
Copyright © 2021 The Author(s). Published by Vilnius Gediminas Technical University

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unre-
stricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

*Corresponding author. E-mail: seungoh.lee@hongik.ac.kr

Journal of Environmental Engineering and Landscape Management
ISSN 1648–6897 / eISSN 1822-4199

2021 Volume 29 Issue 3: 346–358

https://doi.org/10.3846/jeelm.2021.15130

problems. For instance, the Isahaya bay in Japan, similar 
to Saemangeum basin, became worsened water quality af-
ter the construction of the sea dikes. Even Japan tried to 
improve water quality with limited success (Yokoyama & 
Kyozuka, 2003). The Netherlands had the effect of elimi-
nating the inflow of seawater after the Haringvliet dam 
construction, which was a part of the Delta project, but 
the water quality was deteriorated by the decrease of flow 
velocity (Stuyfzand et al., 2004). In the Tuckombil Canal 
in Australia, the sluice gates were installed to prevent 
flood inundation, but the management facilities became 
obsolete and water quality also deteriorated sharply (Ca-
vanagh et al., 2006). Finally, in a lake formed by artificially 
obstructing the river, the amount of organic matter which 
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Highlights

	X Operation of drainage gate was well implemented within coupled model SCHISM-CoSiNE.
	X Concentrations of DO, T-N and T-P were affected by designated water level.
	X Numerical accuracy was enhanced by field data for optimal designated water level. 
	X Designated water level was examined to enforce the water quality management.

Abstract. The drainage gates have been controlled for desalination under normal conditions and flood defense in  Saeman-
geum basin, Korea. Recently, it became an issue that the gates have been opened not to deteriorate water quality in the lake. 
It is, thus, necessary to precisely estimate the changes of water quality characteristics, especially DO, phosphate and nitrate, 
in the lake according to various gate operations. In this study, Semi-implicit Cross-scale Hydroscience Integrated System 
Model and Carbon, Silicate, Nitrogen Ecosystem model (SCHISM-CoSiNE) which is cable to simulate dynamic exchange 
such as gate operation conditions was utilized to obtain reliable and reasonable results including hydrodyanamic and en-
vironmental variables. For the verification, the measured data at 6 locations in Saemangeum basin was used to compare  
incluidng temperatue and salintiy from 2016 and each relative error became small enough to show high accurary. Also, 
under various scenarios by changing the designated water surface elevation on flood seasons, this model has been applied 
to present the best designated water surface elevation in terms of both water quality and water supply in the Saemangeum 
basin. It becomes possbile to show reliable guidance for dynamic operations and environmental changes with this model 
as requested in near future. 
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Introduction

The Saemangeum basin which is located central west coast 
of Korea (Latitude: 354928 N Longitude: 12690 E), has the 
longest sea dikes on the world. The dikes damed a natural 
esturay system where fresh water from two river system 
(Mangyeonggang and the Dongjingang Rivers) met West 
Sea of Korea. The construction of the sea dikes dramtically 
changed hydraulic and enviromental system inner these 
dikes and now the system behaviors like a freshwater lake 
or reservoir (Liu et al., 2018). However, the lack of water 
exhange between the rivers and ocean has led to reduction 
of Biochemical Oxygen Demand (BOD) and Dissolved 
Oxygen (DO) which causes multifaceted water quality 
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was put into the lake increased and the contaminants were 
accumulated because flow velocity became slowed. The 
decrease of salinity due to the reduction of tidal current 
or the increase of temperature was also one of the causes 
to occur those results. The similar phenomenon occurred 
in Sihwa Lake, Korea in 1994. 

In Sihwa Lake which was planned to supply agricultur-
al water after the construction of the sea dike, the surface 
layer and the bottom layer were stratified due to salt driven 
density differences which inhabited vertical circulations 
leading to complicated water quality issues (Park et  al., 
1997). To alleviate those waer quality issues, the Master 
Plan was changed to inflow the seawater in the lake (Korea 
Rural Community Corporation [KRCC], 2006). The Sae-
mangeum basin is located not far from Sihwa Lake, and 
water quality problems have been constantly raised since 
the completion of the construction in 2001. Even after 
governmental financial committment and its engineering 
measures such as the installation of sedimentation facili-
ties, phosphorus treatment facilities and sewage disposal 
facilities were strongly supported, there has been limited 
improvement of the water quality standard by the meas-
ures themselve, but the target standard were laboriously 
met in combination of seawater cicurlating the system by 
operation of Sinsi gate and Garyeok gate (KRCC, 2016). 

In this study, we analyzed the quantatively change of 
water quality to provide more fundamental measures, 
for instnace altering designated water surface elevations 
regulated by Saemangeum basin Master Plan (Korean 
Government, 2011) in which land reclamation would be 
conducted after changing completely freshwater system 
inside dikes. The coupled SCHISM-CoSiNE model was 
utilized to examine the changes of water quality according 
to dynamic changes by drainage gate operation. The spe-
cific conditions for modelling of drainage gate operation 
was included to simulate the concentration fluxes of major 
water quality variables, including nitrate and phosphate. 
Finally, we  evaluated our study results by comparing with 
the water quality standards from the Framework act on 
environmental policy (Ministry of Environment, Republic 
of Korea, 2019) in Korea. We also provided the possible 
optimal solutions about water quality problem in the Sae-
mangeum basin.

1. Literature review

1.1. Hydraulic characteristics studies

The residence time and exhange rate of contaminants, and 
the process of stratification are closely related to the hy-
draulic characteristics in a lake which should be examined 
prior to undertaking any effort to improve water quality 
in the lake. For the Saemangeum basin, Jeong et al. (2017)  
performed the sensitiviy analysis on hydraulic character-
istics by dredging in upstream of abrupt expansion region 
and found the relationship between sediment mecha-
nism at dredging section and hydraulic characteristics 
in upstream region. Suh and Cho (2007) used the 2-D 

Advanced circulation model for oceanic, coastal and es-
tuarine waters (ADCIRC) and analyzed hydraulic chnages 
on the Saemangeum basin with the completion of the sea 
dike. Jeong et  al. (2018b) simulated the hydraulic char-
acteristics of the Saemangeum and Mangyeonggang river 
and Dongjingang river with climate change scenarios us-
ing Delft3D model. And Bae et al. (2017) simulated the 
change of residence time in Sihwa lake under gate opera-
tion using the Lagrangian Particle Tracking (LPT) model. 
However, the operation of drainage gates were not repre-
sented in their models and downstream conditions were 
set by historical seawater level data. And the operation 
rules that even though the inner water surface elevation 
was higher than the outer sea level, the gate was closed 
when the inner water surface elevation was lower than 
the designated water surface elevation, was difficult to 
simulate without the specific inner boundary conditions 
in the previous numerical models. In order to reproduce 
the bi-directional flow of the estuary and the artificial lake 
connected through the drainage gate, Zigic et al. (2005) 
presented a method applying the boundary conditions in 
hydraulic structures. Jinqiong et al. (2020) introduced the 
inside boundary condition of gate to reproduce the bi-
directional flow. And Weng et al. (2020) also presented a 
method applying the sluice control boundary considering 
the sea level. Therefore, the bi-directional flow through 
the drainage gates is reproduced with specific boundary 
condition using the field data such as operation time log 
of gates, the sea level and designated water surface eleva-
tion in this study.

1.2. Water quality studies

Most water quality researches have been conducted by 
analyzing the measured field data or by simulating with 
computational models. The Saemangeum basin has been 
also studied based on two kinds of methods. First, the 
KRCC  set up 6 measurement stations to collect field data 
including hydraulic and water qaulity characteristics. Suh 
and Lee (2008) used the environmental fluid dynamics 
code (EFDC) model to analyze the changes of water qual-
ity in the Saemangeum basin. The KRCC conducted an 
environmental impact study based on its own surveyed 
data for 16 years from 1991 to 2006. In addition, the cor-
poration (KRCC, 2006) developed the modified stream 
water quality model and the water quality analysis simu-
lation program (WASP5) model to predict water quality 
of watershed and lake in the Saemangeum basin. Jeong 
and Yang (2015) predicted trends and future water qual-
ity based on 40 field survey data from 2002 to 2010. The 
salinity, chlorophyll a, dissolved inorganic nitrogen (DIN) 
and suspended particulate matter (SPM) were investigat-
ed. They confirmed that the organic matter was accumu-
lated, and NH4-N was increased after the construction of 
the sea dike. It was also found that hypoxic conditions 
were getting more pronounced after the construction. Kim 
et al. (2016) examined a potential improvment if a new 
dam was consturcted at a upper site to capture inflow and 
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used it to meet water quality target standards in the ba-
sin. Jeong et al. (2018a) simulated the water quality in the 
Saemangeum basin considering the operation of drainage 
gates using the Delft3D-WAQ (WAter Quality) model. 

Even though numerous attempts have been conduct-
ed to review water quality issues in Saemangeum basin, 
most previous studies were undertaken to demonstrate 
quantitively change of water quality before and after the 
construction of the sea dike. And the structural measures 
such as the installation of sedimentation facilities, phos-
phorus treatment facilities suggested in previous studies 
were founded to be an insufficient solution to alleviate the 
water quality issues in this basin. Jinqiong et al. (2020) ex-
amined the impact of gate operation to improve the water 
quality in Yongding New River. And Saadatpour (2020) 
reviewed the effect of improving water quality in Meimeh 
River basin under various upstream saline inflow control 
scenarios and suggested the optimal reservoir operation.

In this study, the non-structural measure, altering the 
designated water surface elevation to control the gate op-
eration for improving the water quality, was suggested to 
alleviate the water quality issues in Saemangeum basin 
and examined as a solution to make up for the limita-
tions of water quality improvement through structural 
measures. And future scenario under the complete of Sae-
mangeum basin Master Plan which was not considered in 
most previous studies, was applied on various designated 
water surface elevation conditions. 

2. Numerical model

2.1. SCHISM

The hydraulic simulations are performed by the Semi-im-
plicit Cross-scale Hydroscience Integrated System Model 
(SCHISM) (Zhang et al., 2015, 2016) which is completely 
modified model from the Semi-implicit Eulerian-Lagran-
gian Finite-Elemnt model (SELFE, v3.1, 2014). SCHISM 
is an open-source community-supported modelling sys-
tem designed for simulation of three-dimensional (3D) 
circulation across creek to ocean scale. SCHISM based 
on unstructured grids uses an accurate and highly ef-
ficient semi-implicit finite element method to solve the 
Navier-Stokes equations. And the time stepping has not 
constraints if the value of Courant-Friedrichs-Lewy (CFL) 
condition is satisfied between 0.4 and 1.0. The most im-
portant advantage of the SCHISM is its ability to use Mes-
sage Passing Interface (MPI), which can simulate much 
faster than other models. SCHISM solves the Reynolds-
averaged Navier-Stokes equations for incompressible flu-
ids under Boussinesq assumption. The governing equa-
tions of SCHISM are as presented from Eq. (1) to (4). And 
the generic length-scale model of Umlauf and Burchard 
(2003), k − e , k kl− and k −ω  model are used with tur-
bulence closure in SCHISM.
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where z  is the vertical coordinate (upward), t  is the 
time, η  is the free surface elevation, h  is the bathymet-
ric depth, u  is the horizontal velocity, w  is the vertical 
velocity, F  is the other forcing terms in momentum such 
as horizontal viscosity, Coriolis, earth tidal potential and 
atmospheric pressure, g  is the acceleration of gravity, C  
is the tracer concentration such as salinity, temperature, 
ν  is the vertical eddy viscosity, κ  is the vertical eddy 
diffusivity for tracers, hF  is the horizontal diffusion. 

The additional information about SCHISM such as 
publications and manual to use model can be found on 
the SCHISM website: schism.wiki. And various applica-
tions of the SCHISM, for instance San Francisco Bay 
and Delta project performed by California Department 
of Water Resources (DWR) and Virginia Institute of 
Marine Sciences(VIMS) and examination of water qual-
ity project in the Chesapeake Bay Region conducted by 
VIMS and so on, ensure the accurate simulation about 
hydrodynamics and water quality, which is needed for 
the transport and diffusion of water quality variables 
(Wang et al., 2020).

2.2. CoSiNE model

The ecological simulations are performed by the Carbon, 
Silicate, Nitrogen Ecosystem (CoSiNE) model which is the 
one of the modules in SCHISM designed for modeling 
the ocean biogeochemical processes in the Pacific Ocean 
(Chai et al., 2002, 2003, 2007). The 13 state variables de-
scribing 2 zooplankton species, 2 phytoplankton species, 3 
groups of nitrogen form, 2 groups of silicon form, 1 group 
of phosphorus form, total carbon dioxide, dissolved oxy-
gen and total alkalinity are used in the CoSiNE model. 
Conceptual model equations of the CoSiNE can be ex-
pressed as follows.

( ) ( )Physics BiologyC C C
t

∂
= +

∂
, (5)

where C represents the one of 13 CoSiNE variables, 
Physics (C) is the process of the physical source and sink 
and Biology (C) is the process of the biological source and 
sink.

The physical process including advection and diffusion 
is calculated in SCHISM and the biological process includ-
ing mass balance equation is calculated in CoSiNE model. 
The variables in CoSiNE model are listed in Table 1.
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Table 1. List of CoSiNE model variables

Name of State Variables Symbol Unit

Nitrate NO3 mmol/m3

Silicate SiO4 mmol/m3

Ammonium NH4 mmol/m3

Small Phytoplankton S1 mmol/m3

Diatom S2 mmol/m3

Microzooplankton Z1 mmol/m3

Mesozooplankton Z2 mmol/m3

Detritus Nitrogen DN mmol/m3

Detritus Silicon DSi mmol/m3

Phosphate PO4 mmol/m3

Dissolved Oxygen DO mmol/m3

Dioxide Carbon CO2 mmol/m3

Alkalinity ALK meq/m3

3. Case study 

Before analyzing the SCHISM-CoSiNE model results, 
both hydrodynamic and ecological modules were verified 
by comparing the results of simulation with analytical so-
lution from previous study or measured data on Saeman-
geum basin. We first compared the velocity distribution 
at the section enlargement to verify the performance in 
hydrodynamic module in SCHISM. Then we verified the 
CoSiNE model’s performance (i.e. temperature, salinity, 
dissolved oxygen, and concentration of nitrate and phos-
phate) in response to consider the drainage gate operation 
under specific assumptions as a inner boundary condition. 

3.1. Case 1: Hydrodynamic module

Wang (1984) presented the analytical solution for the ve-
locity distribution in the section enlargement under steady 
state conditions. The topography of the section enlarge-
ment was represented by idealized channel (see Figure 1).

For convenience and generalization, he normalized the 
all variables. And the velocity distribution was expressed 
to be non-dimensional for 1x  and 2x  axes as follows.

( ) ( ) ( ) ( )2 2
0, 1 expu r s u s s U r= − − ; (6)

( ) ( )0/
f
aU r h h −= , (7)

where ( ),u r s  is the velocity at ( ),r s , r  is the normalized 
longitudinal distance defined as 1 0/x b , s  is the normali zed 
lateral distance defined as 2 /x b, a  is the bottom slope of 
channel, and f  is the friction coefficient.

The initial conditions are listed in Table  2 and the 
simulations are performed after representing the idealized 
channel with the SCHISM. The results of SCHISM and 
the analytical solutions are compared for velocity distri-
bution ranging from 1.0 to 2.0 for r  according to s  (see 
Figure 2). 

Table 2. Initial conditions

Variables Value

b0 500 m
h0 2 m
u0 1 m/s
f 0.001
a 0.0001

When the velocity distribution is compared at the 
center of the channel (s = 0), the error between the ana-
lytical solution and the computational results of SCHISM 
becomes within 1.6%. Thus, the SCHISM is expected to 

Figure 1. Schematic diagram of Channel (Wang, 1984); where, 
0b  is the half of initial width at section enlargement, 0h  is the 
initial depth at section enlargement, 0u  is the initial velocity

Figure 2. a) Velocity distribution of Analytical Solution, b) Velocity distribution of SCHISM results
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show well performance with a high accuracy to simu-
late enlargement flow like estuaries. The errors between 
SCHISM and analytical solution according to  are listed 
in Table 3.

Table 3. Error of velocity comparison at centreline (s = 0) 
between analytical solution and SCHISM results

r Analytical 
Solution (m/s)

SCHISM 
(m/s) Error (%)

1.0 0.78 0.77 1.28
1.2 0.74 0.75 1.35
1.4 0.71 0.71 0.00
1.6 0.68 0.68 0.00
1.8 0.64 0.63 1.56
2.0 0.61 0.60 1.64

3.2. Case 2: Ecological module

In Saemangeum basin, there are two drainage gates called 
as the Sinsi (10 gates) and the Garyeok (8 gates) drainage 
gates  which are located at M15 and D15 in Figure 3, re-
spectively. And the drainage gate operation with seawater 
circulation was performed to maintain the water qual-
ity. Since the reproduction of the seawater circulation is 
necessary for the verification of the CoSiNE model, the 

seawater circulation is indirectly reproduced by consider-
ing operation time log of gates, the tide data around the 
drainage gate and the designated water surface elevation. 
The following assumptions are required to reproduce the 
operation of the drainage gates (Jeong et al., 2018a; Ryu, 
2018):

1) The opening of the drainage gate takes precedence 
over the maintenance of the water surface elevation.

2) The operation time of the drainage gate is constantly 
4 hours on average.

3) The drainage gate opens 16 times a month and the 
time required to open and close the gate is 1 hour on av-
erage. 

4) The discharge of input and output through the 
drainage gate changes linearly with time.

5) The discharge from the inside of the lake through 
the drainage gate to the offshore is the same as the dis-
charge of upstream. 

So, the operation of the Sinsi and Garyeok drainage 
gates based on the above assumptions is set as follows (see 
Figure 4).

The study area is determined to be from the Mangyeo-
ng Bridge and the Dongjin Bridge, where the measured 
data exists, up to the Saemangeum sea dike that reach-
es the Sinsi and Garyeok drainage gates. The upstream 
boundary conditions are set at the discharge of July 2016 

Figure 3. Comparison points between the SCHISM-CoSiNE model and the field measured data  
(“black o mark”: SCHISM-CoSiNE model results from Dongjingang River to Garyeok drainage gate and from  

Mangyeonggang River to Sinsi drainage gate, “black + mark”: field measured data by  
Korean Rural Community Corporation) and regions of interest (“black dashed rectangular mark”: region of interest)

Figure 4. a) The operation of Garyeok gate, b) The operation of Sinsi gate
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using the Water Resources Management Information Sys-
tem (WAMIS, Korea) data. The measured data about water 
quality in Saemangeum basin (Korea Rural Community 
Corporation, 2016) is used to verify the CoSiNE model. 
Since the measured data is presented monthly, the con-
stant pollutant concentration is set in the corresponding 
month. And the 5 variables such as temperature, salinity, 
nitrate concentration, phosphate concentration, dissolved 
oxygen concentration are used only in this study. The sec-
tion marked “+” is the point where the water quality data 
is measured, and the section marked “o” is the point where 
the results of the simulation with CoSiNE model (see Fig-
ure 3). The total elements are 51,364 and total nodes are 
31,730 with quad and triangular grids in SCHIM-CoSiNE 
model. Target simulation period is one month from June 
15, 2016 to July 15, 2016. The numerical conditions are 
listed in Table 4. 

Table 4. The numerical conditions for verifying the ecological 
module

Parameter Variable Value

Grid 
spacing Dx, Dy, Dz

20 m in River
60 m in Estuary
3 vertical level

Time step dt 10 sec

Turbulence 
model – k – e model

Boundary 
Condition

Mangyeong Discharge: time series
Dongjin Discharge: time series
Sinsi gate Water surface elevation: constant
Garyeok gate Water surface elevation: constant

The results of SCHISM-CoSiNE simulation about dis-
charge of inflow and outflow through the drainage gates 
are compared with measured data (see Figure 5). The error 
of peak discharge is the 1.5% and the error of discharge 
within one month is about 5.0%. So, the SCHISM-CoSiNE 

model is well simulated for the operation of drainage gates. 
And, it is confirmed that the value of each coefficient 
such as contraction in outflow direction and expansion 
in inflow direction ranged from 0.98 to 1.00 for near the 
drainage gates by the velocity vector fields in the results 
of SCHISM-CoSiNE. Also, the results of modelling about 
water quality, temperature and salinity are compared with 
the measured data at the measuring points as mentioned 
above (see Figure 6). It is confirmed that the results of nu-
merical simulations and measured data are well matched 
at most measuring points. The errors between numerical 
simulation and measured data are listed in Table 5. 

For each variable, the SCHISM-CoSiNE simulation re-
sults compared with the measured data showed the relative 
error within 7.00%. Especially, the concentration of nitrate 
was compared with the numerical simulation results using 
the Delft3D model (Jeong et al., 2018a). The simulations 
performed by each numerical model have same spec of 
Computer, Intel Xeon E5-2650 (24 core) and 64 GB Ran-
dom Access Memory (RAM), and numerical conditions 
such as time step, number of elements. The result of each 
model at measuring points was compared with measrued 
data and showed that the relative error was within 10.0% 
in SCHISM-CoSiNE and 20.0% in Delft3D model (see 
Figure  7). From these results, it was confirmed that the 
performance of SCHISM-CoSiNE model was better than 
the Delft3D model in terms of accuracy. Also, the com-
puting time for simulation using SCHISM-CoSiNE model 
was up to six times faster than Delft3D model due to the 
use of MPI in SCHISM-CoSiNE. 

Table 5. Relative error at measuring points 

Variable T*

(%)
S**

(%)
PO4
(%)

DO
(%)

Point

M2 0.07 0.00 0.72 0.14
M8 0.07 4.17 3.49 0.56

M13 0.00 0.39 6.85 1.45
D2 0.07 0.00 0.78 0.80
D8 0.04 2.17 3.85 0.99

D13 0.00 1.58 2.86 0.76
Note: * T – Temperature. ** S – Salinity.

4. Scenario configuration 

The objective of this study is to examine the quanta-
tively changes of water quality caused by the variations 
of hydraulic characteristics due to the Saemangeum basin 
Master Plan (Korean Government, 2011) considering the 
drainage gate operation. We assumed all environments 
were set up in the future, especially in 2030 when all con-
structions will be completed according to the Saemange-
um basin Master Plan, and the simulation was performed 
from June to August corresponding to the flood season. 
The saltwater inflows through drainage gates will not be 
occurred and only the outflow from the inner lake to 
the sea will be considered because the major objective of 

Figure 5. Comparisons of SCHISM-CoSiNE results and 
measured data about discharge of input and output through 

drainage gate
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Figure 6. Comparison of SCHISM-CoSiNE results and measured data about  
1) temperature, 2) salinity, 3) concentration of dissolved oxygen, 4) concentration of phosphate
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Saemangeum basin Master Plan is the desalination in lake. 
And, the abundant water supply is the one of the objec-
tives in Master Plan in Saemangeum basin. The operation 
of the drainage gates was based on the assumptions previ-
ously mentioned (Jeong et al., 2018a; Ryu, 2018) and the 
specific condtions was considered in this study. Since the 
problem defined in Saemangeum basin was complicated 
to forecast the climate variability in the future, the aver-
age discharge obtained from WAMIS for recent 10 years 
was set as upstream boundary conditions. In addition, 
the tributary discharges to Mangyeonggang River and 
Dongjingang River were relatively similar value compared 
with main channel flow in Saemangeum basin. The drain-
age-area ratio method was used to calculate the tributary 
discharges for sites where no discharge data were available 
using data from one or more nearby stations. The scenari-
os for the numerical analysis are summarized according to 
the designated water surface elevation in Table 6. 

Table 6. Scenarios for the numerical simulation

Scenario Designated Water Surface Elevation  
of Drainage gates (EL. m)

1 –1.7 
2 –1.6
3 –1.5
4 –1.4
5 –1.3

The total elements are 21,064 and total nodes are 
15,730 with quad and triangular grids in SCHIM-CoSiNE 
model. The CFL number is the range from 0.6 in estu-
ary to 0.9 in river. The numerical conditions are listed in 
Table 7.

Five variables such as temperature, salinity, NO3 con-
centration, PO4 concentration and dissolved oxygen con-
centration are used in SCHISM-CoSiNE model. The value 
of each variable in Saemangeum basin was confirmed by 
remaining constant through the analysis of measured 

data for 5 years (Korean Rural Community Corporation, 
2012~2015, 2016). In addition, the Mangyeonggang River 
and Dongjingang River were planned to construct sedi-
mentation facilities, phosphorus treatment facilities and 
sewage disposal facilities to the Mangyeong Bridge and 
Dongjin Bridge respectively in the Saemangeum Master 
Plan. However, the eco-friendly plan was not applied up 
to the upstream. It was judged that each amount of inlet 
pollutants into Mangyeonggang River and Dongjingang 
River was similar to those at the present time. The input 
data was, therefore, constructed employing the recent field 
measurement data. Since the measured data in Saeman-
geum basin was provided only once a month and the re-
cord time was not precisely known, it was assumed that 
the measurements were performed on the first day of each 
month, and the inflow conditions between month and 
month were linearly interpolated. 

5. Results and discussion

The results of SCHISM-CoSiNE model for hydraulic 
characteristics and water quality with change of the des-
ignated water surface elevation are reviewed in the regions 

Figure 7. Comparison on the result of SCHISM-CoSiNE and Delft3D in terms of concentration about nitrate at measuring points

Table 7. The numerical conditions 

Parameter Variable Value

Grid 
spacing

Dx, Dy, Dz 40 m in River
200 m in Estuary
5 vertical level

Time step dt 20 sec

Turbulence 
model

– k – e model

Boundary 
Condition

Mangyeong Discharge: time series
Dongjin Discharge: time series
Sinsi gate Water Surface elevation: 

scenario
Garyeok gate Water Surface elevation: 

scenario
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of interest (see. Figure 3). The section 1 such as ROI-M1 
and ROI-D1 is the junction area in the upstream of Man-
gyeong River and Dongjin River, respectively. The section 
2 including ROI-M2 and ROI-D2 is the dredged section 
for removing the contaminants in the lake. The section 3 
containing ROI-M3 and ROI-D3 is the middle point of 
the Saemangeum inner lake. And the section 4 involving 
ROI-M4 and ROI-D4 is around the drainage gates. 

First, the hydraulic results of SCHISM-CoSiNE model 
are analyzed against the designated water surface eleva-
tions. It shows a negative correlation with the Pearson cor-
relation coefficient of –0.90 between the designated water 
surface elevations and ratio of discharge (Qout /Qin). On 

the other hand, the positive correlation with the Pearson 
correlation coefficient of 0.96 was shown between the des-
ignated water surface elevations and ratio of water volume 
(V/Vs) as above in Figure 8 a) and b), respectively.

It is because the inlet discharge (Qin) is the constant 
by the boundary condition. However, the outlet discharge 
(Qout) from inner lake to sea through the drainage gates is 
reduced becasue of decreasing the frequency of gate open-
ing to maintain the water surface elevation in Saeman-
geum basin. So, the water volume is increased as water 
surface elevation increasing. These results are similar to 
those found in the previous researches (Jeong et al., 2018a; 
Li & Kim, 2019; Oda et al., 2019). 

Figure 8. a) Ratio of discharge according to designated water surface elevation,  
b) Ratio of water volume according to designated water surface elevation (Qin = inlet discharge when  

designated water surface elevation value is EL. –1.5 m, = water volume when designated water surface elevation value is EL. –1.5 m)

Figure 9. a) Ratio to scenario 1 concentration (C/Cs) and total mass (M/Ms) about dissolved oxygen according to designated water 
surface elevation, b) Ratio to scenario 1 concentration (C/Cs) and total mass (M/Ms) about NO3 according to designated water 
surface elevation, c) Ratio to scenario 1 concentration (C/Cs) and total mass (M/Ms) about PO4 according to designated water 

surface elevation (Cs = Concentration at Scenario 1, Ms = total mass at scenario 1)
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Second, the water quality results from SCHISM-
CoSiNE model including dissolved oxygen (DO), con-
centration of nitrate (NO3) and concentration of phos-
phate (PO4) are analyzed as the designated water sur-
face elevations are varied at each regions of interest (see 
Figure 9). The water quality characteristics are consist-
ent with the previous findings (Minh et al., 2019; Oda 
et  al., 2019) such that the change in concentration of 
dissolved oxygen (DO), nitrate (NO3), and phosphate 
(PO4) is highly dependent on water volume change. It is 
also reviewed by the adevection-diffusion equation that 
the concentration is inversely proportional to the cross-
sectional area and velocity (Mirza & Vieru, 2017).  The 
change of velocity is effective to change the concentra-
tion of materials in upstream Mangyeonggang river and 
Dongjingang river. However, after the dredged section 
where the water depth is deepened, the concentration 
of materials sharply decreases and maintains less var-
ying in the inner lake section (see Figure  10). From 

these results, it can be concluded that the change of 
cross-sectional area is the dominant factors to control 
the concentration of water quality variables. When the 
water volume in the basin is increased as a result of 
incresed designated water elelvations, concentrations 
of the chemical materials are reduced since the volume 
of solution increases while the mass increased due to 
residual materials in the basin and chemical reaction 
on materials. For example, In case of the dissolved oxy-
gen, its concentration is affected by the temperature, 
salinity, water depth and other water attributes. The 
concentration is reduced as the temperature increases, 
the salinity increases, and the water depth increases 
(Manasrah et al., 2006; Jeong et al., 2018a). The mod-
elling results show that  temperature decreases toward 
to downstream and salinity increases due to saltwater 
intrusion. At the same time, the water depth is deep-
ened by dredged bottom level (ROI_M3 and ROI_D3). 
These are consistent to expected outcomes. In case of 
the nitrate, the change of concentration process is sim-
ilar as the process of dissolved oxygen. However, the 
concentration of nitrate becomes almost constant in the 
inner lake despite of the increase of water depth. This 
is because the nitrification reaction is occurred in this 
area, where the range of hydrogen ion concentration 
exponent (pH) is 7.5 to 8.0 and the concentration of 
dissolved oxygen is 6.0 to 7.0 mg/l satisfied the best en-
vironment of nitrification reaction (Lenton & Watson, 
2000). From this reaction in the inner lake, the mass 
of nitrate slightly increases. And the residual nitrate, 
which does not flow out through the drainage gate, 
prevents a sharply decrease in concentration. The con-
centration of phosphate shows a similar behavior to the 
concentration of nitrate, which is comparable with the 
finding of previous research (Quirós, 2003).

It is summarized changes of velocity and other water 
quality variables at each regions of interest in Figure 11. 
The concentration of the all variables at the regions of 
interest decreases when the designated water surface 
elevation increases. Also, the velocity decreases at the 
all sections because water depth increases at the same 
inlet discharge.

Finally, the water quality evaluation of Saemangeum 
basin was performed by using the simulation results ac-
cording to the designated water surface elevation. The 
water quality standards (Environment Policy Basic Law, 
article 10, Ministry of Environment, Korea) are used 
to evaluate the grade of water quality in Saemangeum 
basin and listed in Table 8.

If the ratio of total nitrate concentration to total 
phosphate concentration (T-N/T-P) is under 7.0, the 
only T-N standard is used in the inner lake (Environ-
ment Policy Basic Law, article 10, Ministry of Environ-
ment, Korea) in Korea. From the ratio of total nitrate 
concentration to total phosphate concentration calcu-
lated by the simulation results (approximately between 
2 to 5), the only T-N standard is used in this study (see 
Figure 12). 

Figure 10. The sensitivity analysis in the change of 
concentration with cross-sectional area and velocity change

Figure 11. Ratio of concentration reduction and the ratio of 
velocity decrease at regions of interest when the designated 

water surface elevation increase
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Figure 12. Ratio of total nitrogen to total phosphorus at the 
regions of interest (dash line is the standards to use the only 

T-N standards)

Table 9. Evaluation of water quality at ROI according to 
designated water surface elevation

ROI 1 2 3 4

Grade

–1.7 m
M II II II III
D II II III III

–1.6 m
M II II II III
D II II III III

–1.5 m
M II II II III
D II II III III

–1.4 m
M II II II III
D I II III III

–1.3 m
M I II II II
D I II III III

The evaluation of water quality using T-N standard 
is summarized in Table 9. It is confirmed that the desig-
nated water surface elevation affected the water quality. 
Even though the total mass of variables such as nitrate and 
phosphate has increased when the designated water sur-
face elevation increases, the increase of designated water 
surface elevation improves the water quality in Saeman-
geum basin. It also enhances the ability of water supply in 
Saemangeum basin and expects to be satisfied the needs 
of water supply from the Saemangeum basin Master Plan 
because of the increased water volume.

Conclusions

The numerical modelling was undertakened to review the 
water quality issues in the Saemangeum basin, Korea and 
to examine potential management actions to alleviate the 
issues. Because  there was a brackish water in the Sae-
mangeum basin, salt water flowed into the lake through 
the operation of drainage gate, it may be possible to find 
the most suitable mangement options of operating drain-
age gates to optimise the hydraulic and ecological changes.

This study applied the SCHISM-CoSiNE model to 
simulate the operation of drainage gate under specific as-
sumptions. The model was used to invesitgate the changes 
of water quality with various designated water surface ele-
vation conditions. The water quality variables in SCHISM-
CoSiNE model, the concentration of dissolved oxygen, ni-
trate and phosphate, were analyzed to evaluate the effect in 
change of designated water surface elevation as an optimal 
solution for water quality problem in the Saemangeum 
basin. From this study, some remarkable conclusions are 
drawn as follows:

1. SCHISM-CoSiNE model is well suited for simula-
tion at inner lake where has hydraulic characteristics like 
brackish water because it reflects well operation of drain-
age gates conditions.

2. Compared with the measured data in the previous 
studies, the SCHISM-CoSiNE model can accurately and 
promptly simulate the water quality simulation.

3. As the designated water surface elevation increases, 
the operation of drainage gates can be one of the solutions 
to water quality problems through the result of improved 
water quality.

4. Not only in terms of water quality, but also in terms 
of water supply, an increase of designated water surface 
elevation has positive effect because the freshwater volume 
in lake increased.

Therefore, this study will suggest the useful informa-
tion to derive an efficient management plan through ex-
amining in detail the changes of water quality according 
to various operation conditions in the Saemangeum basin 
Master Plan. However,  circumspection is requested be-
cause the total mass of variables such as nitrate and phos-
phate have simultaneously increased when the designated 
water surface elevation has increased.

This study shows that the coupled SCHISM-CoSiNE 
model becomes a potential  regulatory model to evaluate 

Table 8. Water quality standards in Saemangeum basin

Grade Do
(mg/L)

T-P
(mg/L)

T-N
(mg/L)

I
(Excellent)

a* b** a b a b

≥ 7.00 ≤ 0.01 ≤ 0.04 ≤ 0.20

II
(Good)

a b a b a b

≥ 5.00 ≤ 0.03 ≤ 0.10 ≤ 0.40

III
(Medium)

a b a b a b

≥ 5.00 ≤ 0.06 ≤ 0.20 ≤ 0.60

IV
(Poor)

a b a b a b

≥ 2.00 ≤ 0.15 ≤ 0.50 ≤ 1.50

V
(Very poor)

a b a b a b

< 7.00 > 0.15 > 0.15 > 1.50
Note: * a – Inner lake. ** b – River.
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the water quality in Saemangeum basin based on the re-
sults in this study. Moreover, further improvements may 
be useful to enhance its applicability considering more 
dynamic operations of the designated water  surface el-
evations to take into account typical Korean seasonal ef-
fect and other organic matters except ones included in this 
study.
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