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Abstract: This study quantitatively investigated the effects of flow reorganization and structural
installations associated with the Saemangeum New Port construction on seawater inflow and material
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transport characteristics. The EFDC model was applied to simulate three-dimensional hydrodynamics
under three scenarios: pre-development (2013, Case 0), partial development (2023, Case 1), and post-
completion (2030, Case 2). Comprehensive analyses were conducted on salinity distribution, vertical
salinity gradient, effective diffusion coefficient (Deff), and particle transport characteristics. The results
revealed contrasting trends between regions: the Dongjin area (Box 6) exhibited enhanced mixing due
to the east-west road and channel realignment, whereas the Mangyeong area (Box 5) showed increased
residence time owing to restricted inflow pathways. The concentration-based diffusion coefficient
represented large-scale mixing processes, reflecting the attenuation of salinity gradients, while the
particle-based diffusion coefficient captured the effects of residual currents and local circulation,
providing insights into localized material transport. These two diffusion coefficients thus served as
complementary indicators, elucidating different aspects of the diffusion mechanism. Their combined
interpretation clarified how structural modifications influence material exchange across regions and
highlighted the need for improved management of stagnant zones such as the Mangyeong area.

Keywords : Saemangeum, EFDC, Effective diffusion coefficient, Particle Tracking, Residual Current

1. Introduction

The Saemangeum Development Project is a large-scale
national project aimed at constructing a 33.9 km seawall
from Bieung-dong in Gunsan to Byeonsan-myeon in
Buan, thereby creating a total reclaimed area of 291 km?
and a freshwater lake of 118 km? Construction commenced
in 1991, the closure was completed in 2006, and the
seawall was fully constructed in 2010 (Chun, 2003; Park,
2016; Lee, 2008). With the disconnection from the open
sea caused by the seawall, the hydrodynamic and water
quality characteristics of the Saemangeum Reservoir have
since been controlled by river inflows and seawater
intrusion through the sluice gates (Jeong et al., 2009).
However, stratification due to the density difference
between freshwater and seawater has led to the intensification
of pollutant retention and sedimentation, resulting in
water quality degradation.

To analyze the impacts of seawall construction on
water quality and ecosystems in Saemangeum, numerous
studies have been conducted (Kim et al., 2002; Ko et al.,
2002; Jeong et al., 2018), and considerable efforts have
been made to predict hydrodynamic changes caused by

structural installation and sluice gate operations. Suh and

Cho (2007) reported, through numerical experiments,
that after the final closure of the seawall, the inlet width
was reduced, tidal volume decreased, tidal asymmetry
and flood dominance intensified, and water levels rose
within the reservoir. Suh and Lee (2011) applied a particle-
tracking model to evaluate stepwise hydrodynamic
changes from the initial construction to post-closure.
They found that the reciprocating flow between the outer
Saemangeum and the Mangyeong-Dongjin estuaries,
initially in the east-west direction, shifted to the northeast
-southwest after the fourth seawall construction. After
completion, seawater in the Byeonsan vicinity and
Dongjin River estuary predominantly moved seaward
under the influence of sluice gate discharge.

Yoo etal. (2012) simulated the internal hydrodynamics
of the Saemangeum Reservoir using EFDC, indicating
that stratification developed with separation between
surface and bottom layers, which generated sluggish
bottom circulation and deteriorated water quality. Using
particle-tracking techniques, they further assessed retention
characteristics under normal and flood conditions, reporting
that dredging increased residence time and some northern
Mangyeong areas transformed into stagnant zones after

internal development. Cho et al. (2020) conducted particle-
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tracking experiments to identify the seasonal influence
ranges of sluice discharges on the outer Saemangeum
region, and quantified the travel time of discharge water
using water age as an indirect indicator. Park et al. (2023)
analyzed salinity variation and bottom-water exchange
under a scenario where sluice operations increased from
once to twice per day. Their results showed a maximum
water level increase of 0.7 m, salinity changes ranging
from +2.12 psu to -1.94 psu, and a decrease in particle
retention from 10.22% to 7.70%, demonstrating enhanced
bottom-water exchange.

Previous studies on Saemangeum have primarily
focused on water quality, velocity, residence time, and
salinity distributions within the reservoir, while relatively
few have considered both the inner and outer domains
simultaneously. Furthermore, most existing studies
on material exchange have been limited to the inner
Saemangeum, with some particle-tracking analyses
addressing inner-outer exchanges. However, these often
adopted oversimplified assumptions such as continuous
gate openings, or merely quantified particle displacement
and exchange amounts, without reflecting realistic gate
operations (Suh and Lee, 2011).

To overcome these limitations, this study conducted
numerical simulations that incorporated both realistic

sluice gate operations and planned developments of the

new port and inner reclamation up to 2030. By integrating
Eulerian and Lagrangian-based analytical indicators,
this study evaluates material transport and stagnation
characteristics, thereby providing fundamental insights
for hydrodynamic and water quality management as well
as long-term environmental strategy development in the

Saemangeum region.

I1. Materials and Methods

1. Numerical Model Experiments
1) Model Setup

This study employed the Environmental Fluid Dynamics
Code (EFDC), a widely used numerical model for coastal
and estuarine applications. The computational domain
covered approximately 797 km?, encompassing both the
inner and outer sea areas of Saemangeum, and was used
to simulate seawater circulation, salinity diffusion, and
particle transport. To represent the operation of the sluice
gates, a variable horizontal grid resolution of 240-300 m
was applied around the Sin-si Gate (240 m) and Garyeok
Gate (300 m). The grid consisted of 141 cells in the x-
direction and 141 in the y-direction, resulting in a total
of 9,244 active cells. Vertically, the water column was
divided into five sigma layers, each representing 20% of

the total depth, dynamically adjusted according to tidal
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Figure 1. Controlled operation schedule of Saemangeum’s tidal sluice gates
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variations. The open boundary conditions were specified
using tidal elevations calibrated from Gyeogpo Port and
Bieung Port, based on data from the Korea Hydrographic
and Oceanographic Agency (KHOA). The river inflows
were assigned according to the flow rates presented in
the Final Report on the Study of Internal Water Quality
Characteristics and Management Measures for Saemangeum
Lake (2017) — 9.78 m*/s for the Mangyeong River and
4.38 m*/s for the Dongjin River.
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(a) Case 0

The simulation period covered 30 days from January
27, 2023, with a time step of 2 seconds. The horizontal
diffusion coefficient was set to 1.0 m*/s, and the vertical
diffusion coefficient to 1.0x10°° m*/s, which appropriately
represent momentum diffusion effects. Model verification
for currents and tides using these parameters showed
good agreement with observations, confirming the model’s
capability to reproduce the hydrodynamic characteristics

of the study area. Sensitivity analysis was not performed,
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Figure 2. EFDC model grid system - Case 0, 1, 2
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as it was beyond the scope of this study. To control the
opening and closing of the sluice gates, the GATECONTROL
subroutine developed by Park et al. (2023) was implemented
to represent the actual gate operation cycle according
to tidal phases. Bathymetric data were interpolated onto
the model grid using 1:5,000-scale bathymetric charts
provided by KHOA.

2) Experimental Scenarios

The seawater flow simulations were designed for
three development scenarios. Case 0 (Pre-Project, 2013)
represented the condition before the construction of the
outer breakwater, with partial reclamation of the inner
area. Case 1 (Current State, 2023) reflected the completion
of the new port’s outer breakwater, the East-West and
North-South roads, and partial inner reclamation. Case
2 (Post-Project, 2030) assumed the full completion of
the new port and all internal reclamation works. The
inner reclaimed area is planned as a multi-purpose
development zone integrating industrial, port, tourism,
agricultural, residential, and ecological functions. It will
include an industrial complex and airport in the north, a

new port and logistics hub in the west, a tourism and
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Figure 3. Verification points and initial particles drop points

leisure complex in the south, and an agricultural and
ecological restoration zone in the center (Fig. 2 (c)). This
spatial structure is expected to be a major factor influencing
future river channel reorganization as well as hydrological
and water quality changes. In all experimental scenarios,
salinity was set to 30 psu outside and 0 psu inside the
Saemangeum seawall, following observational data from
the National Oceanographic Survey Agency, to assess
vertical mixing, residence time, and diffusion.

In the particle tracking experiments, a total of 1,000
neutrally buoyant particles were released to ensure statistical
robustness. Specifically, 500 particles were released
simultaneously at the surface layer (0 m depth) at two
freshwater inflow points—the Mangyeong River and
Dongjin River—on January 27, 2023, with a tracking
duration of 30 days. Particles were advected by three-
dimensional tidal currents, with release locations
corresponding to actual freshwater inflow zones. Particle
motion was computed using the Runge-Kutta integration
scheme within the Lagrangian Particle Tracking (LPT)
module of EFDC, incorporating random-walk components
in both horizontal and vertical directions. The random-
walk step size was automatically calculated based on the
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Figure 4. Six boxes for evaluating material transport
characteristics
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turbulent diffusion coefficients derived from EFDC’s

diffusion terms.

2. Definition of Analysis Boxes

To estimate the average concentration changes and
total mass variations in each section, six boxes were
defined as shown in Fig. 4. Box 1 corresponds to the inner
area of the Sinsi sluice gate, Box 2 to the inner area of
the Garyeok sluice gate, Box 3 to the outer area of the
Garyeok sluice gate, Box 4 to the outer area of the Sinsi
sluice gate, Box 5 to the Mangyeong region, and Box 6
to the Dongjin region. These boxes were consistently

applied to all subsequent sectional analyses.

3. Evaluation of Vertical Salinity Gradient

Based on the average salinity values at the surface and
bottom layers in each analysis box, the vertical salinity
gradient was calculated to assess the degree of mixing and

the presence of stratification within each region.

AS=S,r— Spu (1)
Here,

AS: Vertical salinity difference (psu)

fur, — Syt Average salinity at the surface and bottom
layers (psu)

4, Effective Diffusion Coefficient (Deff)

Deffis an index that comprehensively reflects physical
effects in the ocean. In this study, both concentration-
based (Eulerian) and particle-based (Lagrangian) effective
diffusion coefficients were applied in parallel.

The concentration-based effective diffusion coefficient

Water Elevation, T-1

Calculated

—— Observed

Elevation(m)
Shbblo—nwan

.
10 15 20 25 30
Days (Since 2023-01-27)

=3
w

was derived from FicKs First Law and expressed as:

J

Da=acTar @

Here,

J: substance flux per unit area (kg/m? - s)
0

a—C: spatial gradient of concentration
X

Since the particle-based effective diffusion coefficient
cannot be defined using concentration fields, it was
calculated using the mean square displacement proposed
by Okubo (1971), which reflects the average degree of

dispersion and spreading of particle clusters during the

residence time:
b= AP+ by G)
eff
4¢
Here,

{+ ): average over all particles in the box
Ax, Ay: displacement from the initial position
y: residence time

II1. Results and Discussion

1. Verification of tide and current

The data used for model validation consisted of tidal
and current observations obtained from T-1, T-2, and
PC-1, which were measured in January 2023, and from
PC-2 (24LTCO06), which was surveyed by the National
Oceanographic Survey Agency in 2024 (Fig. 3). The tidal
verification results showed that the relative mean absolute
error ranged from 5.36% to 6.77%, and the index of agreement
was high, ranging from 0.9144 to 0.9914 (Fig. 5). For current
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Figure 5. Tidal verification curve.
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Figure 7. Velocity component verification curve at PC-2.

velocity verification, the relative mean absolute error was
relatively small (10.01%-19.30%), and the cost function
values were all less than 1, indicating “excellent” model
performance (Fig. 6, 7). Therefore, the model successtully
reproduced the observed water level, tide, and current

conditions.

2. Flow and Residual Current Distribution

1) Flow reproduction

Fig. 8 presents the simulated flood and ebb currents
during spring and neap tidal conditions. During the flood
tide, the incoming tidal currents from the open sea

entered the inner bay through the northern channel of
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Gaeya Island and the southern channel of Yubu Island,
extending along the Gunsan coastline and reaching the
front of the Geumgang Estuary Weir. In this process, the
flow through the narrow channels was dominant, and the
maximum current velocity exceeded approximately 1.5
m/s. During the ebb tide, the overall current velocity
weakened, but the seaward outflow along the same
narrow channels was still evident, with maximum

velocities of about 1.4 m/s.

2) Changes Residual Flow Characteristics

Fig. 9 compares the distributions of surface and bottom

residual currents before and after the construction of the
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Figure 8. Surface current vectors at spring tide : (a) flood tide, (b) ebb tide
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Saemangeum New Port. At the surface, strong seaward
flows induced by freshwater discharge were formed near
the Sinsi and Garyeok sluice gates in all scenarios, but
their primary directions and influence ranges exhibited
clear variations depending on the development stage. In
Case 0, the flow spread southward and southwestward;
in Case 1, it shifted southwestward under the influence
of the new port breakwater; and in Case 2, the southward
flow was blocked by the outer breakwater, resulting in
localized dispersion through the narrow channel.

At the bottom layer, a net inflow tendency opposite to
the surface was dominant, which was consistently observed

in both the inner and outer regions. In particular, high-
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salinity water continuously intruded in the direction
opposite to the surface flow in front of the sluice gates.
However, the flow velocity itself was weak, suggesting that

its effect on material circulation was limited.

3. Salinity Structure Analysis

1) Salinity Distribution by Scenario

Fig. 10 illustrates the salinity variations in Cases 1 and
2 compared with Case 0 to evaluate material exchange
efficiency during different construction phases. In Case
1, both surface and bottom salinity increased in the

southern region of Saemangeum, reflecting enhanced
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Figure 10. Changes in salinity concentration : (a), (b) case 1 and case 0, (c), (d) case 2 and case 0
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Vertical Salinity Profiles per Box - Case 0
Box1 Box2 Box3

150 175 200 2255 250 275 30.0 150 175 200 225 250 275 300 150 175 200 225 25.0 275 30.0
Salinity [psu] Salinity [psu] Salinity [psu]

Box4 Box5 Box6

sal5

sald

sal3

150 175 200 225 250 275 30.0 150 175 200 225 250 275 300 150 175 200 225 250 275 300

Salinity [psu] Salinity [psu] Salinity [psu]
(a) Case 0
Vertical Salinity Profiles per Box - Case 1
Box1 qu2 Box3
sal5 ‘ |
sald
sal3
sal2
sall

150 175 200 225 250 275 300 150 17.5 20.0 225 250 275 300 150 17.5 200 225 250 27.5 300
Salinity [psu] Salinity [psu] salinity [psu]

Box4 Box5 Box6

15.0 175 200 225 250 275 30.0 150 175 200 225 250 275 300 150 175 200 225 250 27.5 30.0
Salinity [psu] Salinity [psu] Salinity [psu]

(b) Case 1

Vertical Salinity Profiles per Box - Case 2
Box1 Box2 Box3

sal5

sal4

sal3

15.0 175 200 225 250 275 300 150 175 200 225 250 275 300 15.0 17,5 20.0 225 250 275 30.0
Salinity [psu] Salinity [psu] Salinity [psu]

Box4 Box5 Box6

150 175 200 225 250 275 30.0 150 175 20.0 225 250 275 30.0 150 175 20.0 225 250 27.5 30.0
Salinity [psu] Salinity [psu] Salinity [psu]

(c) Case 2
Figure 11. Vertical salinity profiles by box — Case 0, 1, 2
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inflow through the Garyeok sluice following the east-
west road construction. Conversely, the northern region
showed a broad reduction in salinity, which can be
attributed to increased freshwater inflow toward the
western Saemangeum and the limited water exchange
between the north and south. In Case 2, this contrast
became more pronounced: northern salinity continued
to decline, while the south exhibited a significant increase.
The increase was especially large at the surface relative
to the bottom, suggesting that vertical stratification would
intensify as development progressed. These findings
indicate that the hydrodynamic structure of Saemangeum
is likely to evolve into a system with distinctly different

characteristics between the northern and southern regions.

2) Vertical Salinity Gradient Analysis

To assess stratification and mixing, vertical salinity
profiles from the surface (Sal5) to the bottom (Sall)

were analyzed (Fig. 11). In Case 0, strong stratification

1e6 Case 0 - Group 1 Particle Tracks 16
s T

Case 1 - Group 1 Particle Tracks 166

was observed in the inner regions (Boxes 1, 2, 5, and 6),
while the outer regions (Boxes 3 and 4) showed relatively
uniform salinity, indicating active vertical mixing. In Case
1, salinity increased in the southern regions (Boxes 2,
3, and 6), weakening the gradient, whereas the north
(Boxes 1, 2, and 5) showed salinity reductions, with Box
4 exhibiting a strengthened gradient due to contrasting
surface and bottom changes. This reflects enhanced
exchange through the Garyeok sluice and weakened
exchange at the Sinsi sluice. In Case 2, southern salinity
rose further, reducing vertical gradients, while northern
areas (Boxes 1 and 5) experienced intensified stratification
due to bottom salinity increases. These results indicate
more active exchange in the south but restricted inflow

and worsening stagnation in the north.

4. Particle tracking experiments

Fig. 12 and 13 show the results of particle tracking

experiments for the northern Mangyeong (Group 1) and
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southern Dongjin regions (Group 2). In Case 0, particles
from both groups dispersed irregularly across the interior
and radiated seaward, with a tendency to concentrate in
the south. In Case 1, the construction of the breakwater
and east-west road restructured the pathways, strengthening
seaward outflow near Sinsi Island (Group 1), while
reducing southern dispersion (Group 2). In Case 2,
particle movement in both regions became more aligned
along the channels, enhancing connectivity between the
Dongjin and Mangyeong regions. Overall, transport
efficiency improved, but particle concentration in the
narrow channels near the waterfront city indicated

potential management vulnerabilities.

5. Deff diffusion change

1) Concentration-Based Deff

The concentration-based effective diffusion coefficient

was derived from the mean salinity gradients of each

analysis box to evaluate spatial variations in diffusion
capacity under structural and topographic changes (Fig.
14). Boxes 3 and 4, located outside the sluice gates,
consistently showed high values across all scenarios,
remaining stable at 530 and 210 m*/s in Case 2. By contrast,
inner regions (Boxes 1, 5, and 6) exhibited declining
values, with Boxes 5 and 6 decreasing from 160 and 99
m’/s in Case 0 to 76 and 74 m?/s in Case 2, reflecting
weakened turbulence due to restricted flow pathways.
Box 2 near the Garyeok sluice slightly increased, indicating

enhanced connectivity with the open sea.

2) Particle-Based Deff

The particle-based effective diffusion coefficient represents
the time-averaged spatial dispersion of individual particles
and responds sensitively to channel structure and flow
constraints. The analysis revealed spatially inconsistent
variations across zones but a distinct contrast between

the northern and southern sections (Fig. 15). In the
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northern inner area of Saemangeum, variations in Box
1 were small and irregular across experimental cases.
However, the diffusion coefficient in Box 5 increased
slightly from 1.7 m*/s in Case 0 to 3.0 m*/s in Case 2,
suggesting that channel reorganization increased the
travel distance of particles. Conversely, the diffusion
coefficient in Box 6, located on the southern side,
decreased from 16 m*/s in Case 0 to approximately 11
m?/s in Case 2, indicating that structural installations
reduced the diffusion capacity of the southern internal
waterway. Meanwhile, Box 2 exhibited an increase of
approximately 7.0 m*/s in Case 2 compared to Case 1,
reflecting enhanced connectivity between the inner and
outer channels near the sluice gate.

The particle-based diffusion coefficient is a dynamic
indicator statistically derived from the actual movement
trajectories of individual particles, with its magnitude
determined by particle displacement and residence time.
In contrast, the concentration-based diffusion coefficient
quantifies how spatial gradients of concentration (e.g.,
salinity) become homogenized over time, reflecting the
average mixing effect at volumetric scales of several
kilometers. Consequently, significant differences can
occur between the two diftusion coefficients because they
represent different physical scales and computational
frameworks. The concentration-based diffusion coefficient
reflects macroscopic mixing and dilution within the water
body, whereas the particle-based diffusion coefficient
characterizes the mobility and dispersion of individual
particles; thus, the two indicators should be interpreted
complementarily.

Specifically, in the Mangyeong water area (Box 5), the
particle-based effective diffusion coefficient increased
slightly from 1.7 m?/s to 3.0 m?/s, whereas the concentration-
based effective diffusion coefficient markedly decreased
from 160 m*/s to 76 m*/s. This result indicates that,
although the average particle travel distance increased,
the volumetric-scale diffusion range was actually reduced.

Therefore, stagnation cannot be considered alleviated

based solely on the particle-based diffusion coefficient.
When the concurrent decrease in the concentration-
based diffusion coefficient is considered, it suggests an
increased risk of long-term retention and stagnation in

the northern water area.

6. Comprehensive Interpretation of
Stagnation Mechanisms

As development progressed, salinity appeared to decrease
in the northern part of Saemangeum but increase in the
southern part, giving the impression that stagnation was
being alleviated. However, the salinity increase in the
southern area was primarily attributed to a reduction in
the volume of the Dongjin water area due to internal
reclamation, as well as enhanced connectivity with the
open sea through the sluice gates. These findings suggest
that after Saemangeum’s completion, seawater exchange
will become more active in the southern Dongjin area,
whereas inflow restriction in the northern Mangyeong
area may intensify stagnation.

Furthermore, a comparison of spatial diffusion
characteristics based on the concentration-based and
particle-based effective diffusion coefficients revealed
that the concentration-based coefficient generally decreased
in Case 2. This result indicates that although substantial
concentration gradients remained, diffusion flux diminished
as material exchange became restricted after development,
leading to a reduced effective diffusion coefficient. In
other words, concentration differences persisted, but the
physical mixing capacity to mitigate them weakened.
Conversely, the particle-based effective diffusion coefficient
indicated that the transport distance was maintained or
slightly increased due to straighter flow paths; however,
physical constraints narrowing the overall diffusion range

also emerged, implying that stagnation actually intensified.

IV. Conclusion

This study quantitatively investigated the characteristics
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of seawater inflow and material dispersion resulting from
the Saemangeum development using a numerical model
and the effective diffusion coefficient (Deff) as a diagnostic
indicator. The analysis results revealed contrasting
regional responses: seawater exchange was enhanced in
the southern Dongjin area after development, whereas
the northern Mangyeong area exhibited intensified
stagnation due to circulation blockage and reduced
mixing. Furthermore, the concentration-based Deff
indicated that although concentration gradients were
maintained, the overall mixing capacity weakened, while
the particle-based Deff reflected a reduced diffusion
range caused by channel constraints. The combined
interpretation of both indicators demonstrated that
structural installations restricted material exchange and
reinforced stagnation. This intensified stagnation extends
beyond simple hydrodynamic changes and may directly
affect the urban and port functions of the Saemangeum
area after development. Particularly in the Mangyeong
area, prolonged stagnation increases the risk of dissolved
oxygen (DO) depletion, eutrophication, and odor generation,
thereby reducing recreational and environmental value.
Sediment accumulation and water quality deterioration
could also increase the maintenance burden of port
operations. Therefore, effective water quality management
in Saemangeum requires an integrated strategy that considers
the spatial distribution of stagnation zones and channel
structural changes, rather than relying solely on flow
velocity-based indicators.

Meanwhile, since the numerical simulations were
conducted under winter conditions, the results have
seasonal limitations. Winter is a period dominated by
tull-depth mixing, whereas stagnation phenomena are
expected to intensify during summer when thermal
stratification develops. Therefore, future research should
perform seasonal comparative simulations, including
the stratification period (summer), to comprehensively
assess material exchange characteristics over extended

time scales.
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