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Digital-twin (DT) technology provides a data-driven framework for reproducing complex
coastal processes with high spatiotemporal fidelity. In this study, we develop an integrated
geospatial digital-twin simulation system (DTSS) for the Suncheon Bay Wetland, an estuarine
environment characterized by a pronounced S-shaped tidal channel. High-resolution
observations, including sonar-based bathymetry, unmanned aerial vehicle photogrammetric
digital elevation models, tidal elevations, current velocity profiles, conductivity temperature
depth measurements, and total suspended material time series, were collected during dry (May
2024) and wet (July 2024) seasons and applied to hydrodynamic and salinity-dispersion
simulations using the TELEMAC-MASCARET system. The model reproduced semidiurnal
tidal behavior under baseflow conditions and captured monsoon-driven effects on river
discharge, including delayed ebb—flood transitions and increases in velocity from <0.4 m/s to
nearly 1.0 m/s. Salinity simulations revealed sharp gradients during normal flow and near-
complete freshwater dominance (<0.1 psu) during peak discharge. Validation metrics [RMSE,
BIAS, and Pearson correlation coefficient (R > 0.8)] demonstrated strong agreement between
model outputs and observations for tidal elevation, velocity, salinity, and temperature. The DTSS
framework effectively integrates sensor-based observations, geospatial data, and numerical
modeling, demonstrating how in situ sensor networks and DT technologies can be combined to
support real-time environmental monitoring, predictive simulations, and intelligent coastal
management. These results underscore the importance of river—tide interactions and demonstrate
the potential of sensor-driven DT technologies as an integrated platform for real-time wetland
monitoring, environmental forecasting, and intelligent coastal management.
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1. Introduction

Coastal wetlands are globally recognized as multifunctional ecosystems that provide critical
services, including carbon sequestration, biodiversity conservation, shoreline stabilization,
nutrient cycling, and buffering against extreme hydrometeorological events. Among these
habitats, estuarine tidal flats represent highly dynamic environments where physical processes,
including tidal propagation, river discharge, sediment transport, and salinity gradients, interact
continuously under the influence of both marine and terrestrial forcings. The complexity of
these interactions necessitates advanced methods capable of capturing fine-scale hydrodynamic
behavior and its temporal variability. Suncheon Bay Wetland, located along the southern coast of
the Korean Peninsula, is one such system where the interplay between tidal currents and
freshwater inflow is particularly pronounced.

Suncheon Bay is distinguished by its expansive intertidal flats, extensive reed fields
(Phragmites australis), and a distinctively sinuous S-shaped tidal channel that functions as a
primary conduit for tidal exchange between Yeoja Bay and the Suncheon Dongcheon River.(D
The geomorphological structure and hydrological connectivity of this channel play essential
roles in determining sediment pathways, wetland inundation duration, nutrient availability, and
habitat zonation. Because this region experiences strong seasonal variability due to monsoon-
driven river discharge, tidal forcing is frequently modulated by episodic freshwater inflow that
alters water levels, flow asymmetry, and salinity patterns. Understanding such river—tide
interactions is thus fundamental for predicting morphological evolution, ecological transitions,
and the impacts of climate change on wetland resilience.

Recent technological advances have enabled the application of digital-twin (DT)
methodologies to natural environmental systems. A DT is broadly defined as a virtual
representation of a physical system that is continuously updated with real-time or periodically
acquired data, enabling dynamic monitoring, simulation, and prediction, as described by
Grieves.®) Although originally developed in manufacturing and aerospace engineering, Madni
et al® gradually expanded DT frameworks to Earth and environmental sciences, offering new
opportunities for replicating complex hydrodynamic processes with high spatiotemporal fidelity.
When combined with geospatial data such as unmanned aerial vehicle (UAV)-derived digital
elevation models (DEMs), sonar-based bathymetry, atmospheric forcing datasets, and in situ
marine environmental observations, DTs can function as integrated platforms for scenario-based
environmental forecasting, resource management, and climate risk assessment.

However, applying DT concepts to coastal wetlands presents several scientific and
technical challenges. First, the land—water boundary in tidal flats is highly mobile,
requiring submeter-resolution terrain data to accurately capture inundation patterns.
Second, estuarine hydrodynamics are governed by nonlinear, depth-averaged shallow-
water equations, making numerical simulation sensitive to bathymetric accuracy,
boundary conditions, and river discharge variability. Third, salinity, as a conservative
scalar influenced by both advection and diffusion, requires high-frequency observational
data to properly validate the model. Finally, integrating heterogeneous datasets—
including conductivity—temperature—depth (CTD) sensor measurements, UAV
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photogrammetric DEMs, current-meter observations, and sonar bathymetry—into a
unified DT simulation system (DTSS) requires robust geospatial processing and
numerical modeling capabilities. The present DTSS represents a DT-ready framework
that integrates sensor observations and numerical simulations and is designed to
accommodate future real-time data assimilation and automated forecasting capabilities.

Previous studies on Suncheon Bay have been focused on sedimentary processes,
ecological distribution, and long-term morphological change, including those by Choi.(})
However, few have attempted a comprehensive approach that simultaneously captures
tidal hydrodynamics, river—tide interactions, and salinity dynamics within a single
cohesive modeling framework. High-resolution geospatial datasets to calibrate and
validate numerical models supporting DT-based applications have been used in even
fewer studies. Furthermore, the hydrodynamic and salinity responses of the S-shaped
tidal channel—especially under contrasting dry-season and flood-season river
discharges—were insufficiently quantified by Passalacqua et al.) despite their
importance to wetland stability, vegetation zonation, and habitat vulnerability.

To address these gaps, in this study, we developed an integrated geospatial DTSS for
the Suncheon Bay Wetland by combining extensive field measurements, remote sensing
datasets, and numerical simulation tools. High-resolution digital elevation models were
constructed using UAV photogrammetry calibrated with real-time kinematic (RTK)
ground control points.®) Sonar surveys provided detailed bathymetric mapping of the
S-shaped tidal channel, while water level and current measurements from multiple
stations captured tidal variability and river-influenced hydrodynamics during both dry
and wet seasons. These datasets were assimilated into the TELEMAC-MASCARET
system, a well-established open-source hydrodynamic and transport modeling platform, to
simulate tidal propagation, current velocity fields, and salinity dispersion under varying
discharge conditions.©

Accordingly, the aim of the present study is to establish an integrated DTSS for the
Suncheon Bay Wetland by addressing four key objectives. First, we quantify the tidal
hydrodynamics in the S-shaped tidal channel under both normal baseflow and monsoon-
driven flood-discharge conditions. Second, we evaluate the spatiotemporal characteristics
of salinity dispersion under contrasting freshwater inflow scenarios. Third, we assess
model accuracy by comparing simulated results with observations using statistical
indicators such as root mean squared error (RMSE), mean bias error (BIAS), and the
Pearson correlation coefficient (R). Finally, we demonstrate the applicability of the DTSS
framework to real-time environmental monitoring, scenario-based evaluation, and
predictive coastal management in estuarine wetlands.

In the context of sensing technology, the present DTSS can be viewed as a virtual
extension of the in situ sensor network, where tidal gauges, current meters, CTD profilers,
and UAV/drone-based platforms are dynamically integrated into a unified monitoring and
simulation environment. The framework, therefore, represents a sensor-driven DT
platform designed to integrate environmental observations and transform them into
predictive information for coastal monitoring and management applications. Through
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these objectives, the present study provides a scientifically rigorous and sensor-oriented
framework that advances the application of DT technologies in coastal research and
demonstrates the practical value of environmental sensing systems in estuarine wetlands.

2. Materials and Methods

In this section, we outline the methodological framework used to construct and implement
the DTSS for the Suncheon Bay wetland. The procedures encompass geospatial data acquisition,
numerical model development, and validation strategies designed to accurately reproduce the
hydrodynamic and salinity dynamics of the study area.

2.1 Overall framework of the DTSS

The methodological framework of this study integrates multiscale geospatial data acquisition,
hydrodynamic and salinity-transport modeling, and DT-based data assimilation into a unified
simulation system tailored for the Suncheon Bay Wetland (mud flats) in Fig. 1. The DTSS was
developed as a modular environment capable of ingesting diverse datasets, including bathymetry,
tidal elevations, atmospheric forcing, river discharge, and water-column observations, to
continuously refine the numerical representation of the wetland. The overall architecture follows
a three-stage workflow consisting of (1) geospatial data acquisition and preprocessing, (2)
numerical model construction and simulation, and (3) statistical model validation. This structure
is consistent with recent DT-oriented environmental platforms for estuaries and coastal wetlands
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Fig. 1.  (Color online) Location of the study area on the South Korean Peninsula and an enlarged view of Suncheon
Bay showing the S-shaped tidal channel, surrounding mud flats, and monitoring stations.
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described by Neal et al.7) and, owing to its modularity, can be readily expanded to incorporate
sediment-transport modules, ecological indicators, or machine-learning-based forecasting tools
in future applications.

2.2 Study area and hydrological forcing characteristics

Suncheon Bay is a mesotidal estuarine environment with semidiurnal tidal cycles and
pronounced monsoon-driven hydrological variability. The wetland’s S-shaped tidal channel
plays a central role in controlling energy dissipation, freshwater mixing, sediment pathways, and
inundation patterns. The Suncheon Dongcheon River, located immediately upstream, provides
freshwater discharge that varies seasonally from ~2.3 m?/s during the dry season to >200 m3/s
during peak rainfall events. This large hydrological gradient creates strong contrasts in tidal
propagation, flow asymmetry, and stratification, making the system ideal for DT-based
hydrodynamic simulation.

Bathymetrically, the region features shallow intertidal flats with elevations ranging from —1.5
to +1.8 m relative to mean sea level, intersected by a deeply incised tidal channel. The
geomorphic structure amplifies river—tide interactions, often modifying flood-tide penetration
and ebb-tide flushing. Given these characteristics, detailed observations of the terrain and water
column were necessary to accurately reconstruct the coastal system.

2.3 Field data acquisition (tidal elevation, current, and river discharge)

A multistation observational approach was implemented to characterize tidal elevation and
current dynamics during both the dry season (May 2024) and the wet season (July 2024). Three
fixed monitoring stations, A, B-1, and B-2, were deployed during both the baseflow (May, dry
season) and flood (July, flood season) seasons to measure tidal elevation, horizontal flow
velocity, and CTD parameters. Station A, located near Mujin Bridge, provided long-term tidal
records spanning over 30 days for both seasons, while Station B-1 recorded tidal elevation and
current patterns during the dry season, and Station B-2 captured tidal elevation, current velocity,
salinity, and temperature during the wet season. Horizontal current measurements were obtained
using recording current meters (RCMs), which provided high-temporal resolution vector velocity
data. CTD profiles were collected during both neap and spring tidal cycles to assess vertical
stratification. All sensors were calibrated prior to deployment using standard reference solutions
for conductivity and temperature to ensure measurement accuracy.

River discharge plays a primary role in controlling estuarine hydrodynamics; therefore, the
accurate estimation of discharge from Suncheon Dongcheon was essential. Discharge was
estimated using Eq. (1).

0=4U ()
O = discharge (m?/s)

A = cross-sectional area (m?)
U = depth-averaged velocity (m/s)
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RTK-surveyed transects and acoustic depth measurements were used to determine the cross-
sectional geometry of the channel at Mujin Bridge, while velocity distributions were obtained
from CTD and RCM measurements in Figs. 2 and 3. On the basis of these observations and
existing hydrological records, the baseflow discharge was set to 2.337 m?%/s, as per the Suncheon
River Master Plan, and the flood-season discharge was set to 219.4 m?s, representing the 5-year
mean annual peak reported by WAMIS.® These discharge values were applied as upstream
inflow boundary conditions in the TELEMAC model.
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Fig.2. (Color online) From the second field survey results, an elevation profile of approximately 160 m at Mujin
Bridge (1 m intervals) was obtained and cross-compared with drone LiDAR point cloud data and RTK measurement.
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Fig. 3. (Color online) Measurement principles of the CTD (YSI® EXO series) sensor for salinity data and
configuration diagram of the SONAR research equipment (Garmin® GT56UHD-TM series) used for in situ depth
sounding.
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2.4 High-resolution terrain construction (UAV photogrammetric DEM, sonar-based
bathymetry)

UAV photogrammetry was performed using a calibrated camera system equipped with
known interior orientation parameters (IOPs). Ground control points (GCPs) were surveyed
using Network-RTK, achieving sub-centimeter horizontal and vertical precisions. Structure-
from-motion (SfM) bundle adjustment was applied to generate dense point clouds, followed by
orthomosaic and DEM construction.®>?) DEM accuracy was validated against RTK survey
points, yielding a vertical RMSE of a few millimeters for the area shown in Fig. 2.

Sonar data were collected using a Garmin GTS6UHD-TM ultrahigh-definition transducer. A
total of 44837 pings were acquired, with 2211 validated after filtering out oblique angles,
positional errors, and noise, as shown in Figs. 3 and 4. The final bathymetry covered the full
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Fig. 4. (Color online) Survey vessel track lines and bathymetric contour intervals showing the total number of
acquired pings (44837) and the final dataset used for model implementation and simulator enhancement (2211 pings).
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extent of the S-shaped channel. These points were merged with the UAV DEM to create a fused
hybrid terrain model, ensuring seamless representation of the intertidal and subtidal zones in
Fig. 2.

2.5 Numerical model setup

Hydrodynamic and salinity-dispersion simulations for the Suncheon Bay wetland were
performed using a depth-averaged numerical modeling framework that had been independently
validated through extensive field observations. Verification data included tidal elevation, current
velocity, salinity, and water temperature collected at Stations A, B-1, and B-2 during both the
baseflow (May, dry season) and flood (July, flood season) seasons.(!%!) Model-observation
agreement was quantitatively evaluated using the previously provided error metrics. The
absolute relative error (ARE) was computed, as shown in Eq. (2).

ARE (%) _M.-0]

O x100, Error = Modeled — Observed ®)

Here, M; = modeled value at index 7, and O, = observed value at index i.
The mean squared error (MSE) is calculated as shown in Eq. (3).

1 & ~
MSE = WZ(% -y, 3)
i=1

Here, N = number of data points, y; = observed value (actual value), and ;l = modeled value

(predicted value).
RMSE is determined as
N (N2
RMSE = ZM , @)
=
The mean bias error (BIAS) is
BIAS = (E [yA,. _ y,}). 5)

Here, E is expectation. A positive BIAS indicates that the predicted values are systematically
higher than the observed values (overestimation), and a negative B/AS indicates that the predicted
values are systematically lower than the observed values (underestimation).

The Pearson correlation coefficient (R) is as shown in Eq. (6).
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COV(yi, yl)

\/Vélr()//;)var(yl.)

R:

©)

These statistical indicators provided a consistent framework for assessing the predictive skill
and determining the suitability of the model for hydrodynamic and scalar-field simulations,
based on the evaluation method proposed by Willmott.(1?)

Tidal forcing at the open boundary was imposed using 16 harmonic constituents, while
freshwater inflow from Suncheon Dongcheon was applied at the upstream boundary using
observed river-discharge records. Atmospheric variables required for surface heat and salinity
exchange—including wind speed, temperature, humidity, cloud cover, and meteorological
data—were obtained from the Korea Meteorological Administration (KMA) Automatic Weather
Station (AWS). Oceanographic data were acquired from the Korea Hydrographic and
Oceanographic Agency (KHOA) ocean buoy network. Boundary conditions were supplemented
using the HYCOM reanalysis product.

A uniform computational time step of 1 s was used, and the same computational grid was
applied to both hydrodynamic and salinity simulations to maintain numerical consistency.(!®)
Model calibration and validation were performed separately for the baseflow period (16-22 May
2024) and the flood period (24 June-23 July 2024). The validated model achieved high predictive
performance, with correlation coefficients generally exceeding 0.90 and low RMSE values for
tidal elevation and salinity. These results confirm that the model is sufficiently robust to simulate
tidal currents and salinity dispersion processes across the Suncheon Bay intertidal system.

2.6 Salinity transport simulation

The salinity-dispersion simulation was conducted on the same grid and with the same
temporal resolution as the hydrodynamic model to ensure a consistent numerical framework
between momentum and scalar transport. Freshwater inflow from Suncheon Dongcheon and
saline intrusion from Yeoja Bay acted as the primary forcing mechanisms controlling salinity
distribution within the S-shaped tidal channel. Boundary salinity values were prescribed using
in situ CTD measurements collected at Stations B-1 (dry season) and B-2 (flood season).
Offshore boundary conditions were complemented by HYCOM reanalysis fields to represent
regional water-mass characteristics during the study period.

Model performance was evaluated using the previously defined verification metrics (ARE,
MSE, RMSE, BIAS, and R). During the dry season, the simulation yielded an RMSE of 2.79 psu
and a correlation coefficient of 0.94 at B-1, indicating strong agreement between observed and
modeled salinity fluctuations. Under flood-season conditions, an RMSE of 1.84 psu with R =
0.92 was obtained at B-2, demonstrating that the model effectively reproduced the significant
freshwater flushing and the associated decrease in salinity gradients during high-discharge
events.
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The baseflow and flood seasons required separate simulations because of the substantial
differences in the hydrologic regime. During the dry season, saline intrusion and ebb—flood
salinity asymmetry were clearly reproduced, whereas the flood season was characterized by
persistent near-freshwater conditions (<0.1 psu) across most of the tidal creeks. The model
successfully simulated these contrasting salinity structures, confirming its ability to capture
both tidal mixing and river-dominated stratification, which are common to estuarine wetlands.

2.7 Statistical validation

Statistical validation of the numerical model was conducted by comparing simulated water
levels, current velocities, salinities, and temperatures with corresponding field observations
from Stations A, B-1, and B-2. The same set of previously defined quantitative indices—MSE,
RMSE, BIAS, and R—were used without redefining their mathematical expressions, thereby
ensuring consistent comparison across hydrodynamic and scalar processes.(!?)

For tidal elevation, correlation coefficients at all stations exceeded 0.90, demonstrating
excellent alignment between modeled and observed tidal oscillations during both dry and flood
seasons. Current-velocity validation similarly demonstrated high performance, with R values
ranging from 0.87 to 0.93, indicating the accurate reproduction of both the magnitude and phase
of tidal currents.

Salinity and temperature validation at B-1 and B-2 also produced strong agreement, with
correlation coefficients of 0.91-0.94 and low BIAS values. These results confirm that the model
effectively captures freshwater intrusion, tidal flushing, thermal variability, and stratification
patterns.

Consistent with widely accepted estuarine modeling standards, correlation coefficients
greater than 0.80 were interpreted as indicating strong model-observation agreement. All
simulated variables in this study exceeded this threshold under both dry-season and flood-
season conditions, demonstrating the reliability of the integrated hydrodynamic—salinity
modeling framework for application to the Suncheon Bay wetland.

3. Results

In this section, we present the hydrodynamic responses of the Suncheon Bay Wetland under
contrasting seasonal conditions, highlighting key differences between the dry and wet periods.

3.1 Overview of hydrodynamic response under contrasting seasonal conditions

Hydrodynamic simulations for the Suncheon Bay Wetland revealed pronounced differences
between dry-season (May) and wet-season (July) conditions, driven primarily by variations in
river discharge from the Suncheon Dongcheon River. During the dry season, the estuarine
system exhibited a predominantly tidally driven flow regime with stable semidiurnal cycles. In
contrast, the wet season exhibited significantly altered hydrodynamics owing to strong
monsoon-induced freshwater discharge, which modulated tidal propagation, water level
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variations, flow velocities, and salinity distributions. The combined analysis of tidal elevation,
current velocity, flow direction, and scalar transport provides a comprehensive understanding of
the physical processes governing the S-shaped tidal channel.

3.2 Tidal elevation characteristics

During the dry season (May 1625, 2024), observed and simulated tidal elevations exhibited
consistent semidiurnal patterns with moderate tidal ranges, with high tide reaching
approximately 214 cm and low tide dropping to —119 cm relative to mean sea level (MSL), as
seen in Fig. 5. Tidal curves at Stations A and B-1 displayed clear diurnal inequality, characterized
by alternating higher high tides and lower low tides, consistent with the dominant regional tidal
constituents along the southern coast of Korea. Model-observation comparisons for this period
showed strong agreement, with correlation coefficients of R > 0.9, RMSE values generally below
5-7 em, and minimal BIAS, confirming the model’s ability to reproduce both the magnitude and
timing of tidal elevations under low river discharge conditions. In contrast, during the wet
season (June 23-July 31, 2024), tidal dynamics diverged from those of the dry season owing to
elevated river discharge, which reached up to 219.4 m%s. While high tide remained comparable
to dry-season levels (~214 cm), low tide did not return to its typical elevation, indicating a
backwater effect due to sustained freshwater inflow. This effect was most evident at Station A,
the upstream location, where water levels remained elevated across multiple tidal cycles,
reflecting reduced tidal asymmetry and a muted ebb-phase recession. Despite greater hydrologic
variability and localized turbulence during peak discharge conditions, model—observation
correlations during the wet season remained strong (R > 0.8), although RMSE values increased
slightly relative to the dry season.

3.3 Current velocity and flow structure

Under baseflow conditions, the S-shaped tidal channel functioned as a tidally dominated
conduit, with relatively weak peak flood velocities of approximately 0.1 m/s in the Station A
mobile transects and ~0.4 m/s at the B fixed barge station, while peak ebb velocities reached
~0.2 m/s at A and ~0.4 m/s at B. Velocity vectors showed flood currents entering from the south
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Fig. 5. (Color online) Tidal variations at Station A (fixed, Mujin Bridge) and Station B-1 [May, dry season, fixed
unmanned vessel (UV)].
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(Yeoja Bay) and propagating northward toward the interior of the wetland, whereas ebb flows
reversed direction and moved southward along the main tidal creek. Spatial analysis of model
outputs revealed distinct acceleration zones within constricted sections and deceleration zones
near channel-flat transition areas, indicating tendencies toward erosion in narrow bends and
sediment deposition in wider channel reaches. During wet-season flood discharge events,
however, the estuary’s hydrodynamic behavior changed dramatically, as seen in Figs. 6 and 7.
Increased river discharge delayed the onset of the flood tide, preventing the immediate
reversal of ebb flow and producing prolonged seaward currents during the transitional phases.
Maximum velocities in the northern channel increased substantially, reaching ~1.2 m/s during
flood tide and up to ~1.6 m/s during ebb tide at Station A. Strong freshwater forcing also
produced persistent unidirectional flow, with seaward-directed vectors observed even during the
nominal flood tide in the upper channel. In contrast, the southern channel (B-sector) maintained
a stronger tidal influence owing to its proximity to the tidal inlet, with peak velocities remaining
in the 0.6—0.9 m/s range—similar to dry-season conditions—highlighting its tidal dominance.
These contrasting responses underscore the spatial heterogeneity of river—tide interactions
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Fig. 6. (Color online) Station A (July, flood season, fixed UV) near Mujin Bridge: acquisition of physical data
including current direction, current velocity, and turbidity (Formazin Turbidity Unit, FTU) over 24 hours.
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within the system, with the upper channel exhibiting river-dominated hydraulics during flood
discharge and the lower channel retaining the characteristic tidal signatures shown in Figs. 6 and
7.

3.4 Spatial and temporal distribution of salinity (dry and flood season salinity patterns)

Under baseflow conditions, salinity distributions exhibited sharp but predictable gradients,
with flood-tide salinity reaching ~5 psu in the S-shaped creek and ~29 psu in the southern
channel, while ebb-tide values dropped to ~0.1 and ~3 psu, respectively, indicating partial saline
intrusion during flood periods but strong freshwater influence upstream during ebb phases. The
salinity interface migrated dynamically with the tidal cycle, and model results closely matched
CTD observations at Station B-1, yielding an RMSE of 2.79 psu, a near-zero BIAS (—0.03), and a
correlation coefficient of R = 0.94, as shown in Table 1 and Figs. 8 and 9.

In contrast, flood-season discharge considerably altered the salinity structure: on Day 1,
flood-tide salinity remained at ~0.1 psu in the S-shaped creek and ~25 psu in the southern
channel, while ebb-tide values dropped to <0.1 and ~0.2 psu. By Day 2, most of the tidal channel
exhibited near-complete freshwater dominance (<0.1 psu). This pronounced downstream
displacement of the salinity front demonstrates the strong suppression of saline intrusion under
high-discharge conditions, resulting in reduced seawater residence time and substantially
modified biogeochemical environments, as shown in Table 1 and Figs. 8 and 10.

Table 1

Validation results of salinity and temperature during dry (B-1) and wet (B-2) seasons.

Seasons Variable RMSE BIAS R()
(Station) (salinity: psu temperature: °C) (root mean square error) (mean bias error) (correlation coefficient)
Dry season Salinity temperature 2.79 —0.03 0.94

(Station B-1) 1.74 —0.89 0.93

Flood season Salinity temperature 1.84 0.02 0.92

(Station B-2) 3.03 —1.04 0.91

High water level
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Low water level
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Fig. 8.  (Color online) Distribution at high and low tide under normal-flow conditions.
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Fig. 10. (Color online) Salinity distribution during flood and ebb tides under spring-tide conditions (Suncheon Bay

wetland, day 2 of the flood season during the monsoon).

3.5 Model performance and validation

Model validation against field observations demonstrated high accuracy across hydrodynamic
and salinity parameters. For tidal elevation, the model achieved RMSE values of <7 cm during
the dry season and <10 cm during the wet season, with correlation coefficients of R > 0.9 and
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R > 0.8, respectively. Current velocity comparisons also showed strong agreement in the dry
season, with only slight deviations during peak flood discharge. Increased turbulence
contributed to minor discrepancies, although correlation values consistently exceeded 0.8.
Salinity validation yielded RMSE values ranging from 0.5 to 3.0 psu, depending on the station
and season, with BIAS values near zero, and correlation coefficients reaching R > 0.91 at Station
B-2 during the wet season for combined temperature and salinity datasets. Together, these
metrics confirm that the DT-supported TELEMAC model reliably reproduces the hydrodynamic
and salinity dynamics of Suncheon Bay under both tidal-dominated and flood-dominated
conditions.

4. Discussion

In this section, we interpret the hydrodynamic and salinity responses revealed by the
simulations, with particular emphasis on the physical mechanisms governing tidal behavior and
river—tide interactions in the S-shaped channel.

4.1 Hydrodynamic controls in S-shaped tidal channel and river—tide interaction
dynamics

The hydrodynamic simulations conducted in this study reveal that the S-shaped tidal channel
of the Suncheon Bay Wetland is governed by a dynamic balance between tidal forcing at the
southern open boundary and freshwater discharge from the Suncheon Dongcheon River at the
northern boundary. Under dry-season conditions, the estuary behaves as a classical mesotidal
system dominated by semidiurnal tides, with flood currents propagating northward and ebb
currents reversing southward in a predictable bidirectional exchange. These patterns align with
estuarine flow structures described in previous studies, where tidal asymmetry and channel
sinuosity generate localized zones of acceleration and deceleration.(%13) However, during wet-
season monsoon events, this balance shifts dramatically owing to increased river discharge,
which alters the timing, magnitude, and spatial structure of tidal propagation. The numerical
results demonstrate a delayed transition from ebb to flood flow, a well-documented phenomenon
in systems where freshwater inflows exert a backwater effect capable of temporarily suppressing
incoming tidal energy.(!*!5 In Suncheon Bay, this delay was most pronounced at Station A,
where elevated water levels persisted over several cycles, indicating that the estuary temporarily
adopted a river-dominant hydraulic regime.

Peak velocities increased sharply—by up to 4—6 times compared with dry-season values—in
constricted segments of the S-shaped channel. This shift indicates an increase in shear stress and
a potential for sediment mobilization during the wet season, consistent with observations from
other monsoon-influenced estuaries in East Asia.(!®) In contrast, the lower channel (Station B)
retained strong tidal influence, demonstrating a spatial partitioning between tidal- and
discharge-dominated subregions. The coexistence of these regimes highlights the geomorphic
significance of channel sinuosity, width variability, and estuarine bathymetry in influencing
tidal resonance and flow resistance.
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Furthermore, the model successfully reproduced the inability of low tides to fall below a
critical elevation during peak discharge. Such behavior indicates the formation of a hydraulic
“buffer layer” created by sustained river inflow, which prevents full tidal recession. This
phenomenon has significant implications for wetland inundation duration, exposure intervals,
and sediment deposition, suggesting that river discharge may serve as a short-term stabilizing
mechanism that limits the desiccation of upper tidal flats.(*)

4.2 Spatiotemporal dynamics of salinity dispersion and freshwater influence

Salinity patterns in Suncheon Bay reflect the strong interaction between tidal mixing and
freshwater flushing. During the dry season, salinity gradients exhibited classical estuarine
behavior, with saline intrusion penetrating the mid-channel during the flood tide and retreating
seaward during the ebb tide. The presence of ~5 psu water in the S-shaped segment and ~29 psu
water in the southern channel during flood conditions indicates partial but limited saline
intrusion, modulated by bathymetric constraints and channel sinuosity. These gradients are
consistent with theoretical models of estuarine circulation, where channel curvature and bed
friction reduce the landward progression of salt wedges, as described by Dyer(!*) and Ruhl and
Schoellhamer.(7)

In contrast, during wet-season flood discharge, salinity dropped below 0.1 psu across
extensive areas, especially in the upper and mid-channel regions. The rapid decline in salinity
reflects strong advection-dominated transport, with freshwater overwhelming tidal intrusion.
The persistence of <0.1 psu salinity over two consecutive days further emphasizes the estuary’s
sensitivity to monsoon-driven inflows.(!®) Morris et al.(1>) showed that such freshwater pulses
alter phytoplankton composition, nutrient availability, and benthic organism survival in
numerous estuarine systems.

The numerical model’s ability to replicate these salinity dynamics, with correlation
coefficients of R > 0.9 at B-1 and B-2, demonstrates effective representation of both advective
and diffusive processes within TELEMAC’s scalar transport module. The model’s reliability
under varying hydrological conditions underscores its suitability for long-term ecological
forecasting and water-quality management. For instance, the extended period of freshwater
dominance during flood conditions suggests a temporary reduction in salinity stress for reed
communities (Phragmites australis), while potentially adverse conditions may occur for
halophytes such as Salicornia. Such prolonged freshwater conditions may affect benthic
macrofauna, including bivalves and polychaetes adapted to brackish environments. Rapid
reductions in salinity can alter species composition, recruitment success, and nutrient cycling
processes within the wetland ecosystem.

4.3 Implications for wetland morphodynamics and sediment transport
Although sediment transport was not explicitly simulated in this study, the observed

hydrodynamic and salinity patterns yield valuable insights into potential morphodynamic
responses of Suncheon Bay’s tidal flats. The significant increase in current velocity during
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flood-season discharge implies enhanced sediment mobility, especially within constricted
reaches of the S-shaped channel where bed shear stress is amplified. Studies of meandering tidal
channels have shown that such increases in discharge-driven velocity accelerate channel
deepening, bank erosion, and point-bar migration.(:*16:19 The spatial differentiation between
the river-influenced upper channel and the tide-dominated lower channel suggests a
heterogeneous sediment regime, with possible deposition zones near channel mouths where
velocities suddenly decrease.

Persistent freshwater dominance during monsoon periods may also affect the residence time
of suspended sediments. Under dry-season conditions, saline intrusion increases water density
and stratification, reducing vertical mixing. However, under flood-season conditions, strong
freshwater flushing likely increases the export of fine suspended sediments seaward. This
dynamic may reduce sediment availability for marsh accretion, potentially influencing long-
term stability of the wetland under the projected sea-level rise.

4.4 Performance and advantages of DTSS

The DTSS developed in this study integrates hydrodynamic modeling, field measurements,
and geospatial terrain data into a unified and flexible platform, demonstrating high reliability
across varying environmental conditions, as evidenced by strong validation metrics such as
RMSE, BIAS, and R. Its strengths include the ability to assimilate multisource datasets—
including UAV-derived DEMs, sonar bathymetry, CTD profiles, and current measurements—to
operate effectively under rapidly changing hydrological conditions, provide scenario-based
predictions for flood events, sea-level rise, and habitat responses, and offer scalable opportunities
for real-time data integration. Unlike conventional models, the DTSS employs an adaptive
architecture that can be continuously updated as new observations become available, thereby
enhancing its predictive skill over time. Such adaptability has been recognized as essential for
managing environmentally vulnerable estuaries under climate change and anthropogenic stress.
(3:6) In the context of Suncheon Bay, this capability translates into the improved prediction of
wetland exposure and inundation duration, the identification of vulnerable zones under sea-level
rise, enhanced support for reed-zone conservation strategies, better anticipation of hydrodynamic
shifts during extreme rainfall events, and the provision of robust scientific evidence to guide
estuarine restoration and engineering decisions.

4.5 Broader implications for coastal management and future DT applications

Our findings in this study underscore the importance of considering river discharge
variability when managing estuarine wetlands. In Suncheon Bay, the stark differences between
dry- and wet-season hydrodynamics reveal that simplistic tidal-only models are insufficient for
accurate environmental planning. The DTSS approach demonstrates the feasibility and necessity
of integrating high-resolution terrain data with physically based numerical models to produce
reliable, real-time or near-real-time monitoring tools. An example is shown in Fig. 11.
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Fig. 11. (Color online) EGIS Inc. utilized a three-dimensional hydrodynamic SaaS-based numerical simulation
model to conduct seawater circulation and salinity-dispersion simulations under both normal-flow and flood-season
conditions in the Suncheon Bay estuary.2?

In the context of climate change, these insights are critical. Increased rainfall variability,
more frequent extreme discharge events, and accelerating sea-level rise are expected to reshape
estuarine processes globally. DT technologies offer a pathway to anticipate such transformations
by simulating future scenarios, evaluating intervention strategies, and supporting adaptive
ecosystem-based management.

Future enhancements to the Suncheon Bay DTSS can include sediment-transport modules,
real-time sensor networks, ecological modeling components, or machine-learning-based
predictive analytics. The modular nature of DTSS ensures that the system can evolve from a
hydrodynamic simulator to a multilayered environmental intelligence platform. The present
simulations assumed static bathymetry between May and July. Although no major geomorphic
changes were observed during the study period, localized erosion and deposition during peak
discharge events may introduce additional uncertainty in flow and salinity simulations.

5. Conclusions

We developed a comprehensive geospatial DTSS for the Suncheon Bay Wetland by
integrating high-resolution field observations, UAV-derived photogrammetric terrain models,
sonar-based bathymetry, and numerical simulations with the TELEMAC-MASCARET system.
The combined evaluation of hydrodynamics and salinity dispersion across contrasting seasonal
conditions highlighted the strong influence of river discharge on tidal propagation, flow velocity,
and saline intrusion within the S-shaped tidal channel.
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During the dry season, Suncheon Bay exhibited a typical semidiurnal tidal regime with
predictable flood—ebb transitions and moderate salinity gradients. However, during the wet
season, monsoon-driven discharge significantly altered the hydrodynamic behavior, delaying
tidal reversals, increasing peak velocities to nearly 1 m/s, and suppressing low-tide water
recession. Salinity dispersion patterns further revealed that freshwater inflow can dominate the
entire tidal creek network, reducing salinity to <0.1 psu over multiple tidal cycles. Model
validation using RMSE, BIAS, and R demonstrated excellent agreement between simulations and
observations (R > 0.8 for all major variables), confirming the accuracy and robustness of the
DTSS framework.

The findings underscore several key implications.

(1) Seasonal river discharge exerts a critical control over tidal hydrodynamics, influencing
habitat distribution, sediment transport potential, and inundation patterns.

(2) The S-shaped tidal channel exhibits spatial partitioning between river- and tide-dominated
subregions, with potential consequences for sedimentary processes and ecological zonation.

(3) DT approaches offer a powerful and scalable tool for real-time monitoring, scenario
evaluation, and long-term coastal-wetland management.

(4) Although real-time IoT-based synchronization was not implemented in the present study, the
modular architecture of the DTSS enables future integration of real-time sensor streams.

The present framework demonstrates how sensor-driven DT technologies can support
environmental monitoring, predictive simulations, and decision-making processes by
continuously integrating observations from tidal gauges, CTD sensors, current meters, and
UAV-based geospatial platforms. This study, therefore, provides an operational example of how
advanced sensing technologies can be combined with numerical modeling to establish intelligent
environmental monitoring systems for coastal wetlands. This study also provides a foundational
DT infrastructure for the Suncheon Bay Wetland and establishes a methodological template that
can be extended to other estuarine systems facing hydrodynamic complexity and climate-driven
uncertainty. Future research should integrate sediment transport, ecological response modeling,
and real-time sensor networks to enhance the predictive capability and operational utility of the
DT platform. This sensor-integrated DT framework provides a promising pathway toward next-
generation smart coastal observatories and real-time environmental intelligence systems.
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