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As a critical interface in coastal systems, the intertidal zone presents complex
sediment dynamics, yet the precise mechanisms governing resuspension and
transport under combined wave-current interactions are not fully resolved.
Utilize a comprehensive observation system that incorporates both acoustic
and optical equipment, we captured concurrent hydrodynamic and sediment
data across a full tidal cycle. By applying wave-turbulence decomposition, we
successfully isolated the distinct contributions of various forcing mechanisms.
Our results unequivocally demonstrate that turbulence is the primary driver of
sediment resuspension, superseding the effects of direct wave orbital motion and
mean current shear, as confirmed through both regression and wavelet analyses.
Moreover, we distinguish between local and net processes: while resuspension is
a locally forced phenomenon, net sediment transport is governed by the mean
flow. During our observations, the net cross-shore transport was persistently
offshore, driven by the combination of ebb tidal currents and wave-induced
undertow. Ultimately, these findings challenge the paradigm of wave-dominated
sediment processes on tidal flats, underscoring the pivotal role of turbulence in
modulating sediment dynamics and offering a more refined perspective on the
local sediment budget.
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1 Introduction

Intertidal zone, situated at the land-sea interface, are among the
most dynamic sedimentary environments on Earth. They not only
provide critical ecosystem services but also act as natural buffers
protecting coastlines from erosion and storm surges (Barbier et al.,
2011; Brand et al.,, 2020, 2019; Meng et al., 2024; Temmerman et al.,
2013). The morphological stability of these systems is
fundamentally governed by sediment transport processes, which
are driven by the complex interplay of tides, waves, and currents
(Green and Coco, 2014; Le Hir et al., 2000; Meng et al., 2024).
Understanding the mechanisms of sediment resuspension and
transport in these zones is therefore paramount for predicting
coastal evolution, managing coastal resources, and designing
effective coastal protection strategies (Green and Coco, 2014; Xie
et al., 2021).

Sediment dynamics in intertidal environments are notoriously
complex due to the superposition of oscillatory wave orbital
motions and quasi-steady currents (e.g., tidal currents, wind-
driven currents). The combined wave-current flow enhances
bottom shear stress, significantly increasing the potential for
sediment resuspension compared to conditions of either waves or
currents acting alone (Fugate and Friedrichs, 2002; Grant and
Madsen, 1979; Li et al., 2022; Liu et al., 2020; Sun et al., 2022;
Zhu et al., 2016). While this synergistic effect is well-established, the
precise contribution of each component—mean currents, wave
orbital velocities, and wave-induced turbulence—to the total shear
stress and subsequent sediment response remains a subject of active
research and debate (Bian et al., 2018; Fan et al., 2019; Li et al., 2022;
Niu et al,, 2023b). Early models often parameterized the combined
stress using simple additive approaches, but recent studies have
highlighted the importance of nonlinear interactions, particularly
the generation of turbulence within the wave-current bottom
boundary layer (Fan et al., 2019; Niu et al., 2023a; Yuan et al., 2009).

A significant knowledge gap persists in quantifying the role of
turbulence as a mediating factor. While direct wave orbital motion
can stir sediment, it is the small-scale, high-frequency turbulent
eddies that are often more effective at lifting and maintaining
sediment in suspension (Sun et al., 2022). However, decomposing
the flow field to isolate the turbulent component from the organized
wave motion in field settings is challenging. Many previous studies
on intertidal flats have either focused on tide-dominated or wave-
dominated extremes (Barbier et al., 2011; Meng et al., 2024; Xie
et al, 2021; Yu et al, 2024), or have used bulk hydrodynamic
parameters (e.g., significant wave height) that do not resolve the
fine-scale processes responsible for resuspension (Liu et al., 2020).
Consequently, the relative importance of wave-induced orbital
shear versus turbulence in driving sediment resuspension events
in mixed-energy intertidal settings is not well constrained. For
instance, some studies suggest wave orbital velocities are the
primary driver (Niu et al, 2023b), while others, often from
deeper subtidal zones, point to turbulence as the key agent (Meng
et al,, 2024; Sun et al,, 2022; Yuan et al., 2009). This discrepancy
highlights the need for high-resolution, in-situ observations that can
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parse these competing effects within the unique, shallow, and
intermittently exposed environment of an intertidal flat.

The Haiyang intertidal flat, characterized by fine-grained
sediments and exposure to both significant tidal ranges and
moderate wave energy, provides an ideal natural laboratory to
address these questions. Unlike many previously studied systems
that are either strongly macrotidal or storm-wave dominated,
Haiyang represents a mixed-energy environment where the balance
between waves, tides, and turbulence is likely to be nuanced. This
study leverages high-frequency, co-located measurements of flow
velocities and suspended sediment concentrations to investigate
sediment dynamics on this representative flat.

The primary objectives of this research are therefore to: (1) To
understand the relative contributions of mean current, waves and
turbulence to the fluid dynamic energy near the bed during the tidal
cycle. (2) Determine the dominant physical mechanism—direct
wave action or turbulence—responsible for initiating and sustaining
sediment resuspension events. (3) Characterize the net sediment
transport and identify the primary drivers (e.g., tidal asymmetry,
wave-induced currents) of the residual sediment flux.

By employing advanced time-frequency analysis methods, such
as wave turbulence decomposition and wavelet analysis, we aim to
provide direct, quantitative evidence to elucidate the mechanisms of
sediment resuspension and transport under combined wave-
current forcing. The results are expected to refine our
understanding of sediment dynamics on mixed-energy tidal flats
and improve the parameterization of sediment transport in coastal
morphodynamic models.

2 Materials and methods

2.1 Study area

Haiyang Beach is located on the southeastern coast of Shandong
Peninsula, adjacent to the Yellow Sea, with the coastline oriented
WSW-ENE (Figure 1A). It is a typical barrier-lagoon beach,
primarily composed of well-sorted medium-to-fine sands. Lianli
Island, located on the eastern side of the beach, is the largest
artificial island in north China and is connected to the mainland
via the bridge.

Haiyang City experiences a warm-temperate East Asian
monsoon climate, characterized by southerly winds in spring/
summer and northerly winds in autumn/winter. The annual
average wind speed is 3.2 m/s, and it is affected by typhoons an
average of 1.1 times per year (Yu et al, 2022). It belongs to the
regular semi-diurnal tidal, dominated by rectilinear currents with a
predominant E-W orientation. The mean low and high tidal levels
are -1.20 m and 1.21 m, respectively (Zhang et al., 2021). The waves
are mainly wind-driven, and 90% of wave heights are less than 1 m.
The normal wave direction is SSW, the strong wave direction is SE,
and the maximum wave height is 5.8 m. The annual alongshore
sediment transport rate in the study area ranges from 0.16 to 0.19 x
10° m?, primarily directed ENE (Ren et al., 2016).
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2.2 Field observations

To obtain sediment dynamics and hydrodynamics in shallow
water, a bottom-mounted observation station H was deployed in the
intertidal zone of Haiyang Beach from June 27 to 29, 2022 (during the
spring tide), which was located at 121.1434°E, 36.6628°N, as shown in
Figure 1A. The station was designed as a triangular frame (Figure 1B)
and equipped with several instruments.

The Acoustic Doppler Velocimetry (ADV, Nortek 6 MHz) was
used to measure near-bed flow velocity components, critical for
estimating shear stress and turbulence related to sediment
resuspension under wave-current interaction. Currently, ADV is
widely applied in the measurement of bottom layer velocity in
estuarine and coastal areas (Fugate and Friedrichs, 2002; Kim et al.,
20005 Li et al,, 2022; Meng et al., 2024; Sun et al., 2022; Xiong et al.,
2020; Yang et al, 2016; Zhu et al,, 2016). The ADV sensor was
positioned 0.2 m above the seabed. The sampling mode was set to
burst mode with a sampling frequency of 32 Hz. Each sampling
session lasted 600 s, with a sampling interval of 1800 s.

The wave gauge (RBR solo® D | wave 16) was used to obtain
high-frequency pressure for calculating wave parameters and water
levels. The sensor was positioned 0.2 m above the seabed, operating
in burst mode with a sampling frequency of 16 Hz. Each sampling
session lasted 1024 s, with a sampling interval of 1800 s.

The Laser In Situ Scattering and Transmissometry (LISST-
200X) was used to acquire high-resolution suspended particle
volume concentration data. The sensor was positioned 0.5 m
above the seabed, with a sampling frequency of 1 Hz for
continuous sampling. The particle size range measured by LISST
was from 1 um to 500 um, with 36 logarithmically distributed size
classes. Due to battery capacity limitations, LISST data were
available from 21:00 on June 27 to 18:00 on June 28, while other
instruments covered the entire observation period.

All instruments were synchronized to initiate measurements at
21:00 on June 27 and secured at the waterline during the lowest tidal
phase to ensure temporal consistency. Additionally, wind field data
were obtained from the National Center for Environmental

121°6'E 121°8'E

121°10'E

FIGURE 1
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Prediction Climate Forecast System Version 2 (NCEP-CFSv2)
provided by the United States National Environmental Prediction
Center (URL: https://rda.ucar.edu/datasets/ds094.1/index.html#!
access). The spatial resolution of the dataset is 0.2°, and the
temporal resolution is 1 hour.

2.3 Analysis methods

2.3.1 Wave-turbulence decomposition

The three dimensions velocity data (u,v,w) recorded by the
ADV needs to mitigate the influence of ambient hydrodynamic
noise. Spikes in raw data were detected and replaced using the
three-dimensional phase-space method (Goring Derek and Nikora
Vladimir, 2002). These spikes typically exhibited low correlation
coefficients and signal-to-noise ratios (SNR), consistent with results
from conventional threshold-based denoising methods (e.g.,
correlation coefficient and SNR filtering). For each burst, data
segments with spike replacements exceeding 50% of the total
length were discarded. The above workflow was systematically
applied to all velocity components (u, v, and w) to ensure
data reliability.

Take u as an example, the processed velocity data can be
decomposed into mean velocity (z) and fluctuating velocity (1)
(Fan et al., 2019). When wave influences are present, the fluctuating
velocity ' can be further decomposed into wave-induced velocity
u,W and turbulence-induced velocity u; (Equation 1):

u:ﬁ+u/:ﬁ+ulw+ult (1)

where u represents the burst-averaged (10-minute averaged)

velocity. For each burst, the horizontal velocity U,, is used to
describe the tidal current speed, and is defined as Equation 2:

Up = V@ + (@) 2)

In this study, the corresponding current direction indicates the
average direction of the tidal current, and is the angle between % and ¥.

(a) Location of the study area (station H is the bottom-mounted observation station); (b) Schematic diagram of station H and the observation

instrumentation.
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To accurately isolate velocity components induced by waves
and turbulence, wave-turbulence decomposition of fluctuating
velocities was implemented. Bian et al. (2018) demonstrated the
superiority of the Synchrosqueezed Wavelet Transform (SWT)
method. This method operates in the frequency domain. For each
10-minute burst, an energy spectral analysis was performed on the
velocity time series. The resulting spectrum typically shows a
distinct energy peak in the wave frequency band (e.g., 0.05-2 Hz)
and a separate region at higher frequencies following a classic
inertial subrange slope, which is characteristic of turbulence. For
this study, a cutoff frequency was determined by visual inspection of
the velocity spectra, where it consistently fell in the frequency band
between the wave energy peak and the onset of the turbulent inertial
subrange. Frequencies below this were attributed to waves (), and
frequencies above this were attributed to turbulence (u;).

Figure 2 illustrates the wave-turbulence decomposition of the
fluctuating velocity during the peak significant wave height
(approximately 1.33 m) during the observation period. The results
indicate a distinct dominant frequency band within the range of 0.08
to 0.2 Hz (Figures 2A, C), corresponding to typical wave periods of
5-12.5 s. The power spectra of the decomposed components
confirmed the effective removal of wave signals from the original
fluctuating velocities. However, the turbulence spectrum exhibited a
pronounced “energy trough” within the wave-dominated frequency
range (Figure 2C). Given the narrow bandwidth of wave influence,
turbulence energy loss in this range was negligible (Bian et al., 2018;

10.3389/fmars.2025.1702016

Sun et al, 2022). This methodology enabled decomposition of
fluctuating velocities in all three dimensions (u, v, and w)
throughout the measurement period. Furthermore, the turbulence
spectrum displayed a clear inertial subrange consistent with
Kolmogorov's “~5/3” scaling law (Kolmogorov, 1968), validating
the fidelity of turbulence characterization.

2.3.2 Bottom shear stress calculation

The bed shear stress is a critical parameter for studying
sediment initiation and transport (Grant and Madsen, 1979; Liu
etal., 2020; Yang et al.,, 2016). The total bottom shear stress (TSS) is
a combination of stresses induced by wave and turbulence (Bian
et al,, 2018). Using the decomposed velocity components via SWT,
the Reynolds shear stresses were calculated. The turbulence
Reynolds stress (TRS), wave stress (WS) and TSS are given by
Equations 3-5:

TRS = py/ (- wwi)? + (= vowi)? 9
WS = o/ (=l + (= vywl? @
7SS = p\/ (= W + (= VW) ®)

where p represent the water density, the overline indicates the
burst-averaged value.

6 %107 |
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2
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FIGURE 2

S (Hz)

Wave-turbulence decomposition results of fluctuating velocity at Station H (6th burst, significant wave height approximately 1.33 m). (@) SWT analysis
of fluctuating velocity, with the purple dashed lines demarcating the wave-dominated frequency range (0.08-0.2 Hz); (b) Time series of u’ (black

line), u’W (red line), and Jr (blue
Kolmogorov's "=5/3" theoretical spectrum.
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line); (c) Power spectra of U’ (black line), u'W (red line), and u; (blue line), with the black dashed line representing

frontiersin.org


https://doi.org/10.3389/fmars.2025.1702016
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Yu et al.

2.3.3 Acoustic backscatter inversion of
suspended sediment volume concentration

The Acoustic Doppler Velocimetry emit fixed-frequency sound
waves, and suspended particles in the water column reflect these
waves, enabling flow velocity calculation via the Doppler effect. This
principle also allows the inversion of suspended sediment
concentration (SSC) from acoustic backscatter intensity. Recent
advancements in high-frequency ADV measurements have
improved understanding of near-bed suspended sediment
dynamics (Fan et al., 2019; Niu et al., 2023b; Yuan et al., 2009).

It is generally believed that there is a linear relationship between
the SNR recorded by the ADV and the logarithmic value of SSC (Li
et al,, 2022; Sun et al,, 2022). However, due to challenges in field
sediment sampling, this study utilized suspended sediment volume
concentration (TVC) measured by the LISST as a proxy for SSC.
The relationship is expressed as Equation 6:

Ig(TVC) =a x SNR+ b (6)

where a and b denote the slope and intercept derived from
linear regression.

The relationship between TVC and the corresponding SNR is
shown in Figure 3A, with a determination coefficient (R?) of 0.8.
This allowed the conversion of SNR into high-frequency suspended
sediment volume concentration (TVC,py) synchronized with the
current. Similar to velocity decomposition (Section 2.3.1), the
fluctuating component (') of TVC,p, was decomposed into
wave (C,W) and turbulence (c;) components using SWT. The power

10.3389/fmars.2025.1702016

spectra of these components (Figure 3B) exhibited characteristics
consistent with those of velocity fluctuations (Figure 2C).

2.3.4 Vertical net flux of suspended sediment

Quantifying the vertical net flux of suspended sediment enables
microscale identification of the dominant factors controlling
sediment resuspension in the study area. The vertical diffusion
flux (DF = ') consists of two components: the turbulent diffusion
flux (TDF) and wave-induced diffusion flux (WDF), calculated as
Equations 7, 8:

TDF = c,w, 7)

(8)

b b .
where ¢;, w;, and c¢,, w, denote turbulent and wave-induced

WDF = ¢, w,

components of TVC,py and w, respectively. The overline

indicates burst-averaged values.

3 Results and discussion
3.1 Hydrodynamic characteristics
During the observation period, the water level ranged from -1.5

to 1.5 m (0 m is defined as the average water level during the
observation period), exhibiting a semi-diurnal tidal pattern with a

4
@) ]
SHEL
g
3
2 y = 0.043x + 0.66
* . R*=0.8
20 25 30 35 40 45 50 55 60 65

SNR (dB)

FIGURE 3

S (Hz)

(a) Linear regression relationship between SNR and TVC; (b) Power spectrum of the ¢ (black line), ¢, (red line), and c! (blue line) of TVC,py, with the

black dashed line representing Kolmogorov's “~5/3" theoretical spectrum.

Frontiers in Marine Science

05

frontiersin.org


https://doi.org/10.3389/fmars.2025.1702016
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Yu et al.

maximum tidal range of approximately 3 m (Figure 4A). Wind
speed gradually decreased from 8 to 2 m/s, while wind direction
remained predominantly southerly, except for a brief northerly shift
lasting about 4 hours on the morning of June 29 (Figure 4B). The
near-bed horizontal current speed (U,,) exhibited a negative
correlation with water depth, peaking at nearly 0.4 m/s during
minimum water depth and approaching zero at maximum depth
(Figure 4C). The direction of the current was concentrated between
90° and 180° (east to south). During the observation period, the
significant wave height (H;) ranged between 0.3 and 1.4 m, showing
a positive correlation with water level. Under the combined
influence of peak wind speed and water level, H; reached its
maximum observed value at 04:00 on June 28. Subsequently, as
wind speeds generally decreased, the peak H; associated with high
water level also gradually declined. These observations indicate that
H, was primarily wind-controlled, with stronger winds increasing
the baseline H;, while tidal variations modulated its magnitude
within the tidal cycle. The peak period (T,) remained relatively
stable, averaging approximately 8 s. This aligns with the high-
energy frequency band (0.08 to 0.2 Hz) observed in the power
spectra of velocities and pressure fluctuations (Figure 2C). Notably,

10.3389/fmars.2025.1702016

the spectral energy peaked at around 0.13 Hz (corresponding to
approximately 8 s), confirming waves’ contribution to velocity and
pressure fluctuations.

3.2 Drivers of sediment resuspension

To identify the controlling factors of sediment resuspension in
the intertidal zone, time series data from 00:00 to 18:00 on June 28th
(the valid coverage scope for all data) were analyzed (Figure 5). The
results show that the significant wave height (H;) and horizontal
current speed (U,,) are negatively correlated (Figure 5A). H, peaked
during high water levels when U,,, was minimal, while U, increased
sharply during ebb tide as water depth decreased and H; declined.
Correspondingly, the total shear stress (TSS) closely followed the
variability of U,, (Figure 5B), indicating that currents dominated
the magnitude of TSS. Suspended sediment volume concentration
(TVC,py) responded synchronously to TSS fluctuations, further
confirming current-driven control over sediment dynamics. As
shown in the scatter plots, in contrast to the disordered

relationship between TVC,py, and H,, TVC,py exhibited a
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FIGURE 5

Time series of key parameters from 00:00 to 18:00 on June 28th at Station H: (a) Significant wave height (H;, red line) and horizontal current speed
(U,,, blue line); (b) Suspended sediment volume concentration (TVC,py, red line) and total shear stress (TSS, blue line); (c) Vertical turbulent-induced
diffusion flux (TDF, red line) and wave-induced diffusion flux (WDF, blue line).

positive correlation with U,,, although TVC,py ceased to increase
when it exceeded 0.2 m/s (Figures 6A, B).

To further explain the resuspension process at the microscale,
the vertical turbulent-induced diffusion flux (TDF) and vertical
wave-induced diffusion flux (WDF) were calculated (Figure 5C).
The TDF exhibited significantly higher variability than WDF, which
showed negligible contributions except during 00:00-02:00. This,
combined with correlation analysis, suggests that turbulence is the
primary driver of vertical sediment exchange. Excluding significant
outliers, the correlation between TDF and TVC,py exceeded 0.60,
which is markedly higher than the correlations with WDF and TSS.

As a further illustration, the high correlation between TDF (as the
turbulence-induced vertical sediment diffusion flux) and TVC,py is
to be expected. That is, to demonstrate that turbulence dominates
resuspension events, it is necessary to establish the correspondence
between the instantaneous momentum flux (7SS) and the
instantaneous sediment diffusion flux (DF) in both the time and
frequency domains. Wavelet analysis, which can determine the
energy distribution of a signal across time and frequency, is widely
used for the decomposition and visualization of oceanographic
signals and thus provides an ideal tool for this purpose (Li et al.,
2022; Sun et al., 2022; Zhang et al., 2022).

Taking a burst event during the highest TVC,py period as an
example (June 28th, 10:00), Figure 7 displays the wavelet power
spectra (using the Morlet mother wavelet) for TSS and DF
(Figures 7A, B), where the analysis passed the 95% confidence test
(indicated by the black dashed line). High energy for both DF and

Frontiers in Marine Science

TSS was concentrated in the wave-frequency band, dissipating
towards higher frequencies. Notably, concurrent and regularly
distributed high-energy plume-like structures were observed for DF
and TSS. These structures were temporally consistent and
corresponded to the moment of the strongest TVC,py (Figure 7D),
highlighting the controlling role of turbulence in sediment
resuspension (Li et al., 2022). This is further substantiated by the
wavelet coherence analysis of DF and TSS, which showed a strong
correlation between the two during this period (Figure 7C).

3.3 Sediment transport

The sediment transport in the intertidal zone was investigated
by calculating the sediment net flux (SNF) within the bottom
boundary layer. The horizontal current components (u and v)
measured by ADV were projected along the alongshore and
cross-shore direction to derive alongshore and cross-shore
components (#; and v,). The time series of alongshore and cross-
shore SNF (Figure 8) was obtained by vectorially multiplying (;
and v,) with synchronous TVC,py, respectively, where positive
values denote ENE (NNW)-directed transport and negative values
indicate WSW (SSE)-directed transport.

Our analysis reveals that the net sediment transport during the
observation period was directed predominantly offshore and
alongshore (Figure 8). The cross-shore component of the
transport remained persistently offshore throughout the
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Scatter plots showing the relationship between the TVC,py,and various hydrodynamic factors. In each subplot, data points are filtered based on a
specific threshold. Data points satisfying the threshold condition are shown in red and were used for the linear regression analysis (light red line),
while data points that do not meet the threshold are shown in blue and were excluded from the analysis. The corresponding coefficient of
determination (RS for each fit is displayed in red. The subplots correspond to: (a) significant wave height (H;), (b) horizontal velocity (U,,), (c) tidal
diffusion flux (TDF), (d) wave-induced diffusion flux (WDF), and (e) total shear stress (TSS).

measurement period, even during the flood tide when the mean
current was directed onshore. This counterintuitive result warrants
further discussion.

This persistent oftshore transport is likely driven by wave-
induced undertow. In the nearshore and intertidal zone, the
onshore mass transport of water by waves in the upper water
column must be balanced by an offshore-directed return flow,
known as undertow, near the bed (Longuet-Higgins, 1953).
During our observation, moderate wave conditions were
persistent. This undertow, a non-oscillatory current, superimposes
on the tidal current. Even when the flood tide creates a net onshore
flow, the near-bed undertow can be strong enough to ensure that
sediment, once suspended, experiences a net offshore displacement.
This mechanism is a well-documented driver of offshore sediment
transport and beach erosion (Gallagher et al., 1998). The
implication for Haiyang Beach is that even under fair-weather
wave conditions, there is a persistent mechanism for offshore
sediment loss from the intertidal flat, which could contribute to
long-term erosional trends if not balanced by other processes (e.g.,
onshore transport during storms or calm periods).

The alongshore transport was strongly correlated with the tidal
current direction, being southeastward during the ebb tide and
northwestward during the flood tide, with the ebb-dominated
transport resulting in a net southeastward flux. This directly
identifying that the net transport is a product of both wave-
induced processes (offshore undertow) and tidal asymmetry (net
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alongshore transport). This complex interaction underscores the
necessity of considering both waves and tides to understand the
sediment budget of mixed-energy intertidal systems.

4 Conclusions

This study provided an assessment of the mechanisms
governing sediment dynamics in a mixed-energy, macrotidal
intertidal environment, based on high-resolution in-situ
observations. By decomposing the hydrodynamic forces into
wave, current, and turbulence components, we have drawn
several key conclusions that refine our understanding of
such systems:

Sediment resuspension is dominated by near-bed turbulence.
Multiple linear regression analysis demonstrated that turbulent was
the primary and only statistically significant predictor of suspended
sediment volume concentration (TVC). The direct influence of
wave-induced bottom shear stress was negligible during the
observed non-storm conditions. This finding highlights that the
principal role of strong tidal currents in this environment is the
generation of sediment-entraining turbulence, rather than direct
bed erosion.

Net sediment transport is decoupled from wave direction and
governed by subtidal currents. Despite the persistent onshore
propagation of waves, the tidally-averaged net sediment transport
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was consistently directed offshore. This transport was controlled by
the low-frequency subtidal flow, which represents a combination of
ebb-dominant tidal residuals and wind-driven currents.

The interplay of hydrodynamics and sediment transport has
clear morphodynamic implications. The persistent offshore export
of sediment suggests that the intertidal zone at Haiyang is subject to
chronic erosional pressure. Under typical weather conditions, the
system acts as a conduit for sediment loss from the beach profile.
This implies that the beach’s stability likely depends on sediment
input from infrequent, high-energy storm events, a critical
consideration for long-term coastal management and
morphodynamic modeling.

While this study provides a detailed mechanistic understanding,
its findings are based on single-point measurements. Future work
should focus on deploying vertical arrays to resolve the boundary
layer structure and employing spatial surveys to understand the
broader morphodynamic context. Long-term monitoring is
essential to capture seasonal variability and the crucial impact of
storm events, which are necessary to build a complete picture of the
annual sediment budget.
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