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ARTICLE INFO ABSTRACT

Handling Editor: Prof. A.I Incecik Surface gravity waves, crucial for sediment transport in coastal regions, undergo wave modulation owing to local

Macro-tidal environment
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hydrodynamic conditions. However, the cause of the spatial and temporal distribution of the dominant factors in
wave modulation remains vague. This study was aimed at identifying the causes of tidal modulation of waves in
Gyeonggi Bay, which exhibits shallow water and macro-tidal environment, and estimating site-specific dominant
factors using numerical modeling. The results indicated that tides significantly impact wave dynamics at semi-
diurnal tidal frequencies, with spatiotemporal variability. The most dominant factor in wave modulation in the
nearshore region is the depth change caused by tides, and the most notable impact was found in tidal flats. Depth
dependence is mainly evident in surf zones, with a clear distinction at locations where the wave height to water
depth ratio reaches 0.2. While idealized studies highlight the significant role of wind in governing incoming
waves, it is not the primary cause of modulation. Nevertheless, stronger tidal strength can lead to more pro-
nounced modulation, which is further amplified when accompanied by strong wind conditions. This finding
indicates that the spatiotemporal distribution of wave modulation in macro-tidal regions may have a significant
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impact on various estuarine dynamics including sediment transport.

1. Introduction

Surface gravity waves play an important role in the ocean-
atmosphere interface, including the transfer of momentum, energy,
heat, mass, and radiation (Cavaleri et al., 2012). In coastal regions,
wind-generated waves can impact man-made structures and dominate
nearshore processes on beaches and coastlines (Wolf et al., 2011). In
addition, coastal sea level can be influenced by wave setup, wave
run-up, and infragravity waves (Dodet et al., 2019). Therefore, waves
are the primary driving force of nearshore circulation and sediment
transport in the surf zone and inner continental shelf (Aboobacker et al.,
2013). Understanding wave characteristics is crucial for effective coastal
management.

As waves travel from the open sea toward the coast, they are subject to
the influence of hydrodynamic conditions and topography (Vincent, 1979;
Tolman, 1990). Time-varying water depths and ambient currents due to
tides can change wave characteristics (Wolf and Prandle, 1999; Holth-
uijsen, 2010). Previous studies have elucidated the key mechanisms gov-
erning surface gravity waves. For example, Moon (2005) demonstrated
that tides primarily drive the mean wave modulation in the Yellow and

East China Seas and that the extent of the modulation depends on the tidal
patterns. Ardhuin et al. (2012) revealed that currents can modulate waves
and that strong currents resulting from topographical features also impede
wave propagation. Bolanos et al. (2014) found that tidal fluctuations that
cause changes in water depth significantly influence wave modulation in
estuaries dominated by tides. In coastal regions, various factors, such as
topography, tidal variations in depth and currents, and local characteris-
tics, influence wave modulation.

Various studies have utilized field observations (Wolf and Prandle,
1999), laboratory experiments (Lai et al., 1989), and numerical
modeling (Wang and Sheng, 2018) to understand the mechanisms of
wave modulation. Recently, numerical modeling has been employed to
evaluate the impact of various factors on waves and is considered an
effective approach. Following two common conclusions can be drawn
from previous studies: 1) currents dominate wave modulation in narrow
channels and offshore regions; and 2) depth variation is more influential
in nearshore regions (Kang and Di lorio, 2006; Viitak et al., 2016; Li
etal., 2022b). The dominant factors in wave modulation depend heavily
on the local hydrodynamic conditions (Kang and Kim, 2015; Song et al.,
2020). Understanding the dominant factors that affect wave modulation
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is crucial, particularly in regions undergoing coastal development.

Gyeonggi Bay (GGB), located in the eastern Yellow Sea, features a
complex coastline with large and small islands and shallow water. GGB
holds considerable economic and ecological value owing to its abundant
marine resources and strategic location. The tidal regime in this area is
characterized as a macro-tidal environment, exhibiting a tidal range
exceeding 8 m and a tidal current surpassing 1.5 m/s (Woo and Yoon,
2011). Based on the tidal amplitude (A) of the four tidal constituents
(K1, 01, My, and S»), the tidal form number F (=(Ag1+A01)/(Apz2+As2))
was 0.18, indicating the predominance of semidiurnal tides. Of these,
M is known to be the most dominant and controls the circulation pat-
terns in this region. This region is influenced by the East Asian Monsoon,
with a relatively strong north-northwesterly wind in winter and a
weaker south-southeasterly wind in spring and summer (Hwang et al.,
2014). In addition, high waves (>1 m) frequently propagate during
winter owing to the monsoon climate. The winds and waves from the
northwest in winter determine the sediment transport from the south to
the west coast of Korea (Lee, 2014). In summer, high waves are often
propagated by typhoons. Although they are less common than high
waves in winter, waves in summer cause casualties and property dam-
age. In addition, more than 70% of the precipitation and river discharge
are concentrated in summer owing to the influence of the monsoon
climate.

In GGB, where waves play an important role in sediment transport,
Kang and Kim (2015) showed that wave breaking and tidal modulation
of waves occur owing to depth changes induced by tides. In conjunction
with these findings, Choi et al. (2014), who showed the distributions of
total suspended matter (TSM) measured by the Geostationary Ocean
Color Imager (GOCI), reported that the pattern of sediment transport in
GGB follows the tidal cycle (Fig. 1). Hence, it is essential to understand
the factors behind wave modulation and determine the dominant ones to
ensure sustainable coastal management. Nevertheless, there is limited
research available that focuses on identifying the spatial and temporal
distributions of the dominant factors involved in wave modulation. The
Korea Meteorological Administration (KMA) provides wave variables
through its wave prediction system; however, this system lacks the
spatiotemporal resolution required to capture wave modulation in
coastal regions. Moreover, the study by Kang and Kim (2015) had a
limitation in identifying the local deformation of wave characteristics
owing to their use of time-varying but spatially uniform variations in
depth and current across the entire model domain. This approach does
not effectively reproduce the complex bathymetry and macro-tidal
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environment of GGB. To determine the spatial and temporal distribu-
tions of dominant factors in wave modulation, local hydrodynamic
conditions need to be considered.

This study was aimed at determining the impact of depth and current
on wave modulation in GGB and estimating the site-specific dominant
factor. The objectives of this study were to (i) investigate the cause of
wave height modulation in GGB, (ii) assess the contribution of water
depth and current varying with the tidal phase (flood, ebb, high, and low
tides), and (iii) estimate the site-specific dominant factor in wave height
modulation over the region. The remainder of this paper is organized as
follows. The analysis of the observation data is presented in Section 2.
The model description and setup are described in Section 3. The model
validation and results are presented in Section 4. The discussion is
presented in Section 5. Finally, a summary and conclusions are pre-
sented in Section 6.

2. Wave modulation under observation
2.1. Observation data

The study area, GGB, is characterized by complex bathymetry and
shallow water with an average depth of 40 m (Fig. 2). Several obser-
vation points are available for monitoring waves, tides, and atmospheric
conditions in the bay. The wave variables observed in 2020 were
collected using one weather buoy at Duckjeokdo (DJ) and three wave
buoys at Jangbongdo (JB), Jawoldo (JW), and Ijakdo (1J) operated by
the KMA. Wave observations were conducted near the islands. Wave
variables were obtained by calculating the moving acceleration of the
buoy installed at sea level using the spectral method. The water depth of
DJ was 30 m, and the observation was performed using a 3-m discus
buoy. Non-directional wave variables (significant wave height (SWH)
and peak wave period (Tpeak)) and directional wave variables (mean
wave direction (0,,)) were provided at 30-min intervals. The water
depths at JB, JW, and 1J were 26, 30, and 31 m, respectively. The
observation was performed using small wave buoys with a diameter of
approximately 70 cm. Non-directional wave variables (SWH and Tpeax)
were provided at 1-h intervals. Atmospheric data (wind and air pres-
sure) were provided at DJ (weather buoy). Wind data were collected
using a wind speed vane meter installed at approximately 4 m above sea
level. Samples were collected at a frequency of 1 Hz for 10 min. Time-
averaged wind variables were provided at 30-min intervals. However,
water elevation data were not provided for the four buoys. Water
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Fig. 1. (a) Location of Gyeonggi Bay (GGB) in the Yellow Sea. (b) Contour map of the total suspended matter (TSM) in GGB, derived from the Geostationary Ocean
Color Imager data. The TSM data shown correspond to March 16, 2020, and each contour represents the TSM distribution at the time indicated by the red line in the
time series on the left-hand side (10:30, 11:30, 12:30, and 13:30 Korea Standard Time). The red dashed circles indicate where high concentration of TSM are

distributed.
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Fig. 2. (a) Model grid system and observation points. The blue line indicates the model offshore boundary where the boundary conditions of the tide and wave are
entered. The observation points consist of three wave buoys, one weather buoy, and one tide gauge. (b) Model bathymetry based on the mean sea level. The gray
shaded area is the area where the water depth is less than 0 m with respect to the mean sea level, and the tidal flat is distributed. (c) Graphical diagram of model
simulation. The finite volume community ocean model (FVCOM) and simulating waves nearshore (SWAN) model were used.

elevation data at 1-h intervals were provided by the Korea Hydrographic
and Oceanographic Agency (KHOA). The water elevation at the Gulupdo
(GU) tide gauge, adjacent to the aforementioned four buoys, was used
for spectral analysis and model validation.

2.2. Spectral content

The power spectra of the water elevation (at GU tide gauge) and SWH
(at the four buoys) and their coherence are given in Fig. 3. For the
spectral analysis, demeaned and detrended hourly data were used, a
Hamming window with a length of 10 days and an increment of 2 days
(80% overlap) was applied, and the degree of freedom was 358. The
water elevation spectra featured peaks at diurnal and semidiurnal tidal
frequencies (Fig. 3a). Among these peaks, the strongest appeared at the
semidiurnal tidal frequency, showing the tidal characteristics of GGB,
where the semidiurnal tide is dominant. In the SWH spectra of the four
buoys, a large power appeared at low frequencies, corresponding to a
period of 5-10 d (Fig. 3b). This was mainly associated with the typical
timescale of wave propagation over GGB. In addition, the SWH spectra
featured sharp peaks at the semidiurnal tidal frequency, especially M, of
1.93 cycles per day (cpd). Sharp peaks were most prominent at IJ and JB,
whereas a relatively weak peak was observed at DJ.

To identify the cause of the sharp peaks in the semidiurnal tidal
frequencies in the SWH spectra, a spectral coherence analysis was per-
formed between the water elevation at GU tide gauge and SWH at the
four buoys (Fig. 3c). The highest and lowest coherences at the semi-
diurnal tidal frequency were 0.62 at JB and 0.32 at DJ, respectively. In
addition, these results showed a similar coherence pattern when calcu-
lated using the water elevations at other tide gauges (figure not shown).
From the observation results, the semidiurnal SWH modulations were

found to be mainly induced by the tide. Noteworthily, the influence of
the tide varies according to the geographic location of the four buoys.
One of the objectives of this study was to analyze the causes of SWH
modulation in GGB. Therefore, DJ (the lowest coherence) and JB (the
highest coherence) are discussed.

2.3. Temporal variability

The SWH modulation at semidiurnal frequencies can be examined
using a wavelet transform. The time series and wavelet power spectra of
the SWH at DJ and JB in 2020 are shown in Fig. 4. High waves in the
winter (January-April and December) and frequent storm events in the
summer (July-September) were identified. This demonstrates the sea-
sonal variation in the SWH associated with the East Asian monsoon
system of the Yellow Sea. Quantitative comparisons of the power spectra
were limited owing to the different geographic locations and SWH
magnitudes at DJ and JB. Therefore, the wavelet transform was per-
formed by normalizing the observed SWH at DJ and JB by dividing them
by their respective standard deviations (SD), as proposed by Torrence
and Compo (1998). The SWH modulation was apparent at the semi-
diurnal tidal frequencies (period: 12 h) at JB but not DJ. The modulation
at JB was proportional to the SWH, exhibiting a relatively smaller scale
when SWH was low (e.g., May—July). This implies that wave modulation
may be stronger during high wave periods at JB. These results also
suggest that DJ may be less affected by tides than JB, supporting the
coherence between water elevation and SWH (Fig. 3c).

Although the above analysis primarily focused on the role of tides in
wave modulation, it is important to note that wave modulation can also
be influenced by factors other than tides. For example, Wang and Sheng
(2018) reported that the wave type (swell and wind sea) plays a vital
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Fig. 3. Power spectral density of (a) water elevation at the Gulupdo (GU) tide gauge and (b) significant wave heights at the Jangbongdo (JB), Jawoldo (JW), and
Ijakdo (1J) wave buoys and the Duckjeokdo (DJ) weather buoy. Also shown is a cross-spectra analysis between the time series of water elevation and the significant
wave heights with (c) coherence. The gray vertical dashed lines represent the semidiurnal tidal frequency. (d) The observation system includes one tide gauge (GU),
three wave buoys (JB, JW, and 1J), and one weather buoy (DJ). The numbers below the buoys indicate the depth at each buoy.

role in determining the magnitude of wave modulation at tidal fre-
quencies. Therefore, the difference in the magnitudes of SWH modula-
tion between DJ and JB could also be attributed to the regional variation
in the characteristics of the wave types. However, as the purpose of this
study was not to investigate the SWH modulations according to the wave
type, it was excluded from the analysis. In the following section, the
cause of spatially different SWH modulations in GGB is explained using
numerical modeling.

3. Methods
3.1. Modeling system

Surface wave observations can be obtained using several platforms
(e.g., wave buoys, radars, and satellites). Among them, the observation
data from the wave buoy are the most reliable. However, wave buoys
located in the ocean are insufficient for conducting wave analyses in all
regions. Because of these insufficient observations, numerical models
have been used for regional surface wave studies (e.g., Moon, 2005; Yu
etal., 2017). The simulating waves nearshore (SWAN) model, which is a
third-generation wave model, was used in this study. Third-generation
wave models that are widely used today have been developed through
the reduced discrete interaction approximation parameterization of
nonlinear interactions (Cavaleri et al., 2020). SWAN does not compute
the water depth and current variations alone. However, time-varying
depth and current are essential for the accurate modeling of wave pa-
rameters (Bolanos et al., 2014). To consider the impacts of these two
factors, coupling with a hydrodynamic model or using them in the form

of input data in SWAN is required. When model coupling does not
proceed or is not used as input data, the variations in the water depth
and current are treated as zero values, and their influence is ignored. In
this study, a hydrodynamic model, namely the finite-volume community
ocean model (FVCOM), was simulated for the same period as that for the
SWAN model and was used as the input data. The description of each
model and the model setup are described below.

3.1.1. FVCOM

FVCOM is a coastal ocean and estuarine model developed through
collaboration between the University of Massachusetts-Dartmouth and
Woods Hole Oceanographic Institution. It is a prognostic, three-
dimensional, triangular, unstructured grid, free-surface, and primitive
equation ocean model (Chen et al., 2003). The FVCOM was discretized
with triangular grids in the horizontal direction and generalized
terrain-following coordinates in the vertical direction. In addition,
FVCOM calculates the mass flux of triangular grids using a second-order
upwind finite volume method that discretizes the governing equation
into an integral form. This approach well guarantees mass conservation
in both the individual control elements and the entire computational
domain. In addition, triangular unstructured grids are suitable for
solving the problem of sea areas with complex shorelines.

3.1.2. SWAN

The SWAN model, a third-generation wave model, was developed by
the Delft University of Technology in the Netherlands (Booji et al.,
1999). This study utilized an unstructured grid version of SWAN (Zij-
lema, 2010), which performed well in regions with complex coastlines.
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Fig. 4. Comparison of the observed wave modulations at DJ weather buoy and JB wave buoy. (a) and (c) Time series of significant wave heights (SWH) observed in
2020. (b) and (d) Wavelet power spectrum for the significant wave heights observed including a semidiurnal band (12 h, two cycles per day). The black lines enclose
regions of 95% significance level for the calculated wavelet power spectra. Note that each power spectrum was normalized by its standard deviation for the

comparison purpose.

SWAN simulates the evolution of a two-dimensional wave energy
spectrum under varying wind, current, and water depth conditions. It
considers refraction, shoaling, reflection, and diffraction due to water
depth and current in the wave propagation process. SWAN employs the
wave action balance equation as its governing equation to calculate the
energy spectrum changes in two-dimensional horizontal space, repre-
senting the wave in the form of a wave energy spectrum, expressed as
Eq. (1).
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where N is the wave action density, o is the relative frequency, and 6 is
the wave propagation direction. On the left-hand side of Eq. (1), the first
term represents the local rate of change in the wave action density over
time. The second term represents the propagation of wave energy in
two-dimensional geographic space (with the group velocity ¢; and the
ambient current u). The third term represents the relative frequency

shift due to variations in the current and depth. The fourth term repre-
sents the depth- and current-induced refraction (with propagation ve-
locity ¢y in directional space 6). The upper part of the right-hand side is a
source term (S;,;) representing the wave generation by wind, nonlinear
wave-wave interactions, and dissipations, expressed as Eq. (2).

Siot = Sin + Sz + Spia + Sasw + Sasp + Saspr 2)

where Si, is the wave generation by wind; S;;3 and S4 are the three- and
four-wave interactions, respectively; and Sg,, Sq4sp, and Sgpr are the
dissipation terms due to whitecapping, bottom friction, and depth-
induced wave breaking, respectively.

3.1.3. Wave kinematics in SWAN

The kinematics of wave trains allows the use of linear wave theory
and transforms of wave crests to obtain wave propagation speeds in
spatial and spectral spaces (Whitham, 1974; Mei, 1983). The kinetic
effects are considered in the second to fourth terms on the left-hand side
of Eq. (1). The wave propagation velocities in the spatial and spectral
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spaces are expressed by the following equations:
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In Eq. (3), ¢, represents the group velocity, and U represents the current
vector, which is assumed to be uniform in the vertical direction. The

depth-averaged current was used in the study. % is the wavenumber
vector, and d is the water depth. s is the spatial coordinate in the wave
propagation direction of 6, and m represents the coordinate normal to s.

Egs. (3)-(5) show that variations in depth and current affect the
wave propagation velocities. When the wave and current travel in the
same (opposite) direction through the kinematics in the spatial and
spectral spaces, the values of the second and third terms in Eq. (1)
become larger (smaller). Accordingly, the wave energy becomes larger
(smaller), and the wave height also increases (decreases). Moreover,
when the depth of the coastal region decreases, the group velocity of the
wave also decreases, causing an increase in the energy density to
maintain a constant wave energy flux. This result can cause an increase
in the wave height.

3.2. Model setup

The magnitude of the SWH modulation in GGB was consistent with
that of the SWH (Fig. 4d). Selecting a model simulation period that in-
cludes high waves to simulate SWH modulation is necessary. The period
of high waves was defined as a section exceeding the SWH by 1 m, which
was twice the average SWH observed at the outermost buoy (DJ) in GGB.
The period under analysis was February 14-20, 2020, a time frame with
high waves persisting for more than two days and minimal missing
observational data. To ensure stability, the model simulations ran up to
this analysis period, including a 5-day spin-up time. Moreover, during
this period, sediment transport was known to be dominated by wave
action in the eastern Yellow Sea (Lee, 2014).

For simulating the wave dynamics, FVCOM and SWAN models were
employed on the same grid, which consisted of 51,336 nodes and
98,441 cells. The unstructured grid had a horizontal resolution ranging
from a maximum of 4,500 m at the offshore boundary to a minimum of
90 m in the nearshore region (Fig. 2a). The model bathymetry was

Table 1
Description of wave model (SWAN) simulation.
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constructed by combining KorBathy30s (Seo, 2008) and BADA Ver. 1
(Yoo et al., 2019) datasets, which are based on the approximate lowest
low water. However, FVCOM and SWAN were calculated based on the
mean sea level. To account for the discrepancy between the approximate
lowest low water and mean sea level, the difference provided by KHOA
for 2020 was incorporated into the bathymetry datasets.

The atmospheric data used in the model calculations were obtained
from the Local Data Assimilation and Prediction System (LDAPS),
operated by the KMA. LDAPS performs eight model runs every day with
3-h intervals and provides atmospheric data at 1-h intervals. LDAPS
covers the Korean Peninsula and has a grid resolution of 1.5 km. The
model consists of 70 layers up to approximately 40 km vertically and
uses the Arakawa C-grid and Charney-Philips staggered grid systems.
For this study, the mean sea level pressure (MSLP) and a 10-m wind field
(U10, V10) were used. For more information on the LDAPS, refer to Kim
et al. (2022).

In the FVCOM simulation, both tidal and atmospheric forcings (MSLP
and 10-m wind field) were considered. The tidal forcings at the model
offshore boundary were based on the TPX09-atlas global tidal model
(Egbert and Erofeeva, 2002), which includes eight tidal harmonic con-
stants (M, Sa, No, Ky, K3, O1, Q1, and P;). Corrections are necessary to
apply the global model results to coastal regions. The eight tidal har-
monic constants are the major components of the Yellow Sea, and at
least 183 days of numerical simulations were required to separate each
constant (Byun et al., 2023). Therefore, each constant for the boundary
conditions was adjusted using the outcomes of a seven-month simula-
tion. Atmospheric forcings at the model surface boundary provided by
LDAPS were used, and wind-driven current and water level fluctuations
due to barometric pressure were considered. As the simulation period
was in winter, the effect of freshwater discharge from rivers was deemed
insignificant and was not considered.

In SWAN, the variation in water level and depth-averaged current
from FVCOM and the 10-m wind field from LDAPS were considered.
Waves propagating in the outer region of GGB were also considered
under the model offshore boundary conditions. The wave variables used
in the offshore boundary were taken from the Coastal WAVEWATCH III
(CWW3) wave model operated by the KMA. The horizontal resolution of
CWW3 was 1 km. CWW3 performs a 24-h prediction twice daily (00 and
12 KST, UTC+09 h) and provides wave variables (SWH, 0, and Tpeax) at
3-h intervals. The wave variables were interpolated and used under the
model offshore boundary conditions.

SWAN was simulated to reproduce both normal and high waves with
a directional bin width of 10° and the Komen whitecapping effect
(Komen et al., 1984). The whitecapping parameters are required to be
calibrated to increase the accuracy of the wave height and wave period
simulations (Allahdadi et al., 2019). This study used the power of
steepness normalized with the wave steepness of a Pierson-Moskowitz
spectrum of 3 to calibrate the overestimated SWH (Sun et al., 2022).
Default settings were used for the other physical parameters that were
not mentioned. The integration time steps for the FVCOM and SWAN

Model case Wave model (SWAN) Hydrodynamic model (FVCOM) simulations were 5 and 600 s, respectively. The variations in water
- depth and current from FVCOM were transferred to SWAN at 600-s
Run-w Wind and offshore wave . .
Run-w-cu Current intervals. Because they were used as input data, the wave effects on
Run-w-+dep Depth (water elevation) the water levels and currents were not considered. The SWAN output
Run-w-+cu-+dep Current and depth (water elevation) was requested once every 600 s.
Table 2
Model validation.
Variable Station r I0A RMSE
Water elevation (m) GU 0.99 0.99 0.26
Wind speed (m/s) DJ 0.94 0.97 1.46
Significant wave height (m) I 0.80 0.69 0.31
JB 0.86 0.84 0.17
JW 0.87 0.75 0.26
DJ 0.83 0.80 0.28
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model simulation period.
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Fig. 6. Time series of the observed (black dot) and modeled (purple line) significant wave heights at 1J, JB, and JW wave buoy and DJ weather buoy during the
model simulation period (February 14-19, 2020). The gray shaded area highlights the period of high waves at the DJ (SWHp; >1 m). To evaluate the modeled
significant wave heights, the correlation coefficient (r), index of agreement (IOA), and root mean squared error (RMSE) were calculated during the period of
high waves.
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Fig. 7. Modeled (a) water elevation and (b) tidal current at the DJ weather buoy during the model simulation period (February 14-19, 2020). The gray shaded area
indicates the period of high waves (see Fig. 6). Time series of (c) and (d) shows the significant wave height and the difference (red dashed line) in significant wave
height due to depth and current. The black dot represents the observation data, and the red, blue, and green lines represent the Run-w, Run-w+dep, and Run-w+cu
modeled data, respectively. The difference refers to the significant wave height that has been deformed by depth and current.

3.3. Model runs and statistics

Four scenarios were controlled by adjusting the water depth and
current transferred from FVCOM to SWAN (Fig. 2¢), as summarized in
Table 1. In Run-w, waves developed by the wind and propagating
offshore were considered. Run-w+cu and Run-w+dep were simulated to
investigate the effects of the current and depth (caused by water level
changes), respectively, on the wave field. Run-w+cu+dep was simu-
lated to evaluate the combined impact of current and depth and was
validated against the observation data. The performance of the model
was evaluated using three statistical indicators: the Pearson correlation
coefficient (r), index of agreement (IOA), and root mean squared error
(RMSE) (Egs. (6)-(8), respectively).

5°(0; — 0)(M; — )

i=1

(6)

n

S0 = 07 30 (M; — M)

i=1

(M; - 0,
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)

M:

i=1

(®

where O is the observation data, M is the model data, and n is the
number of elements. O and M represent time-averaged observation and
model data, respectively. The model validation results are presented in
Table 2.

To assess the effects of depth and current variation on SWH modu-
lation, the normalized local RMSE difference (NRD) proposed by Moon
(2005) was utilized. The NRD value quantifies the change in SWH by
depth and current, using Run-w as the baseline. For example, when the
NRD value is calculated using Run-w and Run-w-+cu-+dep, it is
expressed by Eq. (9).

;1, i (SWHR’”"W*‘“*‘&F _ SWHRL«,HV)Z

i=1

NRD = ©

n
1 Run—w
LY SwH

i=

where SWHR" is the model case and n is the number of data used for
comparison.
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Fig. 8. As in Fig. 7, but for the JB wave buoy.

4. Model results
4.1. Model validation

The model performance was evaluated by comparing the modeled
and observed data. The 10-m wind speed from LDAPS demonstrated
good agreement with that observed at DJ (Fig. 5a). During the model
simulation, the maximum wind speed was approximately 12 m/s, and
wind speeds of 5 m/s or less were observed, except during periods of
high waves. The wind direction was predominantly northwesterly
(figure not shown), which is typical during the winter season in GGB
(Lee, 2014). The simulated water level in FVCOM used for SWAN input
also matched well with the observed water elevation at GU (Fig. 5b). As
can be seen in the figure, the spring-neap tidal signal and diurnal
inequality were confirmed, and a tidal range of approximately 5 m
occurred during the period of high waves. Fig. 6 indicated that the
modeled SWH under the impacts of current and depth (Run-w-cu-+dep)
at the four buoys exhibited good performance. The SWH was validated
during periods of high waves, because the magnitude of the SWH
modulation appeared to be large during the period of high waves
(Fig. 4d). In addition, the model accuracy is relatively higher if the
validation is performed over the entire simulation period. The statistical
indicators of the SWH calculated during the period of high waves were
in the following ranges: r, 0.80-0.87; I0A, 0.69-0.84; and RMSE,
0.17-0.31.

4.2. Impact of depth and current on SWH modulations

The impacts of depth and current on waves are very complex and
significantly affected by their strength and spatial distribution (Tolman,
1990). The magnitude of the SWH modulation confirmed in Fig. 4 is
determined as the sum of the magnitudes of the depth- and
current-induced SWH modulation. At DJ, the water elevation ranges
from approximately —3 to 3 m, and the depth-averaged current vector
demonstrates dominance in the north-south direction, with an asym-
metric current pattern (Fig. 7a and b). The magnitudes of the depth- and
current-induced SWH modulations are shown in Fig. 7c and d, respec-
tively. The black dots denote the observation data, and the red, blue, and
green lines on the left axis represent the time series of Run-w, Run--
w+dep (considering the impact of depth), and Run-w+cu (considering
the impact of the current), respectively. The red dashed line on the right
axis denotes the magnitude of the depth-induced (Run-w-+dep — Run-w)
and current-induced (Run-w+cu — Run-w) SWH differences. The model
results indicate good results by Run-w at DJ. This implies that SWH
modulation due to depth and current was not significant at DJ. The
differences due to depth were calculated in the range from —0.09 to
0.03 m, and the maximum difference was calculated at low tide during
the period of high waves. The differences due to current were calculated
in the range from —0.07 to 0.16 m. Current-induced differences
appeared during the ebb tide (positive) and flood tide (negative). The
NRD values due to depth and current obtained during the period of high
waves were 0.014 and 0.024, respectively. This implies that the impact
of current on SWH modulation was approximately 70% stronger than
that of depth at DJ.
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Fig. 9. (a) Modeled significant wave height and water elevation time series at the mid-point of the model domain (longitude: 126.13°E and latitude: 37.41°N) during
the period of model simulation. The gray shaded area highlights the period of high waves, and the red dashed lines indicate each tidal phase (high, ebb, low, and
flood tide). (b) and (c) represent the difference in significant wave height due to changes in depth and current according to each tidal phase. The magnitude of
differences is expressed in color. The red (blue) color indicates that the significant wave height is increased (decreased) by depth and current. The green vector
indicates the current direction, and the black vector indicates the wave direction in (b). The yellow circle indicates the mid-point of the model domain represented
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Fig. 10. A two-dimensional histogram according to mean water depth (h) and root mean square wave height (Hms = +/8mo, where my is a high-pass filtered variance

of the water surface elevation) during the period of high waves (see Fig. 6). The red line indicates an envelope line representing the ratio of Hys to h. The slope of the
line was calculated as 0.2, and most of the histograms are located below the line.
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Fig. 8 shows the results of JB using the same layout as that in Fig. 7.
The water elevation appeared in the range of approximately —4 to 4 m,
and the depth-averaged current vector showed a dominant flow pattern
in the northeast and southwest directions (Fig. 8a and b). The results for
JB revealed enhanced model accuracy when depth variations were taken
into account, especially for the SWH phase. The depth-induced SWH
differences during the period of high waves ranged from —0.16 to 0.26
m, with the phase-locked pattern depending on the water elevation
(Fig. 8c). In other words, increases and decreases in SWH follow the rise
and fall in the water level. These patterns were found in prior studies
(Kang and Kim, 2015; Yu et al., 2017) and are caused by dissipation
owing to bottom friction changes and depth-induced wave breaking. The
current-induced SWH differences ranged from —0.11 to 0.14 m and
appeared during the ebb (positive) and flood (negative) tides (Fig. 8d).
The NRD values due to depth and current, during the period of high
waves, were 0.17 and 0.06, respectively. The modulation due to depth
was approximately 2.8 times greater than that of the current. This
suggests that depth is a dominant factor in SWH modulation at JB.

The comparison between the results of DJ (Fig. 7) and JB (Fig. 8)
showed that the pattern of current-induced SWH differences increased
(decreased) during ebb (flood) tides for both DJ and JB. However, the most
notable difference was observed in depth-induced SWH modulation,
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which was likely due to the ratio of water depth to tidal strength (Moon,
2005). During the period of high waves, the depth-to-water-elevation ra-
tios at DJ and JB were calculated to be 0.2 and 0.31, respectively. This
suggests that the impact of depth was more significant at JB, where the
changes in water elevation relative to water depth were larger. This finding
aligns with the cross-spectral analysis (Fig. 3c) of the observed water
elevation and SWH, which indicated that wave modulation by water
elevation was more apparent at JB (high coherence) than at DJ (low
coherence).

4.3. Contribution of water depth and current varying with tidal phase

GGB being a macro-tidal region, significant changes were expected
to occur according to the tidal phase. The depth- and current-induced
SWH differences at each tidal phase, including flood, high, ebb, and
low tides, were analyzed (Fig. 9). The water elevation at the mid-point of
the model domain (first panel of Fig. 9c) was used to define each tidal
phase, with the red vertical dashed lines denoting each phase (Fig. 9a).
The current-induced SWH difference (Run-w+cu — Run-w) revealed an
increase and decrease in the SWH according to the relative direction of
the wave and current, which was consistent with the general theory of
wave-current interaction (Fig. 9b). The maximum and minimum SWH
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Fig. 12. (a) Box plots of wind speed observed at hourly intervals at DJ weather buoy in 2020. The percentage signs above the range of the box plots indicate the
proportion of extreme wind speeds. (b) Wind speeds used in the Run-w-+cu+dep simulation at DJ, along with the wind speeds used during the event (> M+ 2SD) and
calm periods (M). (c) Water elevation time series at DJ and JB wave buoy to show tidal phase and strength. (d) Time series of simulated SWH at DJ and JB, with the
wind-only case represented by dashed lines. (e) SWH differences represent the variations due to tides (current and depth). The numbers in (c) and (e) indicate the

maximum values of the water level and SWH differences at each tidal phase.

differences were calculated as 0.51 m (ebb tide) and —0.38 m (flood
tide), respectively. However, the patterns varied across the entire model
domain because the current direction and magnitude were inconsistent
in all model domains owing to complex marine environments (e.g.,
topography). In contrast, depth-induced SWH differences (Run-w-+dep
— Run-w) were more pronounced (Fig. 9c). These differences were
particularly noticeable at high tide (the first panel) and low tide (the
third panel), with calculated ranges of —0.39 to 1.01 m and —0.93 to
0.30 m, respectively. Furthermore, these differences were particularly
significant near tidal flats, where depth changes caused by tides are
increasingly substantial. Two primary factors contributed to these dif-
ferences. First, more wave energy propagates to the nearshore region at
high tide owing to the increased water level compared with that at low
tide (Tolman, 1990; Kim et al., 2008). Second, waves feel the bottom
and dissipate more energy owing to the increased bottom friction at low
tide when the water level is lower (Kang and Di lorio, 2006).

5. Discussion

5.1. Possible reasons for the dominance of wave modulation by water
depth

The difference in SWH with respect to depth changes due to tides was
pronounced in GGB (Fig. 9). This depth dependence of wave heights
mainly appears in surf zones, where local water depths control the
heights of the breaking waves (Thornton and Guza, 1982; Kim, 2003).
Therefore, to better understand the depth dominance of wave modula-
tion in GGB, investigating the relationship between depth and SWH was
necessary. A commonly used method to estimate this relationship is
through the wave height to water depth ratio, which is calculated using
the root mean square wave height (H,,s = /8my, where my is the
high-pass filtered variance of the water surface elevation) and mean
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water depth (h) (Thornton and Guza, 1982; Power et al., 2010). The
relationship between these two variables during the periods of high
waves is illustrated using a two-dimensional histogram scatterplot
(Fig. 10). Most histograms show high densities within a depth of
approximately 15 m, which is due to the high resolution of the model in
nearshore regions (range of resolution: 90-4,500 m). The histograms are
restricted to within the red line (Hys /E = 0.2). In other words, the Hy;
did not exceed 0.2 times h, even during high waves. The nearshore re-
gions are more affected by depth variations owing to the following
reasons: 1) the study region is macro-tidal, and changes in water depth
due to tides are larger than those in the outer region; and 2) due to
shallow water environments, wave shoaling and wave breaking have
stronger effects than other interactions.

The dominance of wave modulation by water depth has also been
found in other coastal regions with macro-tidal environments. Sirisha
et al. (2023) demonstrated a strong correlation between changes in
water depth, increased wave modulation, and higher dissipation of wave
energy. These effects were more pronounced closer to the shoreline.
From this perspective, waves on tidal flats are expected to be more
strongly influenced by changes in water depth. Unlike the inner-shelf
environment, tidal flats exhibit complexity owing to the periodic
changes in water depth. Because of this characteristic, the development
of waves in the tidal flat is limited by the water depth, which is similar to
the process in the surf zone (Le Hir et al., 2000; Li et al., 2022a). For
example, Kim (2003) showed a discrepancy between two storm wave
intensities in a tidal flat along the west coast of Korea and suggested that
the change in water depth due to tides is the main factor determining the
magnitude of the wave height. Tidal flats in GGB cover 42% of the total
tidal flats (2,085 km?) along the west coast of Korea (An et al., 2022).
Therefore, the influence of depth changes on waves may be more pro-
nounced than in other regions where tidal flats are not as widely
distributed.



K.-H. Kim et al.

Il 1 Il
Difference (m): I I I
Event/Calm (wind+current+depth) — Event/Calm (wind only) _«*%
SWH difference (y) = Slope x Water elevation (x) o
—— DJ (Event): y=0.05x (R2:0.94)
0.2 + —— JB(Event): y=0.09x (R2: 0.96) -
—— DJ(Calm): y=0.01x (R2: 0.76)
— JB(Calm): y=0.02x (R%:0.97) i
(4
]
]
o
8
et
g 0
&=
I
=
[%2]
_02 - -
Station: DJ | Station: JB
® Event ® Event
® Calm ® Calm
1 : !
} t }
-4 -2 0 2 4

Water elevation (m)

Fig. 13. Scatter plot comparison between SWH difference and water elevation
at DJ weather and JB wave buoys. For the SWH difference and water elevation,
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5.2. Dominant factor in periodic wave modulation

To estimate the dominant factor in wave modulation, researchers
have widely used two methods through numerical simulations (Song
et al., 2020). The first method evaluates the impact of depth and current
on wave modulations at a specific location based on the differences
between the simulated waves. The second method calculates the spatial
correlations between the wave parameters, depth, and current. The
dominant factors were estimated with spatial correlation analysis, given
that the individual impact of depth and current had already been
confirmed at DJ (outer region) and JB (nearshore region) buoys, as
shown in Figs. 7 and 8. During the period of high waves, the correlation
coefficients were calculated based on the observed SWH and Run--
w+cu+dep (combined action) with Run-w+dep (impact of depth on
waves) and Run-w+-cu (impact of current on waves).

The correlation coefficients calculated with the observed SWH at the
four buoys showed distinct differences depending on the geographic
locations (Fig. 11a and b). At DJ, where the current effect was stronger
than depth (Fig. 7c and d), the highest correlation for Run-w+cu was
obtained (0.84). However, at JB, where depth appeared to be the
dominant factor in wave modulation (Fig. 8c and d), the highest cor-
relation for Run-w+dep was obtained (0.89). For 1J, the correlations
were 0.74 (due to the current) and 0.81 (due to the depth), indicating
that depth changes have a more considerable influence, which is sup-
ported by the observed SWH and water elevation coherence results
(Fig. 3c). Notably, identical values (0.84) were obtained at JW in both
cases, suggesting the relatively lesser impact of hydrodynamic condi-
tions on the wave modulation at JW during the model simulation.

The contrasting results between depth and current were also
confirmed by the calculation results for Run-w+cu+dep (Fig. 11c and
d). The white lines in both figures represent the locations where the H;,
is no more than 0.2 times h (see Fig. 10). In the simulation that
considered only the current effect (Run-w+cu), the correlation in the
nearshore region decreased to below 0.6 and showed low values
(Fig. 11c). This suggests that wave modulation in these regions is pre-
dominantly controlled by depth (as indicated by the high correlation of
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0.95 or higher when considering the depth effect). Noteworthily, the
location where the low correlation was calculated and the Hyps/h = 0.2
lines tended to coincide with each other. These results can be interpreted
together with those of a previous study (Kang and Kim, 2015), sug-
gesting a strong correlation between wave height and depth-induced
wave breaking in GGB. This suggests that, based on where wave
breaking by depth occurs, the impact of current on wave modulation is
reduced, and wave modulation by depth can be dominant.

When considering only the depth effect (Run-w+dep), low correla-
tions were found in the narrow channels (Fig. 11d). This highlights that
narrow channels and straits are characterized by strong currents during
flood and ebb tides, which may impact wave propagation and modula-
tion (Ardhuin et al., 2012). However, some areas in the outer region of
GGB, including the location of JW, showed high correlation coefficients
in both cases. This indicated a relatively low impact of depth and current
on waves in these areas and wind-induced wave generation to be the
most important factor.

Asreported in previous studies (Bolanos et al., 2014; Yu et al., 2017),
wave modulation by depth is dominant in nearshore regions, whereas
wave modulation by currents is more prominent in narrow channels.
This indicates that the dominant factor in wave modulation can vary
depending on the local hydrodynamic conditions. Considering the in-
fluence of waves on the surrounding environment, understanding
site-specific factors in wave modulation is crucial, particularly in the
case of GGB, where waves play an important role in sediment transport
in the coastal region. The results of this study can be interpreted in
conjunction with sediment transport patterns such as sediment suspen-
sions. Choi et al. (2014) showed that, during winter (when the influence
of waves is strong), the TSM concentration was relatively high and fol-
lowed tidal cycles (see Fig. 1). Future studies that investigate the
contribution of tidal modulation of waves to sediment transport, along
with the impact of wave modulation, could yield more comprehensive
and insightful results.

5.3. Assessment of wave modulation in tidal motion

In this study, the impacts of tidal changes in depth and current on
wave heights during periods of high waves in GGB were analyzed.
However, quantitatively demonstrating the impact of tides on wave
modulation is difficult. To validate the impact of tides, four cases were
simulated by adjusting the tidal input during the event and calm periods
(Fig. 12). Model simulations were conducted over the same period,
including the high wave periods used in the previous analysis, and the
same tide input was applied to consider the effect of local deformation
due to tides. Wind speeds during the event and calm periods were time-
varying but spatially uniform across the model domain and were input
in the form of a box function. For the maximum wind speed, the time-
averaged wind speed observed at DJ in 2020 (mean (M), 4.83 m/s)
and the idealized wind field during the periods of high waves (>M +
258D, 12 m/s) were used (Fig. 12b). The wave variables used in the
offshore boundary were not used as they can overestimate waves under
low wind conditions. The SWH of each case was analyzed at DJ and JB
locations, and the difference between the wind-only case and that
including the effects of current and depth was calculated to determine
the impact of tides on waves (Fig. 12e). In summary, four cases were
selected to examine the formation of waves by wind speed during the
event and calm periods and the modulation of waves by tides.

When considering only the impacts of wind, the SWH was found to
increase and decrease with wind speed. This also shows that the wind is
not a major source of periodic wave modulation when the wind direction
is almost constant, as is the case during periods of high waves. When the
impact of tides (depth and current variations) was added, wave modu-
lation was observed in both the event and calm periods. In particular,
the modulation during the event period was larger, with the largest
modulation of 0.31 m at JB (Fig. 12e). In contrast, in the calm period,



K.-H. Kim et al.

both DJ and JB showed relatively small SWH differences within 0.05 m.
Additionally, through idealized simulation, the magnitude of SWH
modulation was found to depend on both wind speed and tidal strength
(Fig. 13): 1) stronger winds led to increased wave modulation; 2) the
stronger tidal tides strength (larger water elevation) increased the
magnitude of SWH modulation. This suggests that when strong winds
coincide with a spring tide, which is characterized by a substantial tidal
range, wave modulation may be more pronounced.

As waves approach coastal regions, they are subjected to various
external forces that can significantly affect their dynamics (Vincent,
1979; Tolman, 1990). Particularly in macro-tidal regions such as the
study area, tides have a significant impact on wave dynamics.
Tide-induced changes in water depth and currents can alter wave
heights and wave energy distributions. These changes can be more
pronounced in nearshore regions, where the impact of tides is greater
than that in offshore regions and characterized by shallow water
(Bolanos et al., 2014). In nearshore regions, more wave energy can be
funneled to the nearshore region depending on the tidal phase, and
waves can reach a breaking point when the wave height exceeds a
threshold relative to the local water depth (Kang and Kim, 2015). In
addition, changes in current patterns can cause waves to break (Ardhuin
et al., 2012). When a wave breaks, the wave energy is redistributed into
the surrounding water, causing changes in the water level and current
and affecting the suspension of sediments on nearshore and coastal
structures. Thus, considering the alterations in wave breaking and en-
ergy distribution induced by tidal impacts in nearshore regions is crucial
for coastal management and engineering practices.

5.4. Regional characteristics and improvement required for GGB

The study area is located in the eastern part of the Yellow Sea, where
wind characteristics are dominated by the East Asian monsoon (Hwang
et al., 2014). In the Yellow Sea, strong winter winds generate SWH of
0.9-1.9 m (Wang et al., 2019), which considerably disturbs fair-weather
deposits accumulated by tidal currents, particularly in tidal flats and
beaches facing the Yellow Sea (Lee, 2014). Therefore, understanding
wave dynamics in nearshore regions is essential for enhancing our
knowledge of sediment transport in GGB. However, wave dynamics in
nearshore regions can be influenced by various factors.

First, wave-breaking regimes in nearshore regions change within a
tidal cycle (Li et al., 2022a). This study demonstrated the important role
of tides in the development and dissipation of waves. Moreover, owing
to the shallow water depth in the intertidal zone and the macro-tidal
environment of the study area, the influence in the tidal flat was more
pronounced. Waves feel the bottom as the water depth changes with the
tidal cycle, leading to breaking or dissipation by bottom friction. The
dissipation rate of wave energy at the bottom boundary is a crucial in-
dicator for understanding coastal environments (Kang and Di lorio,
2006). The impact of wave energy dissipation on current disturbance
and sediment resuspension owing to increasing bottom stress is an
essential factor (Bolanos et al., 2014). However, this study did not
consider the impact of waves on hydrodynamic conditions, which could
be improved through two-way interaction with a hydrodynamic model.

Second, sediment distribution in nearshore regions plays a signifi-
cant role in the propagation and dissipation of waves. For instance,
waves may not break on mud flats and may be dissipated considerably
by bottom friction (Le Hir et al., 2000). Therefore, understanding sedi-
ment distribution is crucial for a better understanding of wave dynamics
in coastal regions (Lavaud et al., 2022). The study area is subject to a
monsoonal climate, with approximately 70% of precipitation concen-
trated in the summer. Consequently, large amounts of suspended sedi-
ment are transported by rivers during this period. The tidal flats in GGB
exhibit seasonal changes in surface texture due to wave-induced erosion
in the winter and deposition from river-borne suspended sediments in
the summer (Lee, 2014). However, this study did not consider the wave
dynamics affected by sediment distribution, which should be included in
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future research. Additionally, GGB experiences continuous marine
environmental changes due to landfilling, dredging, and various
man-made structures, necessitating ongoing monitoring and diverse
modeling approaches for accurate coastal wave dynamics modeling.

Finally, tidal flats are characterized by periodic water level fluctua-
tions, which can impact onshore and offshore winds by heating the
ground during tidal cycles (An et al., 2022). Although this study did not
identify wind as the primary factor affecting periodic wave modulation,
it remains a crucial determinant of wave generation and magnitude in
GGB (Kang and Kim, 2015). Wind patterns, which vary depending on the
tidal phase in the tidal flat, can influence wave development. Consid-
eration of these wind effects could lead to more precise modeling of local
wave development. Additionally, investigating wave development is an
important area for future research as it can enhance vertical mixing in
the ocean, increase sea surface roughness, and consequently impact
momentum flux from the atmosphere to the ocean (Cavaleri et al.,
2012).

6. Summary and conclusions

This study was aimed at investigating the factors contributing to
wave modulation in GGB based on observation data and numerical
model results and particularly at estimating site-specific dominant fac-
tors. The analysis of observations demonstrated that tides have a sig-
nificant impact on wave dynamics at semidiurnal tidal frequencies. The
nearshore region (JB) exhibited a high signal correlation of 0.62 with
water elevation, while the outer region (DJ) showed a lower correlation
of 0.32. Moreover, the observed SWH demonstrated spatiotemporal
variability, with wave modulation being more pronounced during pe-
riods of high waves.

The numerical model successfully replicated the fundamental phys-
ical processes governing wave propagation and development and also
the tidal impacts on waves. According to the model results, the dominant
factor for wave modulation in the nearshore region was depth changes
caused by tides. The most notable impact was observed in tidal flats,
which were strongly influenced by changes in water depth. This in-
dicates that in GGB, which features shallow water and macro-tidal,
variations in water depth caused by tides are the primary cause of
wave propagation and dissipation. However, currents have the potential
to modulate waves depending on their relative direction to the waves;
however, owing to the complex environment of GGB, spatially diverse
patterns appeared even during the same tidal phase.

Cross-correlation analysis of SWH revealed that the dominant factors
for wave modulation, depth, and current contribute differently across
GGB. The depth dependence of wave height was mainly evident in surf
zones, where the local water depth regulates wave height, with a clear
distinction at locations where the ratio of wave height to water depth
reached 0.2. In addition, the effect of the currents was mostly dominant
in narrow channels.

To quantitatively investigate the influence of tides on waves in GGB,
four additional experiments were conducted. The wave modulation in
the nearshore region was revealed to be twice as dependent on tidal
strength as that in the outer region. Wind was identified as the primary
cause of the incoming wave height, rather than the main driver of pe-
riodic modulation. Moreover, the strength of wave modulations was
found to be contingent upon the magnitude of incoming waves and tidal
strength. This finding implies that wave modulation could become more
intense during periods of strong tidal strength, such as spring tide,
particularly when accompanied by strong winds.
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