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Abstract: Estuarine reservoirs are available for use in various water resource systems. In agriculture,
supplying irrigation water that meets water quality standards is essential for food safety. This study
focused on the Ganwol estuarine reservoir in the midwestern region of South Korea, which suffers
from water quality deterioration problems. To explore the water quality improvement in an estuarine
reservoir, it is essential to understand the characteristics of water quality changes in the reservoir
following water pollution control management. Therefore, the purpose of this study is to evaluate
the effects of water quality management on the estuarine reservoir, which is separated by levees,
using the soil and water assessment tool (SWAT)-environmental fluid dynamics code (EFDC) linkage
model. In this study, soil remediation by dredging the reservoir’s bottom soil and effluent control
from public sewage treatment works were considered as the water management plans. The results
of this study indicate that reducing the internal load of the reservoir increases internal resilience
and reducing the external inflow load decreases the impact on the system. Hence, comprehensive
measures are effective in improving water quality.

Keywords: estuarine reservoir; water quality management; SWAT; EFDC; linkage model

1. Introduction

An estuary refers to a point where the final outlet of a stream converges with the
marine environment, and is a water body that combines fresh water and seawater [1].
This leads to the creation of a productive ecosystem [2], and acts as a natural runoff filter
to improve water quality [3]. In addition, by artificially preventing marine circulation
through seawall construction and creating an estuarine reservoir-closed water environment,
estuaries supply water from diverse sources, and some areas use estuarine water resources
as agricultural water [4,5].

Estuarine reservoirs are the final destination of upstream pollution sources when
considering the geographical features of being situated in estuaries, and most estuarine
reservoirs suffer from water quality pollution because of limited seawater circulation [6-8].
In particular, in the Ganwol estuarine reservoir, our study site, because of reclamation
works, deposit atomization has resulted from tide speed decline [9], inflow of livestock
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wastewater and domestic wastewater as a point source pollution, and inflow of agricul-
tural land outflow as a nonpoint source pollution [10]. This has led to the resupply of
organic nutrients within the reservoir because of the resuspension of fine sediments and an
increase in the phosphorous inner load [11]. The water quality of estuarine reservoirs is
crucial for biodiversity, sustainability [12], and the production of high-quality, eco-friendly
agricultural products on reclaimed lands [13]. Therefore, to improve the eco-friendly
characteristics of estuarine reservoirs and reclaimed lands, it is important to develop water
quality management measures based on a comprehensive understanding of the upstream
estuarine reservoirs, inflowing pollutants, and estuarine reservoir water body features.

When analyzing estuarine reservoir watersheds and water environment changes
based on water quality pollution management measures, applying actual methods and
conducting various assessments are useful for improving accuracy and reducing the uncer-
tainty of data. However, there are limitations in terms of finance and time. Additionally,
there is a lack of data on the flow and water quality of all streams flowing into estuarine
reservoirs or on their water levels and water quality changes. Therefore, modeling is gen-
erally used to examine various scenarios. As estuarine reservoirs encompass watersheds
and reservoirs, it is necessary to develop three-dimensional watershed models, hydro-
logical models, and water bodies within estuarine reservoir models. To create a linkage
model, a watershed model is the boundary condition for the hydrodynamic and water
quality model of a three-dimensional numerical model, and internal and external linkages
are necessary [14]. Several studies have examined the linkage between watershed and
reservoir models using the hydrological simulation program-Fortran (HSPF) model [15]
and the environmental fluid dynamics code (EFDC) model [16], which has been used
to simulate the watershed runoff and reservoir water quality of a river estuary [14] or a
river-reservoir combined system [17]. The HSPF-EFDC linkage model has also been used
to enhance the prediction accuracy of water quality in rivers using the ensemble Kalman
filter (EnKF) technique [18,19].

Although the HSPF-EFDC linkage model has the advantage of being able to easily
import the HSPF input file through the linkage file, this study evaluates the water quality
improvement scenarios by linking the soil and water assessment tool (SWAT) [20] and
EFDC models. The SWAT model has been widely used in studies on the upstream nonpoint
source pollution of agricultural systems [21-26]. In particular, [25] reviewed several studies
and concluded the following: the SWAT model applied in various countries performs
well in nonpoint source pollution simulation. The sediment simulation capability is also
important in the simulation of nonpoint source pollution. [27] suggested that the simulation
capability of the SWAT model is slightly better than that of the HSPF model. Recently,
the SWAT model has been linked with the EFDC model to simulate the upstream inflow
and water quality in lakes or reservoirs [28,29], and [29] pointed out that the SWAT-EFDC
linkage model could be a useful tool for simulating water quality management scenarios
and for applying the best management practices (BMPs) on a watershed scale. Therefore,
this study evaluates the water quality improvement scenarios by linking the SWAT and
EFDC models to consider the agricultural system and nonpoint source pollution of the
upper watershed.

The measures to resolve the water quality issues of estuarine reservoirs are mainly di-
vided into watershed measures to reduce the external pollution load flowing into estuarine
reservoirs and estuarine reservoir measures to reduce the internal occurrence load. There
are two options for water quality management of watersheds: point source and nonpoint
source pollution. A representative measure of point source pollution management is the
quality management of discharged water from public sewage treatment works (PSTWs)
for downstream reservoirs [30]. In the case of nonpoint source pollution related to estu-
aries or estuarine reservoirs, studies have mainly considered BMPs [31-33] and artificial
wetlands [34,35] to reduce the inflow of nonpoint source pollution from the upper water-
sheds. Water quality management measures within estuarine reservoirs include internal
development, lake water management, seawater circulation, and dredging within estuarine
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reservoirs. Thus, this study simulates the measures for water quality improvement and
assesses the results after considering low-quality soil improvement (internal factor) and
inflow of the PSTW effluent (external factor).

A list of acronyms and abbreviations used throughout this article in given Table 1.

Table 1. Description of abbreviations used throughout the article.

Abbreviations Expanded Form or Meaning
SWAT Soil and water assessment tool
EFDC Environmental fluid dynamics code
HSPF Hydrological simulation program-Fortran

PSTWs Public sewage treatment works
BMP Best management practices

EnKF Ensemble Kalman filter
O/S (observed average)/(simulated average)
Ave. Average
cal. Calibration
val. Validation

Ganwol Reserovir, the study area, suffers from point source water pollution from
PSTWs located at the end of the upper watershed and nonpoint source pollution from
the surrounding agricultural land. In addition, because the upstream and downstream
of the estuarine reservoir are separated by levees, which have three small waterways, it
is necessary to examine whether improving the water quality upstream can be spread
throughout the reserovir. It is difficult to provide a simple interpretation of the effects
resulting from water quality improvement techniques for estuarine reservoirs with sophis-
ticated geographical features. Therefore, this study aims to analyze the annual average
water quality concentrations and T-P reduction efficiency, and assess the water quality
management of estuarine reservoirs using the SWAT-EFDC linkage model.

2. Materials and Methods
2.1. Study Area and Bottom Soil Characteristics of the Estuarine Reservoir

The study site, the Ganwol estuarine reservoir located in the midwestern part of
South Korea (Figure 1), was established in 1995. The total watershed area, agricultural
water supply area, and maximum water surface area were 48,770 ha, 6446 ha, and 2504 ha,
respectively. In the watershed area, 39.6 % were rice paddies, 30.3 % were forests and
fields, 15.4 % were farms, 8.8 % were others, and 5.9 % were water surfaces. Runoff and
water quality measurement points existed in four streams within the study site, and data
were collected once a month from 2011-2018. Moreover, we collected the daily outflow
and water quality data of the PSTWs and livestock manure processing facilities within the
watershed. They have been used as point source pollution input data in the model.

To investigate the bottom soil characteristics, a soil sampling was performed using
a grab sampler at three locations in the Ganwol estuarine reservoir. A physicochemical
analysis of sediments was performed using ignition loss, organic matter content, T-N,
T-P, Cd, Cu, Pb, As, Cr6+, and sieve analysis. Table 2 shows the results of the sediment
contamination analysis. According to the analysis results, the values in Zone A were higher
than those in Zone B and Zone C for all ignition losses, T-N, and T-P.
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Figure 1. Diagram of the study watershed.

Table 2. Bottom soil characteristics of the Ganwol estuarine reservoir.

. Ignition Loss Organic Matter T-N T-P
Sampling Date Content (%) (%) (%) (mg/kg)
Zone A 3.7 2.10 0.154 607.46
24 May 2018 Zone B 0.8 0.50 0.058 448.03
Zone C 0.9 0.25 0.042 385.88
Zone A 2.1 1.20 0.081 450.03
13 July 2018 Zone B 0.6 0.99 0.073 417.13
Zone C 0.4 1.36 0.102 409.50

2.2. SWAT-EFDC Linkage Model

When analyzing the water quality changes of the corresponding estuarine reservoir
measures, actual observations are desirable. However, because of time and cost constraints,
assessing the corresponding measures using hydrological and reservoir water models is
more efficient. In this study, we used the SWAT model as the watershed model and EFDC
model as the reservoir model, and their effects were verified following their application to
the watersheds in Korea [28,29]. Figure 2 shows the linkage between the output and input
data of the watershed and reservoir models.

Calibration and validation were conducted using hydrological and water quality
measurement values to enhance the reproducibility of water quality and inflow from
the upstream estuarine reservoir watershed based on the SWAT model. The derived
optimal calibration and validation results were used as inflow and water quality input
data in the EFDC model. The parameters of the EFDC model were determined through
meteorological data, inflow and outflow through pumping stations and sluice gates, soil
pollution data, and measured data of the water quality pollution. Finally, water quality
simulation results were derived using the EFDC model and their corresponding water
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quality management measures were used for assessing various scenarios in the upstream
watershed and estuarine reservoir.
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Figure 2. Diagram of SWAT-EFDC linkage model for the estuarine reservoir system.

2.3. EFDC Model Setup

This study organized an EFDC model grid for the estuarine reservoir based on the
measured data (Figure 3). The grid organization can be detailly performed based on
the measured data. However, a stable simulation of the numerical analysis model is
possible when the calculation grid has a square shape. Hence, an adequate grid size and
number is necessary to reduce the simulation time. This study analyzed the adequacy of
grid organization. The number of valid computational grids was 9359 in the horizontal
direction, and the grids were arranged in five equidistant intervals in the vertical direction.
The grid system used a rectangular coordinate system in the horizontal direction and a
sigma coordinate system in the vertical direction. The sigma coordinate system has the
advantage of setting a diverse layer thickness and preventing numerical errors with regard
to domains undergoing drastic depth changes.

As for the EFDC model, calibration and validation were conducted from 2015-2017
using the water quality monitoring data from the Ministry of Environment. Temperature
data were calibrated from 2015-2017, and the diverse parameters of the EFDC model were
corrected in the order of DO, T-P, and PO4-P. In the case of the EFDC model, water quality
changes in the reservoir are influenced not only by the inflow pollutants but also sea-
sonal effects, currents, and meteorological changes based on the internal reservoir system.
Therefore, this study also considered T-N and Chl-a in the calibration and validation.

In addition, because the estuarine reservoir has levees in the middle and each zone
has a different environment, it was divided into three zones to organize the EFDC model
parameters corresponding to each zone (Figure 3).

Finally, we conducted water quality calibration and validation with regard to Zones A
and B. The objective function used O/S, that is, the value of (observed average)/(simulated
average). The accuracy of the model increases as the O/S values approaches 1.
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Figure 3. Bottom elevation and levees of the estuarine reservoir in EFDC model.

2.4. Scenario Description

In this study, a total of eight scenarios were considered, and Table 3 summarizes them.
First, as shown in Figure 4, Group A considered the dredging scenario in Zone A, which is
currently underway, for low-quality bottom soil remediation. Zone A and Zone B were
the same estuary area in the past, and the benthic rate of Zone A was three times that of
Zone B; thus, a reduction of up to 80 % was considered. Second, bottom soil remediations
of Zones A and B were considered together. Third, regarding the effluent control of PSTWs,
Group C considered the facility of the PSTW extension (T-P reduction 50 %), and a new
facility construction for an advanced phosphorus treatment (T-P reduction 90 %). Finally,
rather than considering the scenarios of soil remediation for each zone and applying the
effluent control from the PSTWs separately, a simulation was conducted after considering
various combinations of the scenarios (Group D).

Table 3. Description of the applied scenario in this study.

Scenario Content

No scenario Scenario 0 (Now)
Scenario 1 (P and N leaching rate 60% reduction)
Scenario 2 (P and N leaching rate 80% reduction)

Scenario 3 (with Scenario 3) (P and N leaching rate 40% reduction in Zone B)
Scenario 4 (with Scenario 4) (P and N leaching rate 40% reduction in Zone B)
Scenario 5 (50% T-P effluent reduction)

Scenario 6 (90% T-P effluent reduction)

Scenario 7 (Scenario 4 and Scenario 5)

Scenario 8 (Scenario 4 and Scenario 6)

Group A: Dredging operation in Zone A
Group B: Dredging operation in Zones A and B
Group C: Effluent control from PSTWs

Group D: Combined scenario
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Figure 4. Locations of the dredging operation and PSTWs.

3. Results
3.1. Model Calibration and Validation Results

In this study, we used the SWAT model for watershed inflow and water quality
simulations, and the results of [6] for calibration and validation. The drainage sluice gate
operation log and pumping station data of the irrigation and drain facilities were used for
the water level simulation of the estuarine reservoir using the EFDC model from 2015-2017.
As a calibration result of the water levels, the R-squared value (R? = 0.9002) shows good
results and a high reproducibility (Figure 5).

Observed water level (El., m)

-3.0 -2.0

<

>

-1.0 0.0
0.0
> - -~
K € £
o . o g
<$> 4 103 —
. : 2
4 - @
£ T
$ 2
2.0 E ‘;5 -4.0 0 Ob. water level
(_ﬂ —— Sim. water level
E -5.0
R2=0.9002 * Jan-15 Jul-15 Feb-16 Aug-16 Mar-17 Sep-17
3.0 Date (day)

Figure 5. (a) A comparison of the observed and simulated water levels and (b) changes to the water level elevation in the
estuarine reservoir (2015-2017) [6].

In this study, observed water quality data from 2016-2017 were used for calibration,
and those from 2015 were used for validation. For 2015, the observed values were used
for validation from day 81 onward after considering the influence of the model’s initial
value. In particular, as there is a strong influence of algae behavior during the water quality
simulation using the EFDC model, other water quality data (Chl-a, T-N, etc.) have been
used in T-P calibration after referring to the measured values. Following the calibration
and validation (Figures 6 and 7), the calibration values of the two points were higher than
0.95; thus, the calibration was performed well (Table 4).
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Figure 6. (a) Calibration and (b) validation result of the T-P concentration of the estuarine reservoir (Zone A).
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Figure 7. (a) Calibration and (b) validation result of the T-P concentration of the estuarine reservoir (Zone B).
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Table 4. Calibration and validation results of EFDC model simulation.

. T-P (cal.) T-P (val.)

Location Content TEMP DO (2016-2017) (2015)
Zone Observed Ave. 16.64 10.34 0.242 0.201
A-observation Simulated Ave. 17.17 10.41 0.232 0.186
point O/S 0.969 0.993 0.957 0.927
Zone Observed Ave. 16.60 11.99 0.143 0.105
B-observation Simulated Ave. 17.32 10.62 0.148 0.101
point O/S 0.959 1.128 0.964 0.961

3.2. Reservoir Simulation Result
3.2.1. Zone A Simulation Results

Figure 8 shows the simulation results of the T-P water quality changes with respect to Zone
A in 2015 for the reservoir. As for the annual average water quality, T-P is 0.183 mg/L when
no measure is applied, and the following results are obtained when the scenario is applied: S1,
0.175mg/L; S2,0.172 mg/L; S3,0.175 mg/L; and 5S4, 0.171 mg/L. When conducting dredging
only with regard to Zone A, in 2015, the target water quality standard of 1 mg/L was not
satisfied. As for the overall water quality change tendencies, the slope is gradual when no
measure is applied during the water quality deterioration process. This implies the water
quality resilience of the estuarine reservoir is low when the load is high within the reservoir.
Thus, it is difficult to accomplish the water quality objective of an estuarine reservoir merely
by dredging. However, this measure can increase the resilience of estuarine reservoir systems.

0.30
0.25
o
-
(2}
E
o 0.20
-
0.15
--81 -82 —~S83 S4 —S0
0.10

0 30 60 90 120 150 180 210 240 270 300 330 360 390

Julian date

Figure 8. Simulated results of T-P concentration (Zone A, S0, S1-54).

As a result of the simulation in Scenario 5, in which dredging was conducted in Zone
B based on Scenario 3, and comparing the results with corresponding scenarios, it is found
that a thorough circulation of the water quality does not happen upstream and downstream
because of the influence of the embankment placed in the middle. Even if dredging takes
place in Zone B, it cannot significantly influence the upstream water quality changes. The
annual average water quality was slightly lower than that in the case where no measure
was applied (T-P value 0.183 mg/L). However, the T-P water quality concentration in
scenario 5 has an annual average value of 0.175 mg/L, which is similar to that of S3.

As a result of the simulation in Scenario 7, which conducts dredging in Zone B based
on Scenario 4 (unlike Scenario 5 in a state where Zone A dredging progresses to a significant
degree), the water quality is partially influenced by Zone B dredging. Regarding the actual
annual average water quality concentration, when compared with the T-P simulation result of
0.172 mg/L in 54, the T-P simulation result of Scenario 7 was 0.171 mg/L. When considering
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not only the average concentration but also the water quality change tendency, unlike in the
beginning of 2015, the water quality concentration is low at the point where water quality is
aggravated over time. This implies a minor increase in resilience than the previous scenario.

Figure 9 shows the simulation results of the water quality changes with regard to the
cases of extending the phosphorus treatment facility at a PSTW located at the reservoir inlet
(Scenario 5) and installing an advanced phosphorus treatment facility (Scenario 6). This
scenario is the result of applying the discharge load reduction level of the same PSTWs over
the entire period. When comparing the annual average T-P concentration, the results of
Scenarios 5 and 6 have a concentration of 0.169 mg/L and 0.156 mg/L, respectively, which
plays a major role in improving water quality when compared to the dredging scenario. In
particular, unlike the dredging scenario, the case of aggravating the overall water quality
compared to the scenario without any measure has a low maximum concentration and
rapid water quality recovery. The resilience was significantly higher in Scenarios 5 and 6
than in the dredging scenario. This is because the PSTWs, located at the estuarine reservoir
inlet, have a higher contaminant delivery ratio of pollutants discharged from the plant,
and the daily discharge load is significantly higher.

0.30
| Zone A
0.25
-l
~
[=2]
E
o 0.20
-
0.15
0.10

0 30 60 90 120 150 180 210 240 270 300 330 360 390
Julian date

Figure 9. Simulated results of T-P concentration (Zone A, S0, S5-56).

Figure 10 shows a combined scenario. As a result of the S7 and S8 simulations, the
annual average T-P water quality concentrations of Scenarios 7 to 8 were found to be
0.156 mg/L and 0.142 mg/L, respectively. In particular, S7 shows results similar to S6,
which is the result of conducting only the T-P facility extension of the PSTWs. Hence, we
can also infer that the T-P processing facility of the PSTWs has a significant influence on
the water quality resilience of Zone 3 in estuarine reservoir systems.

0.30
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0 30 60 90 120 150 180 210 240 270 300 330 360 390
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Figure 10. Simulated results of T-P concentration (Zone A, S0, S7-S8).
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3.2.2. Zone B Simulation Results

In the case of Zone B, unlike Zone A, the average measured water quality (0.101 mg/L)
slightly exceeded the target water quality (0.1 mg/L). Figure 11 shows the simulation results
of the T-P water quality changes in the reservoir from 2015 for the corresponding scenarios

with regard to Zone B. The annual average T-P concentration of the water quality was

0.101 mg/L when no measure was applied, whereas the concentrations for S1, S2, S3, and
S4 were 0.089 mg/L, 0.086 mg/L, 0.090 mg/L, and 0.086 mg/L, respectively. In the case of
Zone A, as the flow is not smooth owing to the narrow waterway resulting from the high
soil pollution level and benthic flux, the downstream water quality is improved owing
to the influence of Zone A water quality in the case of dredging (Zone A). Regarding the
change tendency of the overall water quality, similar to Zone A, the slope is gradual when
no measure is applied during the water quality improvement process after deterioration.
This implies the water quality resilience of the estuarine reservoir is low when the load is
high. Therefore, even though it is difficult to achieve the water quality goal of an estuarine
reservoir merely by dredging, it can enhance the resilience of estuarine reservoir systems.

--81 -82 —-S3 S84 -SO

0 30

60 20 120 150 180 210 240 270 300 330 360 390
Julian date

Figure 11. Simulated results of T-P concentration (Zone B, S0, S1-54).

In particular, Scenarios 1-4 show similar results, which implies Zone B has a lower
soil pollution level than Zone A and is unlikely to be influenced even with dredging, while
the elution speed is not fast. In addition, as Zone B shares a large reservoir area with Zone
C, dredging does not have a considerable impact. Thus, when comprehensively comparing
with the results of Zone A, dredging in Zone B has an insignificant influence on water
quality improvement and increases upstream resilience. Particularly, as it does not have a
major influence on the downstream water quality, the water quality improvement from
dredging is not significant.

A comparison of the annual average T-P water quality concentration (Figure 12)
shows that the water quality concentrations in Scenarios 5 and 6 were 0.094 mg/L and
0.089 mg/L, respectively. The dredging scenario results (51-54) of Zone B are better than
those of Scenarios 5 and 6, unlike in Zone A. As stated previously, even if the inflow
load in the upstream is reduced when the flow is not smooth owing to the embankment
located in the middle, the influence on the downstream appears to be insignificant. In other
words, when compared with Zone A, Zones B and C are less influenced by the contaminant
delivery ratio of the load from the PSTWs. In addition, as reservoir dredging is a method to
enhance internal resilience, it is important to prioritize the removal of high concentrations
of contaminated soil for overall water quality improvement.
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Figure 12. Simulated results of T-P concentration (Zone B, S0, S5-56).

Finally, Figure 13 shows the results of the combined scenarios. The annual average
T-P concentrations of Scenarios 7 and 8 are found to be 0.08 and 0.074, respectively. The
results show that the water quality concentration was recovered considerably owing to the
effect of water quality improvement in Zone A.

8T S8 —S0

30 60 90 120 150 180 210 240 270 300 330 360 390
Julian date

Figure 13. Simulated results of T-P concentration (Zone B, S0, S7-S8).

3.3. Total Phosphorus Reduction Efficiency Analysis Result

Figure 14 shows the total phosphorus reduction efficiency based on the water quality
simulation results for each of the previous water quality improvement scenarios. In this
study Figure 14 shows when only the soil improvement operation scenario was applied to
Zone A (yellow column), when both the soil improvement scenarios were applied to Zone
A and Zone B (green column) and the PSTWs’ effluents were treated (blue column), and
when all scenarios were considered together (red column). In addition, Figure 15 shows
the changes in water quality during a specific period for analyzing the total phosphorus
reduction efficiency.
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Figure 14. T-P removal rate results (Sn/S0, n = nth scenario).
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Figure 15. T-P concentration changes in the estuarine reservoir.

Regarding the T-P reduction efficiency of Zone A, the results are summarized as
follows: S1, 4.6 %; S2, 6.4 %; S3, 4.6 %; S4, 7.0 %; S5, 8.3 %; S6, 17.3 %; S7, 17.3 %; and S8,
28.9 % mg/L. Regarding the T-P reduction efficiency of Zone B, the results are summarized
as follows: S1, 13.5 %; S2, 17.4 %; S3, 13.5 %; S4, 17.4 %; S5, 7.4 %; S6, 13.5 %; S7,26.3 % and
S8,36.5 % mg/L.

In both Zone A and Zone B, S1 and S3 show similar results, as do S2 and S4. This is
because the level of soil contamination in Zone B is not relatively higher than that in Zone
A (PO4-P benthic flux parameter in model (PO4D): 0.002 g/m?/d in Zone A, 0.001 g/m?/d
in Zone B, and 0.0001 g/m?/d in Zone C). When comparing the results of Zones A and B,
the effect of the water quality improvement by the dredging operation was greater in Zone
B than in Zone A. This effect is significant because of some seawater circulation and the
overall water quality improvement of the reservoir in Zone B (Figure 15a).

When the scenarios (S5, S6) to improve the quality of water discharged from the
PSTWs were applied, there was a marked difference between Zones A and B. In the case
of Zone A, the results of the discharged water improvement from the PSTW scenario
were better than the improvement of the soil contamination scenario, indicating that the
PSTWs significantly impacted the water quality in Zone A. In Figure 15b, it can also be
seen that the water quality deteriorates rapidly because of the inflow of upstream water in
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Zone A. However, unlike the dredging scenario in Zone B, it can be seen that the effect of
improving water quality is less than that of Zone A. Although improving water quality of
the discharged water from the PSTWs reduces the external inflow load and decreases the
system’s impact, its effect can be considered insignificant if the bottom soil of the estuarine
reservoir is not improved. Therefore, these results reveal that reducing the estuarine
reservoir’s internal load can increase its internal resilience by improving the bottom soil
and have a significant effect on the overall water quality improvement.

4. Conclusions

This study evaluated the reduction efficiency of each water quality improvement
scenario using the SWAT-EFDC linkage model for the Ganwol estuarine reservoir, which is
experiencing water quality problems because of a continuous inflow of point and nonpoint
source pollution from the upstream basin. In particular, because of the embankment
located in the middle of the reservoir, it is necessary to analyze whether the effect of
improving the water quality can be spread throughout the reservoir because of the location
of a levee in the middle before applying the water quality management plan. Therefore,
in this study, scenarios for reducing the external inflow load and internal load were
applied, and the effects of the water quality improvement were analyzed by considering
the levee’s influence.

If we look at the water quality changes of each location according to the effect of
the water quality management plan, dredging improved the reservoir’s overall water
quality by increasing its internal water quality. However, the PSTWs’ effluent management
had a significant effect in improving the water quality in terms of reducing the inflow of
pollutants, but the efficiency of Zone B was relatively lower than that of Zone A because of
the levee’s influence. Therefore, in the current condition where the water quality in Zone
A is worse than that in Zone B, it is appropriate to improve the water quality in the short
term by improving the water quality discharged from the PSTWs. However, to improve
the water quality of the entire reservoir in the long term, increasing the internal resilience
by dredging can be considered to offset the levee’s impact.

This study evaluated water quality management scenarios using the SWAT-EFDC
linkage model, which differs from other studies using the HSPF-EFDC linkage model;
the difference is in the consideration of the nonpoint sources of pollution and farming
mechanisms of agricultural land located around the reservoir. In addition, this study is
meaningful because it comprehensively reviews the effects of embankments and water
quality improvement scenarios and measures to improve resilience for improving water
quality in reservoirs. In addition to evaluating the reservoir’s resilience, additional studies
are needed to consider a management plan for improving water quality and increasing the
resilience of the overall watershed and analyze its impact on the reservoir.
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