4 4 15 15°
"3 2 = 1 ERE //‘\——-"
0 . . el el | e 11
| g gl 0 o
3 14 10 6 335 24 19 12 8 5 3 14 10 6 335 24 19 12 8 5
d d d d
1 1 0.2 T T 02 T T T T
—e—mean —e—mean 90th percentile ~ - ~10th percentile —e—mean 90th percentile — - —10th percentile —s—mean - ~ -90th percentile ~ - —10th percentile

FIGURE 5

Comparison of the spatial variations in the Hg and H, s of selected wave events during shore-approaching courses. (A) Upper panel: mean values
(blue solid line) of H, of the wave events selected only when H, was greater than 2 m at Site N; lower panel: Hs g of the same wave events used in
the upper panel; (B) same as Aa) but for Site J; (C) upper panel: mean values (blue solid line) of Hs of the wave events during which SW shoaling was
detectible (as shown in Figure 3) at Site N; lower panel: Hy gy of the same waves used in the upper panel; (D) same as (C) but for Site J The pink and
gray dashed lines represent the 90th and 10th percentiles of the selected wave events for each panel, respectively.

regression pattern is distinct. One way to quantify the regression
pattern is to estimate the coefficients of determination, R?, as listed
in Table 2. For HxT?2, R? values are higher than 0.95 for the wave
stations that are deeper than 10 m and decrease at the shallower
stations, as the lowest R? value is observed to be 0.82 at the station
with a depth of 5 m (H4). Because the high R* values denote that the
linear regression lines nicely represent the scattered data, the lower
R? values at the shallower depths indicate that the data are poorly
represented by the linear fits. The scatterplots in Figure 7 also
confirm the R? values, as the correlation pattern becomes more
quadratic at shallower depths (d<10 m), whereas it corresponds to a
linear regression better at deeper stations.

The yellowish or reddish colors of the scattered data observed at the
wave stations shallower than 10 m in Figure 7 indicate that the
corresponding wave conditions belong to the SW breaking criteria, as
H,/d is smaller than 0.33. Note that these yellowish or reddish data
points are mostly located along the upper parts of the regression lines, as
they contribute to the quadratic pattern of the correlations. Therefore, the

deviation of the IGW correlation from the linear regression at shallower
depths may be due to SW breaking. H; ;5y, shows linear dependence on
HT? for the waves in the nonbreaking criteria, but the linearity
becomes weaker with the addition of the data in the breaking criteria.
The correlations of H, g, with the wave energy flux, H>«T,,,
clearly show different patterns from those with HxTZ. Figure 8
shows the scatterplots between the two SW and IGW parameters
with the linear regression lines (black solid lines), H, gy = AyxH?2
*T',,. One of the significant characteristics of the regression pattern
with the energy flux is that the R values are lower at the deeper
wave stations but increase with decreasing depth, which is opposite
to the pattern of Hx+T7. The data in Figure 8 show that the
scatterplots were concentrated along the upper parts of the
regression lines at the wave station deeper than 10 m, which
makes the scatterplots concave down, lowering the R* values. As
the water depth increases (d<10 m), however, the data are better fit
by a linear regression, with R* values higher than 0.94, except for the
data at the shallowest station, H5 (d= 3.5 m). The opposite trend of

102 Site N 102 Site J
— 10°
N
ks
o~
E
w
2
10™ [ ——No d=31 1
———N1 d=14 —J0 d=33.5 J3 d=12
N2g=10| : 1 = J1 d=24 J4 d=8
—— N3 d=6 J2d=19 —J5d=5
10 10 —
1072 1071 10° 1072 1071 10°

frequency (Hz)

FIGURE 6

frequency (Hz)

Comparison of power spectra between Site N and Site J. The spectra were calculated from measured data at 2:00 to 7:00 on 7 Apr. 2013 and at
9:00 to 15:00 on 19 Sep. 2022 for Site N and Site J, respectively, during which the incident wave heights were greater than 4 m.
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0.6

06

Correlations of H gy with the SW parameter, H,TZ2. Top panels: NO-N3; middle panels: H1—H5; bottom panels: J0-J5. The black solid lines are
the linear regressions. The regression coefficients, R?, are also marked for each wave station.

the spatial variation in R? values between Figures 7 and 8 indicates
that the accuracy of regression analysis strongly depends on the
water depth, although the correlations of IGW height show largely
linear dependence with both SW parameters.

4.2 Linear regression coefficients

The correlation results in Figures 7 and 8 indicate that the slope
of the linear regression lines increased as the water depth decreased,
which means that the proportional coefficients, A; and A,, in the

Hjow = Ai*He Ty, and Hyjgy = ApxHZ* T,
might be depth dependent. In previous studies, water depth was

two correlations,

already considered a controlling factor, as an empirical relationship,
ie, Hg = H?ng‘s, was suggested (Bowers, 1992). In that study, &
was found to be -0.32 based on field measurements in Port Talbot,
United Kingdom. Later, § was suggested to be -0.5 with the
correlation Hjg = OclHST,Zn\/g/_d based on field data from three
sites in the United States and France (Ardhuin et al.,, 2014).

However, the proportional coefficient, ¢, varied between the
sites, and a representative value that could be applied to all three
sites was not found.
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Correlations of Hg gy with the SW parameter, HZ2T,,. Top panels: NO—N3: middle panels: H1-H5; bottom panels: J0-J5. The black solid lines are
the linear regressions. The regression coefficients, R, are also marked for each wave station.
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TABLE 2 List of coefficients of determination, R?, for each wave station at the three sites for the regression comparison between the two SW
parameters: H T2 and H?«T,,.

Site N

Depth (m)
R*for HixTp, 0.95 0.96 0.95 0.89
R*for H:T,, 0.80 0.86 0.91 0.96

Site H Hl1 H2 H3 H4 H5
Deptd (m) 19 14 9 5 35
R*for Hx T 0.96 0.97 0.96 0.82 0.84
R*for H24T,, 0.85 0.92 0.94 0.94 0.89

Site Jo J 2 J3 J4 J5
Deptd (m) 335 24 19 12 8 5
Rfor HyT? 0.94 0.95 0.95 0.95 0.91 0.85
R*for H24T,, 0.81 0.81 0.85 0.89 0.94 0.96

In this section, the water depth-dependency of the proportional — examined by plotting A, and A, on the logarithmic scale. In
coefficients, A; and A,, are examined for the two linear correlations, ~ Figure 9C, the spatial variation pattern forms lines in the
namely, H, gy = Aj+H+Th, and Hg gy = ApxHoxT,,, observed in  logarithmic domain, and the slopes of these lines are similar for
Figures 7 and 8. In Figure 9A, the spatial variation in the A; values is  all three sites. However, the discrepancy in the A; variation pattern
plotted, as it is estimated from the linear correlations. The x-axis of  is clearly observed, as the magnitude of A, in Site ] is lower than
Figure 9A is the water depth expressed on the logarithmic scale, and the  those in Site N and Site H. The A; magnitude is similar between Site
y-axis shows the A, values on the linear scale. The triangles in the figure ~ H and Site J. Based on these results, therefore, it is not easy to
denote the R? values listed in Table 2. As expected, A; is strongly  determine a depth-dependent A, formula that can be applied to all
dependent on the water depth, as it increases with decreasing d, and the  three sites, whereas they can be developed separately for Site N and
increasing rate also increases with decreasing depth, showing logarithmic ~ Site H/Site J, which is not recommended considering the purpose of
patterns. However, its variation pattern is distinct between the sites.  this study. The reason for this discrepancy is not clearly understood
Although the water depths of the wave stations are not the same, itisnot ~ from the conditions at the experimental sites. The wave conditions
easy to clearly distinguish the patterns of the different sites, and the rate of ~ were comparable between the sites, and the beach profile slopes
A, variation at Site N is separated from those at Site H and Site J, whereas ~ were also similar. One difference between the sites can be found in
its pattern is similar between them. It is noted that the A; values at Site N the seabed conditions. As shown in Figure 2, Site N and Site H are
are mostly smaller than those at Site H and Site ], and its increasing rate  sandy beaches, but rocky seabed conditions are observed at Site J.
with decreasing depth is also lower than those at the other two sites. ~ Previously, it was observed that the ratio of infragravity swash
Therefore, it is not feasible to establish a depth-dependent formula for A;  height to SW height was higher for sandy beaches than gravel or
that represents all three sites. mixed sand-gravel sites (Billson et al., 2019); this finding

The discrepancy of the variation in the proportional coefficient  corresponds to the results in Figure 9C because the A, values are
is greatly reduced when the wave energy flux, H>«T,,, is considered ~ higher for the sandy beaches of Site N and Site H than the rocky
as the SW parameter. Figure 9B shows the spatial variation in the = beach of Site J, implying that the IGW height is relatively high at
coefficient, A,, as observed in Figure 8. Interestingly, the pattern of  Site N and Site H considering the comparable SW energy.
variation becomes more consistent compared to that of A;, as the However, this discrepancy in the proportional coefficient
spatial variation rates of A, are similar between all three sites, which ~ disappears if the wave energy flux is considered for the SW
implies that a representative formula for these sites can be  parameter. Figure 9D, which is the representation of Figure 9B on
established. There are exceptions observed at the shallow-water  the logarithmic scale of the y-axis, shows the A, (the proportional
depths, as the A, values at d=3.5 m of Site H are too high to be  coefficients of Hy gy to H2+T,,) variation with depth. Except for the
counted in the representative pattern. Considering the shallowness  data measured at the shallowest depth of 3.5 m (H5) and the two
of the water depths at these stations, however, these extreme A,  depths over 30 m (N3, J5), all the A, values of the three sites are
values could be affected by the SW breaking that can change the  aligned and thus can be fitted into a formula, which is depth-
variation pattern, and they may need to be excluded in developing  dependent and expressed in the form of log (A,) = C;*log (d) + C,.
the representative formula. Based on the data in Figure 9D, the corresponding coefficients, C;

The consistency (or inconsistency) of the spatial variation  and C,, are determined to be -1.1 and -2.6, respectively, and these
pattern of the proportional coefficients can be more closely  values can be applied for all three experimental sites of this study.
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Depth-dependent variation in A; and A,, as they are the proportional coefficients of the two correlations: Hs gy = AixHgx T2, and Hsicw = ApsHZ5Tp,.

(A) A; and (B) A,, plotted on the logarithmic x-scale and linear y-scale; (C)

A; and (D) A,, plotted on the logarithmic x-scale and logarithmic y-scale.

Circles: magnitudes of A; and A,, with red colors for Site N, light green colors for Site H, and blue colors for Site (J) The gray triangles denote the

coefficient of determination, R?, values.

However, note that the coefficient of determination, R?, of A, drops
below 0.85 for the deep-water data (d>10 m), whereas it remains
higher than 0.94 for the shallow-water data (5 m< d<10 m), which
lowers the credibility of the suggested formula, specifically for the
deeper areas. In addition, note that this pattern is the opposite in the
case of A}, as shown in Figure 9C, because R* is higher than 0.95 for
the deep-water data (4>10 m), whereas it drops below 0.9 in shallow
areas (d<6 m). The reason for this discrepancy between the two SW
parameters is not clearly understood based on the current data sets
available in this study. Regardless of the discrepancies between the
two different SW parameters, it is obvious that the magnitude of the
proportional coefficients of the linear regressions between IGWs
and SWs increased as the water depth decreased, supporting IGW
shoaling in the nearshore zones, which is further discussed in the
next section.

4.3 Energy transfer

In this section, the dependency of the proportional coefficients,
A and A,, shown in Figure 9, are examined in terms of the energy
transfer. The interaction between SWs and IGWs may be
responsible for IGW shoaling because SW energy can be
transferred to IGWs, causing additional IGW shoaling on gentle
slopes (1/35-1/80), whereas it can be transferred back to SW
frequencies on steep slopes (De Bakker et al., 2015; Bertin et al.,
2018). The slopes of the three experimental sites in this study range
from 1/40-1/50 in the outer regions of the nearshore sandbars, so
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they belong to the gentle slope regime. The results in Figures 4, 5
also support the findings in previous studies, as the shoaling of
IGWs dominated at the study sites.

Figures 10-12 show the power spectra (upper panels) and the
imaginary parts of the bispectra (lower panels) estimated at the
wave stations of the three sites. In particular, the data at Sites N and
J were measured simultaneously for each site so that the energy
transfer pattern during the shore-approaching processes could be
investigated. These simultaneous data were selected from the high-
energy wave condition data used for the power spectra in Figure 6,
as their data collection times are 3:00 on 7 Apr. 2013 and 15:00 on
19 Sep. 2022 for Site N and J, respectively. For Site H, the data were
selected at different times between the stations, considering the
wave conditions such that the wave height was greater than 4 m at
each station (Figure 11). Therefore, the wave conditions used to
build the bispectra at Site H were comparable to those at the other
two sites. The imaginary parts of all bispectra are contoured from
positive yellow to negative blue.

In Figure 10A, the imaginary parts of the bispectra are
contoured for wave station NO at d=31 m. Negative values are
found at f;=0.08-0.10 Hz and £,=0.0-0.02 Hz, where f; and f, are
the frequencies on the x- and y-axis, respectively. Since the negative
values at (f}, f,) indicate that the wave energy is transferred from f,+
£ to f; and f,, the results in Figure 10A show that the energy was
transferred to the IGWs (0.0-0.02 Hz) from SWs (0.08-0.1 Hz) at a
depth of 31 m. At d=14 m (N1) (Figure 10B), the transfer pattern
was slightly changed. The energy was also actively transferred in the
same frequency bands: f;=0.08-0.10 Hz and f,=0.0-0.02 Hz.
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Imaginary parts of the bispectra (lower panels) at (A)
color bars in the lower panels show the color of the

However, not only negative b values but also positive values are
observed, indicating that the energy was interactively transferred
between the SW and IGW bands. In addition, both positive and
negative values are found in the SW frequency band at f;=0.08-0.10
Hz and £,=0.08-0.10 Hz. Therefore, energy was transferred in the
SWs between the spectral peak (0.08-0.10 Hz) and higher
frequencies. The bispectral pattern at d=14 m becomes similar at
d=10 m (N2), as a strong interaction between SWs and IGWs and

NO, (B) N1, (C) N2, and (D) N3, with corresponding power spectra in the upper panels. The
imaginary part values. The wave data were measured at 3:00 on 7 Apr. 2013.

between SW bands is also observed in Figure 10C. One difference is
found at £,=0.08-0.10 Hz and f,=0.08-0.10 Hz, as the negative
values became dominant over the positive values, indicating that the
wave energy was transferred from the higher frequencies to the
spectral peak at f=0.08-0.10 Hz. In Figure 10D, the bispectra are
contoured at the shallowest depth, N3 (d=6 m) at Site N. The
interaction between SWs and IGWs became weaker (f;=0.08-0.10
Hz and f,=0.0-0.02 Hz). Instead, the negative values in the SW
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frequency band (f;=0.08-0.10 Hz and f,=0.08-0.10 Hz) became
prominent, which indicates that strong energy transfer occurred in
the SW bands from the higher frequencies to the spectral peak.

The energy transfer pattern during wave propagation at Site N
shows that wave energy transfer actively occurred between the SW's
and IGWs outside the surf zone. In particular, there was evidence of
energy transfer to IGWs from SWs at intermediate depths (d=31
m), which can support IGW shoaling. As the waves further
propagated to the shore, the transfer occurred interactively
between the SW and IGW frequency bands, and it stopped in the
surf zone. On the other hand, energy transfer occurred within
the SW bands at shallower depths (d <14 m), which continued
in the SW surf zone. The bispectral analysis in Figure 10, however,
does not provide quantitative information on the energy transfer, so
it is not possible to determine the level of transfer that contributed
to the IGW shoaling.

The spatial variation pattern of the energy transfer during wave
propagation at Site ] is similar to that at Site N but also slightly
distinct, as shown at the six wave stations in Figure 12. At JO (d=33.5
m) (Figure 12A), negative values were also found in f;=0.08-0.10
Hz and f,=0.0-0.02 Hz, indicating that the energy was transferred
to IGWs from SWs similarly to that at NO. At J1 (d=24 m)
(Figure 12B), the negative values disappeared, showing that the
energy transfer to the IGWs became weaker. The interactions
between SWs and IGWs became stronger at shallower depths at
J2 (d=19 m) and J3 (d=12 m) (Figures 12C, D), similar to the cases
of Sites N and H. The interaction was weaker near the surf zone at J4
(d=8) m (Figure 12E). Note that the energy transfer between SWs
and IGWs became active in the surf zone again at J5 (d=5 m), as
shown in Figure 12F, which is distinguished from that of Site N,
where the energy interaction was weak in the surf zone
(Figure 10D). During wave propagation, therefore, the energy
transfer actively occurred from SWs to IGWs at JO (d=33.5 m),
which became weak at J1 (d=24 m). The transfer started again from
J2 (d=19 m) to the surf zone, and both negative and positive values
were observed, indicating that energy transfer occurred interactively
between SWs and IGWs. The transfer within the SW bands is also
observed at shallow depths (d <12 m), and the positive values
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disappeared with decreasing depth, indicating that the energy was
transferred to the spectral peak from the higher-frequency bands.
The energy transfer pattern at the three sites was similar to the
results of laboratory experiments by De Bakker et al. (2015), where
the energy transfer generally occurred from the spectral peak to
IGW frequencies. However, the IGW-IGW interactions in the SW
surf zone were not observed in this study. Instead, SW-SW
interactions were observed within the surf zone.

Although the energy transfer variation during wave
propagation could not be directly compared at Site H due to the
inconsistency in the data measurement times, note that the energy
transfer pattern at Site H is similar to those at sites N and J if the
data measurement depths are also similar between the wave
stations. For example, the pattern at H1 (d=19 m) in Figure 11A
is similar to the energy transfer pattern at J2 (d=19 m) in
Figure 12C. Similarly, the pattern at H2 (d=14 m) is similar to
those at N1 (d=14 m) and J3 (d=12 m), and that at H3 (d=9 m) is
similar to those at N2 (d=10 m) and J4 (d=8 m), as both positive
and negative values are observed in the two corresponding
frequency bands (f;=0.08-0.10 Hz and £,=0.0-0.02 Hz; f,=0.08-
0.10 Hz and £,=0.08-0.10 Hz). Therefore, the results in Figure 11
indicate that the energy transfer pattern would be similar at all three
sites under high wave conditions if the water depth is also similar
between the wave stations, regardless of the measurement times.
This finding supports the dominant IGW shoaling in this study, as
it also indicates that the energy transfer between IGWs and SWs
may be an important factor that contributed to shoaling.

5 Conclusions

The dependency of the IGW height on the SW parameters was
investigated based on continuous (11-31 months) wave data
measured at three different sites along the east coast of South
Korea. At each site, wave gauges were installed in the nearshore
zones from intermediate depths (30-34 m) to the surf zone (3-6 m)
to observe the wave conditions during shore-approaching
processes. The study examined empirical correlations between the
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IGW height and SW parameters for the purpose of developing a
method to predict the IGW height from SW conditions for scientific
and engineering applications. Two correlations that were suggested
in previous studies were compared, namely, H; vs. H,T% and Hyg
vs. H2T,,, as the latter is the energy flux of the SWs. The results
show that linear correlations were observed at all wave stations at
the three sites for both types of SW parameters. For H,TZ, the IGW
height showed a strong linear dependence at deeper stations,
whereas the linearity became weak for the waves under the
breaking regime. In contrast, SW breaking did not affect the
correlation with H2T,, because the IGW height showed a strong
linear dependence on the SW energy flux at shallow depths,
including the breaking regime.

The IGW height correlation was also examined by estimating the
proportional coefficients, A; and A,, as they were the slopes of the
linear lines fitted to the scatterplots between the IGW height and H;
T2 and H2T,,, respectively. Both A; and A, were strongly dependent
on the water depth, as they increased with decreasing depth. Note
that the depth dependence of the proportional coefficients showed
consistent patterns, as they were fitted to logarithmic formulas
(Figure 9), which could be used in developing correlations between
IGW and SW parameters. When plotting the spatial variation in A;
and A, in the logarithmic scales (Figures 9C, D), they were fitted to
lines, and the slopes of these lines were similar between the wave
stations at all three sites for both SW parameters. Regardless of the
consistent pattern of the depth dependency of the proportional
coefficients, a discrepancy was also observed between A; and A,.
The variation in A, with depth was similar between all three sites, and
one formula was estimated, i.e., A, = —1.1logd — 2.6. In the case of
Ay, however, its variation was divided into two groups. The
discrepancy in the A; magnitude was also observed from the
power spectra in Figure 6, where the energy levels in the IGW
frequency bands were higher at Site N than at Site ] at wave stations
with similar water depths. Although its reason is not clearly
understood based on the current data sets, a similar discrepancy
was also observed for seabed conditions. That is, the beaches at Site N
and Site H are covered by sand, whereas the seabed at Site ] is covered
by rocks and gravels (Figures 1, 2). Considering that all other
conditions are not distinguished between the sites based on the
available data, the difference in A, values might be caused by the
seabed conditions. For example, the observation in this study
corresponds to that by Billson et al. (2019) in that they reported
larger infragravity swash heights on sandy beaches than on gravel or
mixed sand-gravel coasts.

The exponential increase in both A; and A, with decreasing
depth indicates that the shoaling of IGWs was greater than that of
SWs, which was also confirmed from direct comparisons of SW and
IGW heights at different water depths (Figure 4). This IGW
shoaling could be due to the energy transfer to the IGWs from
the SWs as the imaginary part of the bispectra showed strong
interactions between SW and IGW frequency bands during wave
propagation. Although the bispectra analysis did not provide
quantitative data on the energy transfer, the interactions between
the IGWs and SWs can at least support the observation of the IGW
shoaling process at the study sites. In summary, considering that the
linear correlation could be applied at all water depths, including the
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SW breaking regime, and that the proportional coefficient, A,,
showed a consistent pattern between different sites, we
recommend that the energy flux, H>T,,, could be a preferred SW
parameter for IGW height prediction at the study sites, which is also
physically reasonable because shoaling could be contributed by the
conservation of the energy flux when IGWs become slower with
decreasing water depth (Bertin et al., 2018). However, this
interpretation should be carefully considered because the R*
values of H2T,, were reduced at the intermediate depths where
the R* values of H,T?2, were higher, indicating that H,T2 would be a
better parameter for the linear regression outside the surf zone. In
addition, note that the IGW energy level was different between the
sites, as that of Site N was higher than that of Site J at similar water
depths under similar wave conditions, which is still not understood
based on the current data and requires further study.
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