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Abstract

Saemangeum Lake, an artificial estuarine lake, suffers from a pollutant load from an upstream watershed that is
insufficiently mitigated by current load reduction measures. However, no studies have reported simulated flow direction
and velocity for a lake. This study aimed to present an alternative solution based on managing water levels and sluice gate
operation. Data were collected on water quality, sluice gate operation, water levels, tidal currents, and flow velocities.
Next, the inflow and outflow volumes through the sluice gates were calculated. The Delft3D model was applied to predict
water quality in a number of simulated scenarios. Finally, streamline and vorticity were calculated to evaluate hydraulic
phenomena, while the ecology-based seawater quality index was employed to evaluate water quality. Analysis of flow
characteristics revealed a large-scale clockwise vortex formed in the area where the Mangyeong River meets one of the
sluice gates. It revealed a two-layer circulation with different flows in the surface and bottom layers. Evaluation of
predicted water quality showed that one-way circulation, alternated in 15-day cycles, significantly improved major water
quality items at most stations. Collectively, these findings demonstrate the effect that gate operation and managed water
levels can have on the water quality of estuarine lakes.
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Management; Ecology-Based Seawater Quality Index.

1. Introduction

Estuaries play a very important role in material circulation by acting as corridors through which pollutants undergo
the filtration process during movement from land to coast [1]. These processes include seawater dilution with freshwater,
nutrient uptake and release by organisms in the estuary, metal desorption and adsorption by particulate materials, as well
as elution and removal from sediment [2]. However, relatively no estuaries in Korea have retained their original form
due to the construction of estuarine weirs and seawalls since the 1990s [3, 4].

Globally, approximately 800,000 artificial lakes and reservoirs have been created for flood control, irrigation,
hydropower generation, and domestic water supply [5-7]. Artificial lakes constructed for such purposes reduce the flow
velocity of water flowing into the catchment area and decrease turbidity and sedimentation of particulate materials,
which can increase primary production from improved transparency [8]. Consequently, the lake undergoes a gradual
environmental change, wherein the organic matter generated within the lake gradually supersedes that from external
sources [9]. Increased retention time due to an increase in autochthonous algae and a decrease in flow velocity may
reduce dissolved oxygen in bottom water layers due to the accumulation and decomposition of organic matter produced
in excess within the lake or introduced from upstream. Such environmental changes in the water layer can affect the
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carbon, nitrogen, and phosphorus biogeochemical cycles in the lake [10, 11]. However, spatially, water quality
improvement is difficult as the self-purification capacity declines considerably due to the structural characteristics of
most lakes, which often resemble closed or semi-closed water bodies [12].

For many countries, artificial lakes represent an economical and efficient water resource [13], making management
of their water quality essential. Accordingly, sustainability must be achieved by acquiring and monitoring data and
establishing alternatives. Although monitoring is a useful method for minimizing the uncertainty in results, the task of
identifying water pollution solely based on monitoring data can be time-consuming and costly for large-capacity lakes
with numerous water quality variables [14]. It is, therefore, necessary to build and operate water quality prediction
models that can reasonably reproduce the mechanisms of a water body.

Given that the water within reservoirs is stagnant, its self-purifying ability is poorer than that of flowing water, with
the organic matter deposited on the bottom decomposing and negatively impacting water quality [15]. Hence, studies
have been performed in lakes where the water depth characteristics have a greater effect than the flow direction using
three-dimensional models, including Delft3D [16-18], MIKE21 [19], Environmental Fluid Dynamics Code (EFDC)
[20-25], and Generalized Environmental Modeling System for Surface waters (GEMSS) [26]. For example, Delft3D
has been applied to simulate the water quality of Egirdir Lake according to the amount of nonpoint source pollution load
flowing into it. The validation items of the model include monthly water level and water temperature data [16]. The
applicability of Delft3D using monitoring data has also been assessed for Hedberg Lake. Specifically, the model was
validated for water level and water quality during the monsoon period (April-September); however, the water quality
was validated using data for only 1 month [17]. Additionally, the Delft3D model was adopted to simulate the effect of
hydraulic retention time (HRT) on water quality in Lake M—an artificial lake in China. Although the HRT impact was
analyzed, only water quality was verified without confirming hydrodynamic data [18]. Meanwhile, the applicability of
the MIKE21 model has been assessed in terms of the fluid dynamics and water quality in Manzala Lake; the model was
verified using monthly water level, water temperature, and salinity data [19].

The EFDC model is a representative model used to study the fluid dynamics and water quality of lakes. This model
has been applied to simulate the water level, COD, and NH3-N for Jingpo Lake in China [20]. It has also been used to
assess water quality changes according to inflow and outflow in Yilong Lake; however, only water level data were
verified [21]. Meanwhile, the impact of cyanobacteria on nitrogen (N) loading in Taihu Lake, China, was simulated
without verifying the hydrodynamic model [22]. Additionally, research on Saemangeum Lake is underway using the
EFDC model. For instance, Shin et al. [23] constructed an EFDC model and simulated water temperature and salinity
to examine the reproducibility of the model. Subsequently, Cho et al. [24] quantitatively presented the influence range
of sluice gate effluent through particle tracking experiments. Meanwhile, Kim et al. [25] improved the function of the
EFDC model to dynamically control the benthic flux rate in the bottom layer of Saemangeum Lake, reporting excellent
reproducibility. Additionally, Jeong et al. [26] successfully simulated changes in water temperature and salinity by
combining the GEMSS—a three-dimensional water quality model—and the Hydrological Simulation Program
FORTRAN (HSPF).

Although previous studies have provided valuable insights and strategies, the simulation periods related to
hydrodynamics and water quality modeling rarely exceeded 12 months. Moreover, while the seasonal variation
characteristics were simulated, hydrodynamic verification was only performed at the water level. Thus, given that the
reproducibility of the water level data was only assessed using data measured at 1-month intervals, the fluid dynamic
verification was insufficient. Additionally, no studies have reported simulated flow direction and velocity for a lake.

Saemangeum Lake continuously experiences various hydraulic and water quality issues throughout the year, including
strong density stratification and two-layer circulation. To reproduce this phenomenon with a model, the depth grid
configuration is critical. However, previous studies that have used EFDC have applied Sigma-layer, which is divided
into the same number of layers in the depth direction. Therefore, as the thickness of the layer varies depending on the
depth at each point, determining the flow characteristics at precise depths is challenging. Moreover, when applying
sigma layers vertically, numerical errors may increase and density layer reproducibility may decrease. Meanwhile, the
Delft3D model is a water quality model that includes flow/sedimentation (Delft3D-FLOW), wave (Delft3D-WAVE),
and water quality (Delft3D-WAQ) modules. The Z-level of the Delft3D model has the same layer thickness throughout
the entire section, facilitating the determination of flow characteristics at precise depths, with relatively high
stratification reproducibility [27]. Many recent studies have applied the Delft3D model to evaluate the water quality of
estuarine lakes [28-32].

To manage the water quality of Saemangeum Lake, the Korean government has been pursuing measures to reduce
the pollutant load of the upstream watershed. However, a rising trend has been reported in the concentrations of water
quality parameters in the downstream area [33], highlighting the limited water quality improvement achieved solely via
load reduction. To analyze such a phenomenon, it is necessary to investigate the circulation and mass transfer
characteristics. For improvement of water quality in estuarine lakes, structural and non-structural alternatives can be
considered. Additionally, structural solutions are more time-consuming and costly than non-structural solutions, making
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the latter an integral component of sustainable water quality improvement strategies for estuarine lakes. Bottom water
drainage is a typical non-structural method that can improve the water quality of anoxic hypolimnion in stratified lakes
[34]; however, in the absence of such systems, operating sluice gates can eliminate stagnant waters and induce water
circulation.

The current study aimed to design an environmentally friendly and economical water quality management alternative
solution for Saemangeum Lake water quality management using the Delft3D model. Hydraulic characteristics were
analyzed by estimating streamline and vorticity, which affect the accumulation and retention time of materials. In
addition, the ecology-based seawater quality index (ESWQI) was applied to analyze the water quality characteristics
[33]. The characteristics of seawater inflow and outflow through sluice gates in Saemangeum Lake were considered key
factors that influence the flow and material circulation, representing non-structural alternatives for water quality
improvement. In addition, by monitoring the flow velocity and direction, fluid dynamics verification data were obtained
and the reproducibility of the model was improved. Figure 1 presents the composition and input/output data of the
hydrodynamic and water quality linkage models applied in this study.

The remainder of this article is structured as follows: (1) The amount of seawater inflow that can satisfy the target
water quality of Saemangeum Lake was estimated, and a corresponding sluice gate operation scenario was developed.
(2) Long-term precision monitoring of ungauged points was conducted to obtain high-resolution flow velocity test data,
facilitating the establishment of highly reproducible Delft3D models. (3) The hydraulic characteristics, water quality
characteristics, and water quality improvement effects were quantitatively evaluated by applying the sluice gate
operation scenario. Collectively, the findings of this study can be applied to develop strategies for improving water
quality by controlling the hydraulic phenomena in estuarine lakes.
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Figure 1. Delft3D modeling and analysis process comprising inputs, model flow, and outputs in each step of the study
procedures

2. Material and Methods
2.1. Study Area

Considering the flood control capacity, the managed water level in Saemangeum Lake is maintained at an elevation
level (EL) of -1.5 m with inflow and outflow of seawater through Shinsi and Garyuk sluice gates. This strategy prioritizes
the inundation effect over lake water quality. When the tide level of the outer sea drops below that of the lake water
during ebbing tides, due to decreased outer sea tide levels, both sluice gates are simultaneously opened to drain the water
until the lake water level drops to an EL between -1.7 m and -2.0 m. As the tide level outside rises above that of the
lake, seawater flows in through the two sluice gates, and the gates close when the lake water level reaches the designated
water level [35]. During the neap tide period, when the outer sea tide level is maintained higher than the managed water
level of Saemangeum Lake, inflow and outflow of seawater through the sluice gates is not possible. Moreover, the land
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use in upstream watershed areas, such as the Mangyeong River basin and Dongjin River basin, predominantly comprises
agricultural activities (49.8%) and forestry (34.6%) [36]. Meanwhile, most farmland is located below the watershed
areas near Saemangeum Lake. The total phosphorus (TP) load is 3,751 kg/d, with non-point sources accounting for 83%
[37]. The target water quality of Saemangeum Lake includes a total organic carbon (TOC) level of 5.0 mg/L and a TP
level of 0.05 mg/L [33]. The monitoring stations that represent water quality are ML3 and DL2 (Figure 2).
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Figure 2. Model grid system and major monitoring stations in Saemangeum Lake

2.2. Data Collection

TOC, TP, chlorophyll-a (Chl-a), total nitrogen (TN), dissolved oxygen (DO), and phosphate phosphorus (PO4-P)
data were collected from the Ministry of Environment (MOE) [38], Ministry of Oceans and Fisheries (MOF) [39], and
Korea Institute of Marine Science & Technology Promotion (KIMST) [40]. Generally, when evaluating water quality,
analysis is performed on Chl-a, TP, TN, and TOC, which have the greatest impact on eutrophication. However, unlike
rivers, water quality in lakes is highly dependent on the phytoplankton, while Chl-a is widely used as an alternative
indicator of the standing phytoplankton crop [3]. TN and TP serve as nutrients for phytoplankton, causing eutrophication
and red tide. Meanwhile, the TOC can reflect the total organic matter relatively accurately through stable oxidation.
Hence, TOC was adopted in this study to analyze the amount of organic matter in the lake [35]. Additionally, DO affects
various physical and chemical properties of water and can directly affect lake water quality [23]. PO4-P is a component
of TP and is the most readily available form of phosphorus utilized by living organisms, including algae [35].

Additionally, sluice gate operation data and inner and outer lake water level data measured by the Korea Rural
Community Corporation were collected to estimate the volume of seawater inflow and outflow through the sluice gates.
The water quality, water level, and sluice gate operation data covered a 10-year period between 2013 and 2022.
Additionally, the tide data, covering January to December 2021, were from the Korea Hydrographic and Oceanographic
Agency (KHOA) [41], while the tidal current data included data from winter (February 4 to 19, 2021) and summer
(August 19-September 3, 2021). Given that flow velocities inside Saemangeum Lake were not measured, long-term
precision monitoring was conducted to acquire high-resolution data. The ML3 station served as the survey site between
June 17 and July 27, 2021. The survey items were flow velocities and directions, measured by a 0.5-m vertical interval.
A total of 300 data points were collected, with measurements taken at 2 s intervals over 10 min. Subsequently, the
average value for each 10-min interval was recorded.

2.3. Calculation of Seawater Inflow

To analyze the relationships between the volume of seawater flowing into Saemangeum Lake and water quality
parameters, it was necessary to calculate the seawater volume. However, as the volume of inflow and outflow through
the sluice gates was not measured, Equation 1 was applied to estimate the volume:

Q = CG - HH - B\J2g(H, — Hy) 1)

where, Q is the flow rate (m%/s), CG is the flow coefficient, H, is the height (m) from the bottom elevation to the
upstream water surface, H, is the height (m) from the sluice gate bottom elevation to the downstream water surface, HH
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is the height (m) from the sluice gate bottom elevation to the bottom of the gate, B is the width (m) of the gate, and g is
the gravitational acceleration (m/s?).

During most of the neap tide season, the low tide has an EL of approximately -0.5 m, with the outer tide level higher
than the water level in the lake. Therefore, drainage is difficult for a relatively long time (Figure 3). In contrast, the low
tide during the spring tide season has an EL < -3.0 m, facilitating drainage.

Sluice gate : E.L(+)11.0m e
Sea Reservoir N %
w— Water lovel \
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D — > S 2 HH
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Figure 3. Schematic diagram of seawater circulation through sluice gate and flow rate formula

2.4. Delft3D Model

The Delft3D modeling suite, designed for coastal, river, and estuarine areas, was applied in Saemangeum Lake. It
encompasses hydrodynamic, salt and heat transport (Delft3D FLOW), and water quality (Delft3D WAQ) modules. The
FLOW module tackles the 3D baroclinic Navier—Stokes and transport equations under the Boussinesg assumption, while
the WAQ solves the advection—diffusion—reaction equation for various model substances, drawing hydrodynamic data
from the FLOW module [42, 43].

The Saemangeum Lake model area was set as 85 km in the east—west direction and 127 km in the north-south
direction, including Yeonggwang to the south and Daecheon to the north relative to portions of Saemangeum in the
Yellow Sea. For the horizontal calculation grid network, an orthogonal curvilinear grid system with a minimum of 200
m in the outer sea area in front of the Saemangeum seawall and a minimum of 78 m inside the lake was applied (Figure
2). In the vertical direction, 38 Z-levels were designated perpendicularly. There were 11,272 active grids on the outer
side and 5,400 on the inner side of Saemangeum Lake. Grid distortion was maintained below 5°. Meanwhile, At, the
time interval for numerical calculation, was set to 1 min to satisfy the Courant-Friedrichs—Lewy condition. The
simulation period was from January 1 to December 31, 2021; the annual precipitation during 2021 was 1,355.7 mm,
corresponding to a normal year (Table S1). The correlation coefficient of the precipitation pattern was 0.87, similar to
the average precipitation pattern (Figure S1).

Skill scores (Equations 2 and 3), index of agreement (I0OA; Equation 4), and % difference (Equation 5) were applied
to quantitatively evaluate the model reproducibility (Table 1). Skill scores were categorized as “excellent” for > 90%,
“good” for 80—-90%, “average” for 60—80%, and “bad” for < 60% [44]. IOA is a standardized index for the degree of
error in predicted values and is used to evaluate the reproducibility of time series data. USEPA considers > 0.5 to
indicate good agreement and 1 to indicate a perfect match [45]. With respect to % difference, < 25% for nutrients is
considered to indicate “very good” reproducibility [46].

Table 1. Model evaluation index and formula

Index Item Equation
Tidal semi-range, Water quality Skill s . |Simulation — Observed) @
L core =1—
. Major axis size of current I Observed |
Skill Score
Phase lag Skill Score = 1 — [Simulation — Observed| @)
| 360° |
n (S, — 0;)?
I0A Water level, Water quality 104 = 12i21(S: = 00" 5 @
YL (]si - ol + 0 - 0f)
n o0 _yn g
% difference Water quality % diff.= M x 100 5)

i=10;
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2.5. Streamline and Vorticity

Streamline refers to a curve where the velocity vector at an arbitrary location is parallel to the tangent vector [47],
which can be used to easily identify the pattern of flow in a target water body [48]. Assuming steady state and two-
dimensional incompressible fluid, streamline can be calculated using Equations 6 and 7 [49]. Steady state can be
assumed as streamline was calculated using the seasonal average flow. Vorticity (w) is an indicator of the degree of
rotation of fluid, which can be calculated using Equation 8 [50]:

d‘!’—alyd +6'1Ud 6
=t (6)
oy oy )

"_ay’ V= ox
dv  du
=——— 8

@ dx 0dy ®

where, ¥ is the stream function, x, y represent the coordinates (m) on the orthogonal linear coordinate system, and u, v
represent the horizontal flow velocities (") on orthogonal curvilinear coordinate system x, v, respectively.

The geometry and intensity of streamline and vorticity significantly impact the accumulation and retention time of
materials [51]. In areas with rotational streamline and intense vorticity, long retention time of water particles and material
can lead to an anoxic environment and degradation of water quality [52]. Streamline parameters and vorticity were
estimated using the vector average flow of residual current by season, grid, and layer.

2.6. ESWQI

In Korea, the MOF evaluates water quality based on the ESWQI [34], which is a water quality grading standard
calculated by evaluating eutrophication-causing items (dissolved inorganic nitrogen [DIN] and dissolved inorganic
phosphorus [DIP]), primary reaction items (Chl-a and transparency), and secondary reaction items (DO saturation of the
lower layer) [53]. ESWQI is calculated using Equation 9:

ESWQI = (10 x [DO Saturation of the lower layer(DO)])
N <6 » [Phytoplankton concentration(Chla) + Transparency(SD) >
2
N <4 » [Dissolved inorganic nitrogen(DIN) + Dissolved inorganic phosphate(DIP)D
2

)

where DO saturation of the lower layer, phytoplankton concentration (Chl-a), transparency (Secchi disk depth [SD]),
DIN, and DIP do not reflect absolute concentrations. Instead, they are defined as the scores by water and concentration
intervals [54]. The scores for each item by concentration interval in the western central waters, the site of Saemangeum
Lake, are shown in Table S2. Calculated ESWQI scores of < 23, 24 - 33, 34 - 46, 47 - 59, and > 60 points were
categorized as Grades I, I, 111, 1V, and V, respectively (Table S3). Transparency (SD) is not calculated in water quality
modeling. Accordingly, it was assumed that transparency could be categorized as background extinction, extinction by
suspended solids, and extinction by phytoplankton; thus, the relationships among suspended solid concentration, Chl-a
concentration, and turbidity were estimated from 2013-2022 using water quality monitoring network data evaluated at
the JJP1-8 station.

Transparency = [—0.38465SS + 0.02167552 — 0.000585S3 + 0.0000155*]

10
+ [0.38672Chla — 0.09934Chla? + 0.00719Chla® — 0.00016Chla*] + 4.19976 (10)

where the term related to SS refers to the influence of suspended solid concentration, the term related to Chl-a refers to
the influence of tidal current, and 4.19976 refers to background extinction.

3. Results and Discussion

3.1. Relationship between Target Water Quality and Seawater Inflow

Seawater Inflow Volume and Water Quality Concentration by Year:

The Republic of Korea government has set the following target water quality concentration levels for Saemangeum
Lake: TOC (5 mg/L) and TP (0.05 mg/L) [3, 35]. Therefore, the relationship between seawater inflow, TOC, and TP
was analyzed. Between 2015 and 2019, when the gates were operated in a diurnal cycle, the average volume of seawater
inflow/outflow was approximately 9 x 10° t/year. Between 2019 and 2020, when the gates were operated on a four-
diurnal cycle, the average volume of seawater inflow/outflow decreased by 52% to approximately 4.3 x 10°t. In contrast,
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in 2013, 2014, 2021, and 2022, when the gates were operated on a semidiurnal cycle for frequent seawater inflow and
outflow, the average seawater inflow/outflow volume was approximately 22.9 x 10° t/year, representing a 2.6-fold
increase compared with that observed when the gates were operated once daily. Thus, the frequency of gate opening and
closing directly impacted the volume of seawater inflow/outflow.

TOC and TP concentrations increased during summer when seawater inflow was at a minimum and subsequently
decreased to the lowest concentration during winter. The observed increase persisted to the following summer. During
summer, seawater inflow was limited due to the need to eliminate a large volume of freshwater inflow from floods.
Moreover, the water level inside the lake was maintained at the managed water level. However, due to the rise in water
level during flooding, a considerable deviation from the managed water level was not observed. Consequently, the
volume of seawater permitted to flow in was low. TOC concentrations generally decreased since 2019 but were high in
2019 and 2020 when seawater inflow was allowed during four-diurnal cycles. In 2013, 2014, 2021, and 2022, when
seawater inflow was on a semi-diurnal cycle, the TOC concentration was low, indicating that it was affected by the
seawater inflow volume (Figure 4). Although the gate operation frequency affects water quality, as it is directly
associated with the seawater inflow volume, the decrease in peak TP concentration only reached 25% even when the
seawater inflow volume increased by 8-fold. Additionally, the target water quality criteria were surpassed during
summer and winter (Figure 5). Therefore, given the difficulty in achieving visibly improved water quality based only
on increasing the seawater inflow volume, non-structural alternatives were required. Accordingly, the relationships
between seawater inflow, TOC, and TP concentrations were evaluated, and the seawater inflow volume required to
satisfy the target water quality was estimated.
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Figure 5. Comparison of seawater inflow and TP concentration (ML3, DL2)

Annual Seawater Inflow and Water Quality Concentration

The relationships between total annual seawater inflow and annual average TOC and TP concentrations were
analyzed and the volume of seawater inflow that can meet the target water quality criteria based on annual average water
quality was estimated (Figure 6). At the ML3 station, the annual average TOC concentration of 5 mg/L for target water
quality was satisfied throughout the analysis period. At the DL2 station, the concentration exceeded only in 2019, when
the lowest volume of seawater inflow was recorded at 30 x 108 m3/year. TOC concentration decreased with increasing
flow. Particularly, the reduction was noteworthy in the 0-150x108 m3/year interval. However, the reduction effect
decreased at = 150 x 108 m%/year intervals. Hence, the reduction effect on concentration decreased with increasing
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flow. Such a relationship was also found with TP concentration. At the ML3 station, the years in which the annual
average concentration of 0.05 mg/L, the target water quality, was not satisfied were 2015, 2016, 2018, 2019, and 2020,
whereas the target water quality was satisfied in 2013, 2014, and 2022 when semidiurnal cycle was used for seawater
inflow. At the DL2 station, the target water quality was not satisfied in all years except in 2021 and 2022, when a
semidiurnal cycle was used for seawater inflow. The volume of seawater inflow for satisfying the target water quality
was defined as the highest volume of seawater inflow among measured TP concentrations that exceeded the target water
quality for conservative evaluation. The results showed that the volume was 217 x 108 m3/year and 237 x 108 m3/year
at the ML3 and DL2 stations, respectively.
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Figure 6. Relationship between annual seawater inflow and average annual TOC

Monthly Seawater Inflow and Water Quality Concentration

At the ML3 and DL2 stations, the monthly average TOC concentration target of 5 mg/L for water quality was
predominantly met during the analysis period. The seawater inflow volume estimated to satisfy the target water quality
was 7 x 108 m3/month for the ML3 and DL2 stations (Figure 7). For TP, the estimated seawater inflow volume to satisfy
the target water quality was 18 x 108 m®/month and 16 x 108 m3/month for the ML3 and DL2 stations, respectively
(Figure 8). During summer, when seawater inflow is limited due to flooding, attaining the required level of seawater
inflow becomes challenging. Therefore, separate measures are needed to maintain water quality that aligns with the
designated targets. Similar to TOC, TP concentration decreased with increasing flow, with a flatter slope of
concentration decrease during the > 10 x 108 m¥/year intervals with high flow than the 0-10 x 108 m%/year interval with
low flow. Hence, the concentration reduction effect decreased with increasing flow.

As seawater inflow increases, the decrease in TP concentration responds less than the decrease in TOC concentration.
Phosphate (PO4-P) that flows into the lake is synthesized by the bodies of algae, with a portion of the particulate
phosphorus precipitating to the bottom. Moreover, phosphate combined with calcium (Ca) or iron (Fe) is absorbed into
the sediment as suspended colloidal particles and becomes re-released into the water layer under anaerobic conditions;
the remaining PO4-P is permanently deposited in the bottom sediment [25]. Meanwhile, increased salinity in the water
body raises the pH, inhibiting phosphorus absorption onto iron oxide, resulting in limited adsorption in salty marine
environments compared to freshwater environments. However, as the ocean is sulfate-rich, Fe(ll) in sediments combines
with hydrosulfide (HS—). Therefore, if the phosphorus in the porewater combines with iron at relatively low levels, the
rate of phosphorus release into the water layer increases [25, 55]. This, in turn, increases the water concentration.
Additionally, pollutants may become stagnant or isolated due to slow east—west and vertical flow and limited discharge
by sluice gate operation. Therefore, in the case of phosphorus, the effect of reducing its concentration via dilution is
relatively poor. Generally, in rivers, when the flow rate increases upstream, water quality improves due to the dilution
effect. However, in the case of freshwater lakes, due to the characteristics of stagnant waters with long hydraulic
retention times, the flow from upstream does not move downstream and, thus, does not improve water quality. Therefore,
seawater flowing in and out through the sluice gate represents the only alternative for improving water quality. However,
it is structurally impossible to significantly increase the amount of seawater inflow due to the limited sluice gates. A
non-structural alternative would be to change the operation method of the sluice gate to efficiently induce the circulation
system of seawater.
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Figure 8. Relationship between monthly seawater inflow and average monthly TP

3.2. Structure of the Scenario

According to the analysis of annual seawater inflow and water quality concentration, the seawater inflow required
to meet the target water quality for TP was estimated to be 236.4 x 108 m®year. Increasing the volume of seawater
inflow and maintaining a highly managed water level can be advantageous for improving water quality [56]. Thus, the
frequency of seawater inflow was considered, and the water level was managed. Although it is necessary to increase the
seawater inflow volume during summer to improve water quality, certain limitations arise during summer due to flood
control. Therefore, the alternating operation of sluice gates was applied as a substitute.

For SC-0 and SC-Q1, the frequency of seawater inflow was considered. The frequency of gate opening and closing
directly impacts the seawater inflow/outflow volumes. Therefore, the impact according to diurnal and semi-diurnal gate
operation was assessed. For SC-R, alternating sluice gate operation (clockwise/anticlockwise) was applied to improve
the reverse flow within the lake (Figure 9). Currently, the gate operation involves simultaneously opening and closing
both gates to account for the outer and inner water levels during falling and rising tides (Figure 9, left). Such operations
repeat movement in the upstream and downstream directions as a two-way current. Consequently, seawater is unable to
travel far into the lake and is, thus, incapable of actively diluting the lake water [57]. In contrast, the alternating operation
involves staggered opening and closing of the Shinsi and Garyuk sluice gates. With this method, circulation is controlled
in a clockwise direction by Shinsi (inflow) — Garyuk (outflow) and in an anticlockwise direction by Garyuk (inflow)
— Shinsi (outflow) (Figure 9 Right). The alternating operation involves operating the sluice gates to allow the mixture
of flows from clockwise and anticlockwise circulations. That is a clockwise flow is created during the mean and spring
tide period and an anticlockwise flow during the subsequent mean and spring period. The alternating cycle was set to
15 days. The gates were operated for clockwise circulation in the lake for 15 days, followed by anticlockwise circulation

for 15 days.
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For SC-Q2 and SC-Q3, water quality was assessed based on managed water level. A larger difference in the drop in
water level from the managed water level implied a greater volume of seawater inflow/outflow. When the water level
was reduced by 0.5 m from the managed water level at an EL of -1.5 m to an EL of -2.0 m, the volume of seawater
inflow was 107 x 106 m® (Table S4). When the managed water level had an EL > -1.3 m and the EL of water was
reduced to -2.0 m, the volume of seawater inflow was 152 x 106 m? (Table S5), accounting for a 36% increase in
available water capacity. When the managed water level was maintained at a lower level, with an EL of -1.7 m, and was
reduced to an EL of -2.0 m, the volume of seawater inflow was 64 x 106 m3(Table S6), with a decrease in the available
water capacity due to a 39% decrease from the managed water level. The simulation conditions for each scenario have
been listed in Table 2, and the seawater inflow is shown in Figure 10.

While previous studies have evaluated the dilution effect by increasing the upstream flow rate to improve water
quality [16, 21, 23], this study examined increasing seawater inflow and changing the hydraulic circulation system as
non-structural alternatives. This scenario was designed with the goal of improving water quality through efficient water
management.

%nmwm

s TOC, Unit / 7 TOC, Unit : mg/L

E—_— ! 4km .- ]
4km -1,00 -0.50 000' 0.50 1.00 l—] -1.00 -0.50 ;ﬁ. 0.50 1.00
& C

Figure 9. Concept of two-way circulation and one-way alternating circulation flow (Left: Two-way, Right: One-way)

Table 2. Sluice gate operation scenario to improve water quality

Scenario Management The direction of Operation cvele Seawater Inflow Remarks
Level(m) seawater circulation P Y (10° mP/year)
. Current status

SC-0 EL-1.5 Two-way Twice/day 30 (Standard)

SC-Q1 EL-1.5 Two-way Once/day 15 Change in seawater inflow
. Alternating operation:

SC-R EL-15 One-way Twice every 2 days 17 Clockwise_Anticlockwise
SC-Q2 EL-1.7 Two-way Twice every 2 days 19 Management water level drawdown
SC-Q3 EL-1.3 Two-way Twice every 2 days 43 Management water level rising

50

[ Seawater inflow

40 -

Seawater inflow (10°m?/year)

SC-0 SC-Q1 SC-R SC-Q2 SC-Q3
Scenario

Figure 10. Annual seawater inflow by scenario
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3.3. Calibration of Delft3D Model
Tide, Tidal Current, and Water Level

The tides were input to the open boundary at each calculation by synthesizing the five major tidal constituent
harmonic constants provided by the “NAO.99jb tidal prediction system” of the National Astronomical Observatory of
Japan. Table 3 presents the parameter values used to set up the hydrodynamic model. Major parameters were selected
based on the sensitivity analysis results of Kosucu et al. [58]. The model was calibrated by modifying the parameters
using the trial and error method.

Table 3. Parameters applied in the hydrodynamic model

Parameter Unit Manual Calibration Value Reference
Manning Roughness Coefficient ~ s/m'?® 0.02 0.02
Horizontal Eddy Viscosity (m?s) 1 15
Slope in log-log spectrum - -1.6667 -1.6667 [58]
Prandtl-Schmidt Number - 0.7 0.7
Spatial Low-Pass Filter Coefficient - 0.3 0.295

For five major tide components My, S, K1, O1, and N, the average recall of semi-range and phase-lag were 99.4%
and 99.0%, respectively. For these five major tidal current components the recall of tidal current velocity (major axis
size) was 51.2-99.5%, and the total average was 85.8%. Based on the flow model recall evaluation criteria, the recall
was “excellent” for tide and “good” for tidal current. Among tidal harmonic constants, the diurnal tide components K1
and O1 had a small size (< 0.1 m/s). Consequently, the recall was calculated to be relatively small. However, the effect
on the overall tidal current velocity was small, and the total average recall was evaluated as “good” (85.8%; Table 4).

Table 4. Model's tide and tidal current recall (Skill score)

Tide (%) Tidal current (%)

Component tide
Semi-range Phase-lag Major axis size

M, 99.9 98.9 99.5

S 98.8 99.3 80.3

Average by K 99.7 99.7 59.1
measurement station ! ' ' :

0. 95.8 99.2 51.2

N, 99.9 94.4 92.6

Total average 99.4 99 85.8

In the time series comparison of tides and tidal currents, the results showed that fluctuation characteristics, such as
diurnal inequality and spring-neap fluctuation of tides and tidal currents were reproduced (Figures 11 and 12). At the
PC2 station, the phase lag of the tidal current appeared faster than the measured value. This was potentially attributed
to the spatially complex flow characteristics due to Saemangeum’s new port breakwater and shore protection
construction near the PC2 station.
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Figure 11. Tidal level time series calibration results (GS, WD, SC)
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Figure 12. Tidal current time series calibration results (PC1, PC2)

In the time series comparison of the WL1 station within Saemangeum Lake, the IOA was 0.94, indicating “good
agreement” with the USEPA criteria. This suggests that the rise in water level inside the lake during inflow and outflow
through the gates was accurately reproduced (Figure 13). In particular, the rise in water level during the neap tide period
when the gates were not in operation was also reproduced. Hence, river inflow from upstream was properly designated.
The calibration results show that the model reproduced the tide propagation, tidal current characteristics, and
Saemangeum Lake water level fluctuation characteristics of the study area.
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Figure 13. Water level time series calibration results

Among the flow velocity data recorded at the ML3 station, surface, mid, and bottom layer data were extracted and
compared to the modeling results (Figure 14). Surface, mid, and bottom layers were defined as upper 20%, 50%, and
bottom 80%, respectively. A low-pass filter with a 4-h cutoff cycle was applied to the data for each layer to remove
short-cycle components, leaving only the long-cycle components for comparison. The measured values and modeling
results were not quantitatively compared as the flow velocity was very slow (< 3 cm/s). Rather, time series fluctuation
characteristics and two-way circulation recall were qualitatively compared. However, due to a low flow velocity of <5
cm/s and irregular fluctuation, reproducibility was lower than that of tidal currents with relatively higher flow velocity
and iterative flow characteristics. Nevertheless, the overall characteristics were similar to the measured values.

The flow velocity and temporal change characteristics for each layer were reproduced, whereas the characteristics
with repeating upstream (+) and downstream (-) flow appeared similarly. In particular, two-layer circulation with
downstream flow in the surface layer and upstream flow in the mid or bottom layers was reproduced, indicating that
long-term circulation and distribution of materials could be reproduced.

Previous studies targeting lakes have primarily verified water levels only when assessing hydraulic properties [16—
26]. Meanwhile, no data have been reported on the flow velocity and direction of Saemangeum Lake, with no verification
cases [23-26]. Therefore, the flow velocity, direction monitoring, and model verification conducted in this study are
positive achievements.
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Figure 14. Flow velocity time series calibration results obtained at the ML3 station using precise measurement data
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Water Quality

Many coefficients were input into the water quality model, including the growth rate, mortality rate, and feeding rate
of phytoplankton, the sedimentation rate, carbon: Chl-a ratio, nitrogen: carbon ratio in algae, and extinction coefficient.
The model was calibrated through trial and error, with the major parameters presented in Tables 5-6. In water bodies,
physicochemical reactions vary in time and space. Moreover, models may have uncertainties as they are reproduced in
rough formulas and parameters. Hence, sensitivity analyses must be performed to clearly identify the influence of
parameter values on model results, something rarely reported for Delft3D-WAQ model parameters. The sensitivity
analysis for the Delft3D model in the current study primarily comprised the physical parameters of the hydrodynamic
model. However, in the case of water quality models, parameters exist for each water quality item and closely interact
with each other. Thus, more in-depth analysis considering the dynamic response of water quality model parameters is
warranted.

Table 5. Parameters applied in the water quality model

Parameter Description Unit Calibration value
SWSatOxy Switch saturation DO calculation - 2.000
ThrAIgNH4 Threshold concentration uptake ammonium gN/m3 0.000
ThrAIgNO3 Threshold concentration uptake nitrate gN/m? 0.000
ThrAlgPO4 Threshold concentration uptake phosphate gP/mé 0.000
RcDen20 MM-denitrification reaction rate at 20 °C gN/m?¥/day 0.100
TcDenWat Temperature coefficient for denitrification - 1.070
KsNiDen Half saturation constant for nitrate consumption gN/m3 0.500
KsOxDen Half saturation constant for oxygen inhibition. g/md 1.000
CTDEN Critical temperature for denitrification °C 2.000
KsAmNit Half saturation constant for ammonium consumption gN/m3 0.500
KsOxNit Half saturation constant for DO cons. g/md 1.000
CTNit Critical temperature for nitrification T 3.000
COXNIT Critical oxygen concentration for nitrification g/md 1.000
RcNit First-order nitrification rate 1/day 0.100
OOXNIT Optimum oxygen concentration for nitrification gO,/m3 5.000
CFLNIT Oxygen function level for oxygen below COXNIT - 0.000
SWRear Switch for oxygen reaeration formulation (1-13) - 1.000
TCRear Temperature coefficient for reaeration - 1.016

Table 6. Parameters applied in the water quality (algae) model

Parameter Description Unit Calibration Value Ref. range Reference
PPMaxFDI (E,P) Pot. maximum growth rate at 0 dg C FDIATOMS 0.35
PPMaxBLU (E,N,P) Pot. maximum growth rate at 0 dg C BLUEGRN 0.048-0.056
PPMaxGRE (E,N,P) Pot. maximum growth rate at 0 dg C GREENS 1/day 0.068 0.07-9.20 Cole and [stge]lls (2003)
PPMaxMDI (E,N,P) Pot. maximum growth rate at 0 dg C MDIATOMS 0.066-0.083
PPMaxDIN (E,N,P) Pot. maximum growth rate at 0 dg C DINOFLAG 0.112-0.132
ChlaCFDI (E,P) Chlorophyll-a:C ratio per algae type FDIATOMS 0.025-0.040
ChlaCBLU (E,N,P) Chlorophyll-a:C ratio per algae type BLUEGRN 0.020-0.033
ChIaCGRE (E.N.P) Chlorophyll-a:C ratio per algae type GREENS g‘;@a’ 0.025-0.033 0.01-0.50 EPA (1985) [60]
ChlaCMDI (E,N,P) Chlorophyll-a:C ratio per algae type MDIATOMS 0.010-0.053
ChlaCDIN (E,N,P) Chlorophyll-a:C ratio per algae type DINOFLAG 0.007-0.029
NCRFDI (E,P) N:C ratio per algae type FDIATOMS 0.188-0.210
NCRBLU (E,N,P) N:C ratio per algae type BLUEGRN 0.125-0.225
NCRGRE (E,N,P) N:C ratio per algae type GREENS %’\é/ 0.175-0.275 0.05-0.43 EPA (1985) [61]
NCRMDI (E,N,P) N:C ratio per algae type MDIATOMS 0.070-0.255
NCRDIN (E,N,P) N:C ratio per algae type DINOFLAG 0.064-0.163
VsedFDI (E,P) Sedimentation velocity algae FDIATOMS 0.02
VsedBLU (E,N,P) Sedimentation velocity alyae BLUEGRN 0.02 Bowie et al (1985) [61]
VsedGRE (E,N,P) Sedimentation velocity algae GREENS m/day 0.02 0.01-0.03 Shimoé%fzs;&[rgg]nditsis
VsedMDI (E,N,P) Sedimentation velocity algae MDIATOMS 0.02 Maggio et al. (2016) [63]
VsedDIN (E,N,P) Sedimentation velocity algae DINOFLAG 0.02
ExtVIIM1 VL specific extinction coefficient IM1 0.1
ExtVIIM2 VL specific extinction coefficient IM2 gnlgzl\//l 0.1 0.05-0.10 Pennock (1985) [64]
ExtVIIM3 VL specific extinction coefficient IM3 0.1
ExtVIBak Background extinction visible light 1/m 0.11 0.038-0.110 Pennock (1985) [64]
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One-to-one comparisons were made with the observed and simulated values for major water quality items.
Furthermore, a time series comparison was performed for each station, and recall was calculated. One-to-one comparison
results showed that DO was scattered slightly more than other items, which could be attributed to the characteristically
large spatiotemporal fluctuation of DO (Figure 15).
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Figure 15. One-to-one comparison of water quality observations and model results

With the water quality calibration stations divided into river, dike inner, dike outer, and KIMST (Table 7), the recall
rate of major water quality items were calculated (Table 8). The skill scores for Chl-a, TN, TP, DO, and TOC were
81.6%, 83.9%, 75.1%, 93.2%, and 76.9%, respectively. The IOA of Chl-a, TN, TP, DO, and TOC showed recall rates
of 0.69, 0.68, 0.89, 0.76, and 0.68, respectively. Meanwhile, the percentage difference for all items was < 25%,
corresponding to “very good.” A high percentage difference in TP was observed in sections of the outer Saemangeum
Lake as the concentration in this area was low (0.02—0.04 mg/L), and the absolute error was small (< 0.01 mg/L).

Table 7. Classification of water quality model calibration stations

Category Station Measurement period Measuring Institution
River ME1, DE1 Four times/month
. ME2, ML1-ML4 MOE

Dike Inner DE2, DL1-DL4 Once/month

Dike Outer JJP1-1JP8 Four times/year MOF
KIMST BE, YM, GR Once/week KIMST

Table 8. Recall rate for each major water quality item of the model

Index Category Chl-a TN TP DO TOC Average
River 95.8 91.9 99.1 89.7 79.6 91.2
Dike Inner 76 79.9 94.4 95.6 88.5 86.9
Skill score Dike Outer 717 90.9 49.9 95.8 - 77.1
KIMST 82.7 729 56.9 91.6 76.9 76.2
Total 81.6 83.9 75.1 93.2 817 83.1
River 4.3 7.8 0.5 114 25.6 9.9
Dike Inner 6.7 17 5.2 34 10.3 85
% diff. Dike Outer 24.8 5.8 45.6 53 - 20.4
KIMST 9.9 23.6 36.8 5.9 18.8 19
Total 11.4 135 22 6.5 18.2 14.3
River 0.98 0.99 0.99 0.86 0.73 091
Dike Inner 0.77 0.65 0.85 0.83 0.74 0.77
I0A Dike Outer 0.8 0.74 0.88 0.63 - 0.76
KIMST 0.22 0.32 0.83 0.71 0.58 0.53
Total 0.69 0.68 0.89 0.76 0.68 0.74

In the time series comparison for the ML3 and DL2 stations, the results showed that the model had accurately
reproduced the measured values (Figures 16 and 17), especially the TP concentration that increased by non-point input
after flooding in August. In the JJP4 and JJP7 stations located in waters in front of the Shinsi and Garyuk sluice gates,
the short-cycle concentration change was relatively large, with a transient increase in concentration observed (Figs. S2
and S3). Such findings indicate that effluent discharge from the gates influenced the increased concentrations in the
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stations and that such change tended to be large especially after rainfall due to the significant influences of freshwater.
While the model relatively accurately reproduced the annual fluctuation characteristics of Chl-a, the model values were
slightly overestimated compared with the measured values in mid-July. This can be attributed to the fact that in nature,
tidal currents show rapid changes due to adaptation to the water environment, interspecific competition, and feeding,
whereas a model may be limited in accounting for all of these factors. Although the model slightly overestimated Chl-a
concentrations in the outer part of Saemangeum Lake, the overall annual fluctuation characteristics of the measured
values were closely reproduced, indicating that the influence of seawater inflow was adequately accounted for (Figures.
S4-S21).
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Figure 17. Water quality time series calibration results (DL2)

3.4. Flow Distribution Simulation Results
Analysis of Velocity Distribution and Low Velocity Section

The seasonal and water layer-specific velocity distribution was calculated (Figure 18). In spring, a downstream flow
occurs in the surface layer, and an upstream flow is formed in the lower layer, resulting in a two-layer circulation. In the
northern portion of the Mangyeong waterbody, clockwise eddies are formed in the surface and bottom layers. The
surface and bottom layers are dominated by northward and southward flow, respectively. In summer, the pattern is
similar to that of spring, but the surface flow velocity is stronger. However, the area where the two-layer circulation
flow appears is expanded further in the summer. In the lower layer, the upstream flow along the east—west two-axis road
appears all the way to the lower reaches of the Mangyeong River and Dongjin River. Additionally, a southward flow
opposite to the surface is observed in front of the No. 4 dike. The autumn flow pattern was similar to that of spring, but
the surface current velocity was stronger, and the upstream flow was stronger in the lower reaches of the Dongjin River.
Meanwhile, the current velocity throughout the lake increased in winter. This may be due to the increased seawater
inflow and strong northwest monsoon in winter.
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Saemangeum Lake has a sufficient wind drift distance exceeding 10 km in the No. 4 dike section, which is sufficient
for a wind-driven current to form. In contrast, the eddies that occur in the northern section of the Mangyeong River
appear narrow and weak in the central section, unlike in other seasons. The southward-facing eddy current merges with
the flow of the Mangyeong River channel so that its residence time does not increase significantly. In the estuary
reservoirs where freshwater flows, the baroclinic force acts from the open sea toward the coast in the bottom layer due
to the horizontal salinity gradient; meanwhile, the barotropic force acts from the coastal river toward the open sea at the
surface layer. In this way, a two-layer circulation structure is formed (Figures 14 and 18). This circulation and mixing
of seawater are caused by the density difference created by the interaction between freshwater and seawater.

In general, the effect of salinity is greater than that of water temperature. Indeed, the two-layer circulation structure
influences biological, chemical, and sedimentary processes. The eddies occurring in front of the No. 4 dike are likely
caused by the wind-driven current along the dike and by the deep water and topography. In all seasons, a two-layer
circulation is formed and eddies are maintained in the northern section of the Mangyeong waterbody, which increases
the residence time, creating conditions that are vulnerable to water quality management. Thus, to properly manage water
quality, it is necessary to reduce the residence time by suppressing the two-layer circulation caused by the horizontal
gradient of eddy strength and density.

Summer Fall Winter

T [— - P

Layer Spring

Surface

Bottom

Average
velocity

Figure 18. Seasonal velocity vectors and average velocity distributions at the surface and bottom layers

Evaluation of Streamline and Vorticity by Scenarios

In SC-0 with semidiurnal gate operation, downstream flow toward the gates was observed in the intervals that
connect the Shinsi sluice gate with the Mangyeong River and the Garyuk sluice gate with the Dongjin River. In the
northern part of the Mangyeong area (MK7-ML3 section), a clockwise vortex is formed. In the northern part of the
Mangyeong area (MK7-ML3 section), the downstream section of Mangyeong River, and some downstream sections of
Dongjin River, upstream flow is created in the bottom layer, which is in the opposite direction to the flow on the surface
layer. Consequently, two-layer circulation occurs (Figure 19). In the SC-Q1 scenario with reduced seawater inflow from
diurnal gate operation, no significant difference was observed compared with SC-0; however, weaker flow occurred due
to wider streamline gap (Figure 20). That is, as the amount of seawater inflow decreases, the flow between the surface
and bottom layers becomes separated by density stratification, and the flow is limited in the bottom layer. Hence, the
actual retention time can increase at low layers [65].

In the SC-R scenario with alternating one-way circulation in 15-day cycles, the flow in the surface layer was
generally similar, while the flow near the southern region of the east—west road was slightly stronger. In the bottom
layer, a clockwise vortex was formed on the surface in the northern portion of the Mangyeong waterbody (MK7-ML3
section), unlike SC-0. Moreover, the flow was stronger in the bottom layer in the interval that crossed the east—west road
and connected Mangyeong and Dongjin areas (Figure 21). As the flow strengthens and clockwise eddies occur on the
surface north of the Mangyeong waterbody area (MK7—ML3 section), the challenge of long-term pollutant retention is
expected to be alleviated.
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In SC-0, the flow in the surface and bottom layers appeared in the same direction only in certain sections; however,
the flow was weak or exhibited no particular trend in most areas. In the SC-Q2 scenario with a decreased managed water
level and the SC-Q3 scenario with an increased managed water level, the streamline intensity of vorticity and geometry
exhibited some differences; however, overall, the flow characteristics were similar to those in the SC-0 scenario. The
SC-Q3 scenario, with greater seawater inflow/outflow from elevated managed water levels, exhibited faster flow due to
a narrower streamline gap compared to the SC-2 scenario with less seawater inflow/outflow (Figures 22 and 23). As the
amount of seawater inflow increased, the retention time in the lake decreased, and the stagnant water area was reduced.
Thus, the increased water level is predicted to exert an overall impact on the lake.
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Figure 19. Annual average streamline and vorticity distribution (SC-0)
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Figure 20. Annual average streamline and vorticity distribution (SC-Q1)
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Figure 22. Annual average streamline and vorticity distribution (SC-Q2)
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Figure 23. Annual average streamline and vorticity distribution (SC-Q3)
Evaluation of ESWQI

In the SC-0 scenario, the ESWQI in most areas within the lake was ~Grade V during the spring, summer, and fall.
During the winter, the ESWQI corresponded to Grade V in Mangyeong River and Dongjin River, approximately Grade
Il near Shinsi and Garyuk sluice gates, and approximately Grade 1V in the other areas (Figure 24). In the SC-Q1
scenario, the ESWQI increased to Grade I11-1V in areas near Shinsi and Garyuk sluice gates, which had an ESWQI of
Grade 111 during the winter (Figure 25). In the SC-R scenario, the Grade V ESWQI near the Shinsi and Garyuk sluice
gates during spring was improved to approximately Grade 1V, and an ESWQI of Grade IV was noted throughout Dongjin
area. Areas with an ESWQI of Grade IV were also found near the gates during the fall. During the winter, an ESWQI
of ~Grade Il was noted throughout the lake, indicating an improvement from the values recorded during the SC-0
(Figure 26). In the SC-Q2 scenario, the Grade IV ESWQI near the Shinsi and Garyuk sluice gates during spring
disappeared almost completely (Figure 27). In the SC-Q3 scenario, an improved ESWQI around the gates was observed
during spring, fall, and winter. Notably, the ESWQI improved to approximately Grade 11 during the winter season in
most areas around the lake, excluding Mangyeong River and Dongjin River (Figure 28).

At the ML3 and DL2 stations that represent water quality, pie graphs were generated to compare the contribution of
each of the five items for ESWQI calculation, and the items with the largest influence on ESWQI were identified (Figure
29). In the SC-0 station, Chl-a concentration had the most remarkable influence on ESWQI grade in most stations and
seasons. The DO saturation of the lower layer also had a significant influence. In the midstream/downstream section,
the DO saturation of the lower layer had a larger influence on the Mangyeong area with relatively deeper waters.
Transparency, which exhibits large spatiotemporal fluctuations, tended to exhibit large seasonal variability. Meanwhile,
DIP concentration was an important factor during the summer and fall due to the persistent influence of phosphorus
input from non-point sources introduced during flooding in summer [66]. In the SC-Q1 scenario, the influence of DIN
was higher than in the SC-0 scenario at the ML3 and DL2 stations, whereas the influence of DIP also increased during
the fall. The contribution from transparency decreased slightly in all seasons except spring. In the SC-R scenario, the
influence of DIN decreased; it also decreased during the fall. Additionally, the influence of transparency decreased
during the fall and winter. The results for the SC-Q2 scenario were similar to those in the SC-0 scenario, with a slightly
diminished influence of transparency during the summer. In the SC-3 scenario, the influences of Chl-a and DIN during
spring and the influence of DIN, DIP, and transparency during fall were lower than in the SC-0 scenario.
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Figure 28. Seasonal distribution of ESWQI (SC-Q3)

The impact of lower layer DO was greater at the ML3 site, where the watershed pollutant load inflow was relatively
large, and the water depth was deep. This might be due to the organic matter flowing into the basin consuming a large
amount of oxygen during the decomposition process in the lower layer. When the stratification due to salinity is strongly
formed and the water layer stability is high, dissolved oxygen cannot be transmitted to the bottom layer. Under these
conditions, only dissolved oxygen is consumed for organic matter decomposition, facilitating the formation of a hypoxic
water mass. Given the relatively deeper water at point ML3 than point DL2, oxygen transfer would be relatively
unfavorable.

SD has a major impact in summer and fall. During the monsoon period, a large amount of rainfall occurs, and the
runoff increases, which also increases SS (suspended solid). Therefore, the photosynthesis of phytoplankton may be
hindered, and increased pollution prevents light from penetrating the photic layer. DIN, related to eutrophication, exerted
a strong effect in spring, while DIP was an influential factor in fall. Given that the Mangyeong River and Dongjin River
watersheds are dominated by agricultural land, DIN and DIP likely originate from fertilizers and pesticides [37].
Nutrients such as DIN and DIP affect water quality as retention time increases due to a high nutrient load from nonpoint
sources and poor seawater exchange. When excessive nutrients are supplied, the concentrations of DIN and DIP increase,
significantly impacting phytoplankton growth. This likely accounts for the relatively high Chl-a concentration.
Additionally, excessive phytoplankton growth can cause the sea surface to become turbid, and a hypoxic water mass
can form due to the lack of sunlight and oxygen reaching the lower layer of the sea. Similar results were observed when
assessing the influence of lower layer DO saturation.

3.5. Evaluation of Variability in Major Water Quality Items

Eutrophication must be considered when managing water quality in lakes. The water quality factors that exert
considerable effects on eutrophication include Chl-a, TP, TN, and TOC, which were included in the current study to
evaluate water quality variability. The average concentrations were calculated by scenario and major water quality items
for ML3 and DL2 stations that represent water quality and ME2 and DE2 stations located upstream. The water quality
concentration in the grid was averaged and used to calculate the annual average (Tables 9 and 10). when p-value of 0.05
or greater indicates that the difference in concentration is not statistically significant at the 95% confidence level [67].
The relationships between seawater inflow and major water quality items at the ML3, DL2, ME2, and DE?2 stations by
scenarios have been illustrated in Figure 30.
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Figure 29. ESWQI distribution and contribution of water quality items by scenario (ML3, DL2)

Table 9. Average annual water quality concentration at ML3 and DL2 stations by scenario

Area Scenario TOC (mg/L) TN (mg/L) TP (mg/L) Chl-a (mg/mnd)
SC-0 3.03 - 0.72 - 0.047 - 14.06 -
SC-Q1 31 -0.07 0.82 0.1) 0.057 (0.01) 12.38 (-1.68)
ML3 SC-R 2.97 (-0.06) 0.61 (-0.11) 0.042 (-0.005) 12.53 (-1.53)
SC-Q2 2.96 (-0.07) 0.7 (-0.02) 0.045 (-0.002) 131 (-0.96)
SC-Q3 2.98 (-0.05) 0.67 (-0.05) 0.044 (-0.003) 115 (-2.56)
SC-0 3.22 - 0.56 - 0.042 - 18.13 -
SC-Q1 331 -0.09 0.66 0.1) 0.051 (0.009) 16.54 (-1.59)
DL2 SC-R 3.07 (-0.15) 0.47 (-0.09) 0.035 (-0.007) 14.84 (-3.29)
SC-Q2 3.28 -0.06 0.56 0 0.04 (-0.002) 17.76 (-0.37)
SC-Q3 3.22 0 0.54 (-0.02) 0.04 (-0.002) 14.58 (-3.55)

The numbers in parentheses represent differences compared to those observed in the SC-0 scenario, with numbers in boldface indicating a decrease in concentration and
italics indicating an increase in concentration. The numbers expressed in underline represent results with no statistical significance, indicating no difference noted compared
to those in the SC-0 scenario.

Table 10. Average annual water quality concentrations at the ME2 and DEZ2 stations by scenario

Area Scenario TOC (mg/L) TN (mg/L) TP (mg/L) Chl-a (mg/nd)
SC-0 3.87 - 2.08 - 0.079 - 23.55 -
SC-Q1 3.97 -0.1 2.38 (0.31) 0.09 (0.011) 18.89 (-4.66)
ME2 SC-R 3.96 -0.09 2.25 0.17) 0.083 -0.004 20.48 (-3.07)
SC-Q2 4.15 (0.28) 24 (0.33) 0.079 0 28.38 (4.83)
SC-Q3 3.84 (-0.03) 1.92 (-0.16) 0.077 (-0.002) 18.76 (-4.79)
SC-0 3.72 - 112 - 0.123 - 13.28 -
SC-Q1 3.86 -0.14 1.23 (0.12) 0.142 (0.019) 11.84 (-1.44)
DE2 SC-R 3.83 -0.11 11 (-0.02) 0.137 (0.014) 11.77 (-1.51)
SC-Q2 4.05 (0.33) 1.21 (0.09) 0.169 (0.046) 15.36 (2.08)
SC-Q3 418 (0.46) 1.04 (-0.08) 0.106 (-0.017) 12.63 (-0.65)

The numbers in parentheses represent differences compared to those observed in the SC-0 scenario, with numbers in boldface indicating a decrease in concentration and
italics indicating an increase in concentration. The numbers expressed in underline represent results with no statistical significance, indicating no difference noted compared
to those in the SC-0 scenario.
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Figure 30. Relationship between seawater inflow and water quality items by scenario

In the SC-0 scenario, the TOC, TN, TP, and Chl-a concentrations were 3.03 mg/L, 0.72 mg/L, 0.047 mg/L, and 14.06
mg/m? at the ML3 station; 3.22 mg/L, 0.56 mg/L, 0.042 mg/L, and 18.13 mg/m? at the DL2 station; 3.87 mg/L, 2.08
mg/L, 0.079 mg/L, and 23.55 mg/m? at the ME2 station; and 3.72 mg/L, 1.12 mg/L, 0.123 mg/L, and 13.28 mg/m? at
the DE2 station, respectively. In the SC-Q1 scenario, the TN and TP concentrations at the ML3 and DL2 stations
exhibited a statistically significant increase compared with the SC-O scenario, whereas the Chl-a concentration
decreased. In the SC-R scenario, the TOC, TN, TP, and Chl-a concentrations at ML3 and DL2 stations exhibited a
statistically significant decrease compared with the SC-0 scenario. At the ME2 station, as TN concentration increased,
Chl-a concentration significantly decreased. At the DE2 station, the TP concentration was increased, and the Chl-a
concentration was significantly decreased. In the SC-Q2 scenario, no statistically significant increases or decreases were
noted at the ML3 and DL2 stations; however, all items increased at ME2 and DE2. In the SC-Q3 scenario, TN and Chl-
a concentrations significantly decreased at the ML3 and DL2 stations. Moreover, TN and Chl-a concentrations at the
ME?2 station and TN and TP concentrations at the DE2 station exhibited significant decreases. In the SC-R and SC-Q3
scenarios, improvement in TN, TP, and Chl-a concentrations were observed in most stations. Hence, the scenario with
an elevated managed water level (SC-Q3) showed water quality improvement at the ME2 and DE2 stations located
upstream of Saemangeum Lake, whereas the scenarios with an altered circulation system (SC-R) and the scenario with
elevated managed water level (SC-Q3) showed water quality improvement at the ML3 and DL2 stations located
downstream to Saemangeum Lake. Notably, the findings show that in the SC-R scenario, water quality improvement
was achieved by effectively using the inflow of seawater despite a 43% decrease in seawater inflow.

In the SC-R scenario, the flux of freshwater flowing from the Mangyeong River and seawater flowing into the Shinsi
sluice gate may collide in the water area where the seawater spreads more widely into the lake and moves to the Dongjin
water area, improving the low-velocity section and water quality. Meanwhile, the counterclockwise circulation is likely
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due to the overall decrease in stagnant water within the lake as the freshwater flowing in from the Dongjin River and
the seawater flowing in through the Garyuk sluice gate are circulated through the east-west axis pathway to the
Mangyeong water area. Moreover, given that seawater containing a high concentration of dissolved oxygen is rapidly
circulated within the lake after flowing in, it can supply dissolved oxygen to the lower layers.

According to the results of Kim et al. [68], in a scenario where the flow in the upper stream of Saemangeum increases
by 86% compared to the current state, COD was reduced by 1.3 mg/L, TN by 1.207 mg/L, TP by 0.075 mg/L, and Chl-
a by 5.1 mg/L at point M3, and COD was reduced by 0.5 mg/L, TN by 0.205 mg/L, TP by 0.009 mg/L, and Chl-a by
2.1 mg/L at point D3. Points M3 and D3 are upstream of Saemangeum Lake and are similar to points ME2 and DE2 in
the current study. However, the Saemangeum basin receives a very high proportion of water from external basins; thus,
increasing the water flow internally is limited. Meanwhile, the SC-R scenario of this study showed a positive result in
improving water quality even when seawater inflow was reduced by 43% compared with the current state. In the SC-
Q3 scenario, this occurrence may be due to the dilution effect of pollutants caused by the increase in the inflow of
seawater with good water quality.

4. Conclusion

In this study, a numerical simulation analysis was performed with consideration of non-structural alternatives for
improving water quality in Saemangeum Lake. The analysis of the relationships between seawater inflow and water
quality items revealed that the volume of seawater inflow for maintaining the target water quality was > 3 X 10° t/year
and > 0.7 x 10° t/month for TOC and > 21.7-23.7 x 10° t/year and 1.6-1.8 x 10° t/month for TP. Additionally, a large-
scale clockwise vortex was formed in the northern part of the Mangyeong area (MK7-ML3 section) and two-layer
circulation with different flows in the surface and bottom layers. Importantly, the major water quality items demonstrated
a significant improvement at most stations in the scenario in which one-way circulation was alternated in 15-day cycles
(SC-R). Water quality improvement was achieved despite a 43% decrease in the annual seawater inflow. In the scenario
with an elevated managed water level (SC-Q3), pollutant dilution and water quality improvement were increased due to
the large inflow of seawater with good water quality. Hence, for SC-Q3, it is necessary to investigate the impact on
flood water levels to ensure flood control stability. Overall, this study’s findings will prove valuable in devising
engineering solutions to enhance water quality in artificial estuarine lakes.

4.1. Limitations

Due to recent climate change, rainfall intensity is strong and irregular. During the monsoon period, large amounts of
river discharge may occur, causing lake water levels to rise rapidly. In particular, during the neap tidal period, the
outflow through the sluice gate is limited, which may pose challenges in maintaining flood control within the lake. To
mitigate these impacts, a close review of flood control is needed when the management water level is increased step by
step. In this analysis, consideration of the worst-case conditions is required, i.e., neap tide period, floods, typhoons, and
sea level rise. By combining various conditions, scenarios can be generated, and the associated numerical analysis results
can be applied to derive management water levels to ensure flood control and an appropriate water environment.
Modeling also faces limitations in accurately simulating turbulent mixing in lakes due to the resolution of numerical
grids. While micro-tidal currents can sustain a resuspended state through eddies in fast-flowing waters, hydrostatic
models like the Delft3D model encounter challenges in precisely replicating such phenomena. Additionally, the Delft3D
model can incorporate general factors limiting algal growth, such as light, water temperature, and nutrients, but is unable
to capture physiological algae phenomena (e.g., phosphatase secretion) or direct zooplankton predation. Hence, ensuring
reproducibility requires ongoing investigation into input coefficients, calibration/validation data, and updating the model
for various hydrologic factors.
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Appendix |

Using ecology-based seawater quality index to improve water quality in an estuarine lake based on sluice gate
operation.

Table S1. Annual precipitation analysis for the selection of representative years

Year Precipitation (mm/year) Classification Correlation (R?) Percentile (%0)
2013 1,164.2 Ordinary year 0.83 34.48
2014 1,196.4 Ordinary year 0.72 41.38
2015 885.9 Low year 0.12 3.45
2016 1,154.3 Ordinary year 0.22 31.03
2017 901.5 Low year 0.90 6.90
2018 1,403.3 Ordinary year 0.77 58.62
2019 1,053.0 Low year 0.54 20.69
2020 1,735.1 Abundant year 0.94 96.55
2021 1,355.7 Ordinary year 0.87 55.17
2022 1166.6 Ordinary year 0.69 27.59
RE: Correlation between 30-year average monthly precipitation and monthly precipitation.
%: Percentile of 30-year precipitation.
Table S2. Standards for each evaluation item of ESWQI
Chl-a DO Saturation of Epilimnion DIN Epilimnion DIP Transparency
Score the lower layer
(ng/L) (%) (ng/L) (ng/L) (m)
1 22 90 425 30 1
2 242 81 4675 33 0.9
3 2.75 67.5 531.25 375 0.75
4 33 45 637.5 45 05
5 33 45 637.5 45 05
Table S3. ESWQI criteria
Grade Mﬂ;ﬂggem?tn/ﬂ etnt Sea Environment Standards
ESWQI (Score) COD (mg/L) TN (mg/L) TP (mg/L)
I 23 or less 1 or less 0.3 or less 0.03 or less
I 24-33 or less
2 or less 0.6 or less 0.05 or less
m 34-46 or less
v 47-59 or less 4 or less 1.0 or less 0.09 or less
V (Other than grade) 60 or more Exceeds 4 Exceeds 1.0 Exceeds 0.09

Table S4. Capacity by water level and seawater inflow by water level drawdown (management water EL of -1.5 m)

Water Water volume Water volume ratio by Water volume Inflow water volume ratio by
EL (m) (10°m?®) management water level (%) deviation (10° md) management water level (%)
-1.5 1,217 100.00% - -
-1.7 1,174 96.40% 44 3.60%
-2.0 1,110 91.20% 107 8.80%
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Table S5. Capacity by water level and seawater inflow by water level drawdown (management water EL of -1.3 m)

Water Water volume Water volume ratio by Water volume Inflow water volume ratio by
EL (m) (10°m®) management water level (%) deviation (10° md) management water level (%)
-1.3 1,262 100.0% - -
-1.5 1,217 96.5% 44 0.0%
-1.7 1,174 93.0% 88 3.5%
-2.0 1,110 88.0% 152 7.0%

Table S6. Capacity by water level and seawater inflow by water level drawdown (management water EL of -1.7 m)

Water Water volume Water volume ratio by Water volume Inflow water volume ratio by
EL (m) (10°m?®) management water level (%) deviation (10° md) management water level (%)

-1.7 100.0% 0.0% - -
-2.0 94.6% 5.4% 64 5.4%
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Figure S7. Comparison of the observed and simulated water quality time series at point ME1
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Figure S8. Comparison of the observed and simulated water quality time series at point ME2
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Figure S9. Comparison of the observed and simulated water quality time series at point ML2
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Figure S10. Comparison of the observed and simulated water quality time series at point ML4
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Figure S11. Comparison of observed and simulated water quality time series at point MK7
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Figure S12. Comparison of the observed and simulated water quality time series at point JJP1
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Figure S13. Comparison of the observed and simulated water quality time series at point JJP2
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Figure S14. Comparison of the observed and simulated water quality time series at point JJP3
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Figure S15. Comparison of the observed and simulated water quality time series at point JJP5
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Figure S16. Comparison of the observed and simulated water quality time series at point JJP6
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Figure S17. Comparison of observed and simulated water quality time series at point JJP8
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Figure S18. Comparison of the observed and simulated water quality time series at point BE
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Figure S19. Comparison of the observed and simulated water quality time series at point YM
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Figure S20. Comparison of the observed and simulated water quality time series at point GR
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