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Abstract: Sediment plays an important role in the water quality of a lake by acting as both a nutrient
source and sink. The amount of phosphorus and nitrogen in the water depends on the internal load
from the sediment as well as the external load. To estimate the effects of sediment load on the water
quality of a reservoir, we applied a three-dimensional hydrodynamic and transport model based on
the benthic chamber experimental results at Euiam Lake, South Korea. As shown in the sensitivity
analysis results, the eutrophication period could be significantly extended by a change of phosphorus
flux rates from the sediments. The increased phosphorus flux from the sediments intensifies the algal
growth of Euiam Lake, which could cause serious algal bloom during spring and fall. This study
provides information on nutrient concentrations in the sediment of Euiam Lake, verifies the role of
the sediment as a source or sink of nutrients, and evaluates the effect of sediment release of nutrients
and contaminants on water quality. This research is a useful tool in determining the effects of internal
load in lakes and establishing the operation guideline for sediment management in order to maintain
feasible water quality for beneficial use.
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1. Introduction

Eutrophication is a well-known problem in lakes which results in high phytoplankton production
and negative impacts on aquatic ecosystems with severe water quality problems [1–4]. It is caused
by excessive nutrients from a highly populated watershed which discharges organic matter, heavy
metals, and nutrients that have great potential to impair water quality [5,6]. As nutrient loading,
especially phosphorus (P) and nitrogen (N), is considered the principal limiting factor for phytoplankton
production in lakes [7,8], the control of P loading is essential to enhance lake-water quality.

The amount of phosphorus in water depends on the internal load from the sediment as well as
the external load. Sediment plays an important role in lake-water quality by acting as both a nutrient
source and sink. The accumulated pollutants in the sediment can be a consistent nutrient loading to the
overlying water column [9–11]. The importance of sediment-derived P (sediment-released P or internal
P load) becomes especially obvious in lakes with recently reduced external P load. The accumulation
of external P load in the sediments tends to function as a long-term P source to the lake, especially
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large shallow lake such as Okeechobee [12–14]. The amount of sediment-released P depends on the
duration and areal extent of anoxia and on the rate at which P is liberated from the anoxic sediment
surface [15,16].

Many studies have been conducted to observe the significance of the internal nutrient source
(internal P load) in response to changes in environmental factors. However, only a few studies
have focused on the importance of internal nutrients load in regulating nutrient levels in the whole
lake. Recirculation of elements from sediment to the water column depends on the morphological
(mean depth) [17–19], physical (meteorological condition, advection flow, velocity, and thermal
stratification) [20–23], chemical (dissolved oxygen and redox potential) [9,24–26] and biological
(bioturbation) [15,27,28] characteristics of the water body. Therefore, to estimate the contribution of
nutrients released from sediment with respect to the control of water quality of the whole lake, it is
necessary to investigate the fate and transport of nutrients using the method which counts on the
physical, chemical, and biological characteristics of a water body. Various studies have been attempted
to quantify the role of sediment-derived nutrients and water as nutrient sources, but they have not
been able to produce definitive results. The movement of nutrients through the sediment–water
interface, called benthic flux, depends on the upward flow of pore water caused by hydrostatic pressure,
molecular diffusion by concentration gradient, and mixture or resuspension of sediment and water by
bioturbation and water turbulence [29]. It is also controlled by dissolved oxygen (DO) levels, pH values,
and temperature in the overlying water. Therefore, linking a benthic flux to a water quality model
should provide more insight into the effects of benthic fluxes to more accurately quantify nutrient
concentration within an entire reservoir system where physical, chemical, and biological properties
are variable.

In this study, we examined the role of the sediment as a source or sink of nutrients and evaluated
the effect of sediment release on nutrients and contaminants on water quality in a hydrodynamically
complex water body, Euiam Lake in South Korea. To represent temporal and spatial variations in
the nutrient concentrations of the reservoir, a three-dimensional time variable model was applied.
Based on the model results, the following is determined and discussed: (1) the role of benthic fluxes
on the water quality of the reservoir and (2) the extent of benthic fluxes to which the water quality
exceeds the criteria. This research is a useful tool in determining the effects of internal load in lakes
and establishing the operation guideline for sediment management in order to maintain feasible water
quality for beneficial use.

2. Materials and Methods

2.1. Study Area

Euiam Lake is an artificial lake formed by the construction of the Euiam Dam as a hydraulic power
generation plant in South Korea (37◦52′53” N, 127◦42′07” E). The lake drains an area of 7708 km2 and
has a surface area of 15 km2, a storage capacity of 8.0 × 107 m3, a mean depth of 3.7 m and a maximum
depth of 13.4 m. The water level in the lake is normally maintained within 71.5 m mean sea level to
secure an effective head for generation of electric power. Euiam Lake has two main incoming flows,
the Chuncheon Dam and the Soyanggang Dam release of the Han River. The Soyanggang Dam has a
total storage capacity of 2.9 × 109 m3 and plays an important role in power generation, flood control,
and water supply. Discharge of the Soyanggang Dam is constant with little seasonal variation. During
the monsoon season (from July to September), rainfall and inflow of the Soyanggang Dam increase,
but the outflow is relatively small. Discharge of the Chuncheon Dam, on the other hand, shares
characteristics with inflow patterns. The difference in reservoir volume, watershed area, lake shape,
and discharge pattern of the Chuncheon Dam and the Soyanggang Dam are relatively small compared
to the flow rate of the lake volume, which significantly affects the hydrodynamics and water quality
characteristics in Euiam Lake. Additionally, several islands in the center of the lake make it more
difficult to mix the incoming flows sufficiently by separating the lake into two parts. Overall, Euiam
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Lake can be represented as a hydrological complex water body because of these topographical and
hydrological properties. Therefore, it is difficult to analyze the water plume and mixing pattern due to
the difference of the two dams regarding the amount of outflow and water temperature (Figure 1).
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Figure 1. Representation of model boundary (Chunchoen Dam, Soyanggang Dam, Gonggicheon, STP,
six tributaries (T1–T6), two intake stations, and Euiam Dam release) and the monitoring locations (St. 1,
2, and 3) in the study area.

The points of water quality management of the Han River are important areas of interest because
Euiam Lake is located in the upstream of Paldang Lake for the water supply of metropolitan areas,
and algal blooms occur frequently. Over the last few decades, population growth coupled with urban
and industrial development in the watershed has led to a deterioration of water quality. The most
serious water quality problem in this lake is eutrophication, which causes algal blooms during high
temperature, strong solar radiation, and low precipitation periods. Major pollutant sources are from the
Chuncheon sewage treatment plant (STP), and Gonggicheon and include domestic sewage, industrial
wastewater, and urban and agricultural runoff.

The temperature, conductivity, DO, and water quality of Euiam Lake are highly variable by season,
especially during the summer monsoon period. The thermal stratification is observed every year near
the dam, and lasts from August to October. Nitrogen concentration increases when the flow rate is
low and phosphorus concentration increases when the initial flow rate increases or extreme drought
persists. Tap water problems in 2011 were caused by the cyanobacteria and odor-inducing substances
such as Geosmin flourished in early winter. In 2012, after the rainy season, green algae spread to the
downstream water bodies of Euiam Lake [30]. In order to enhance the water quality of the reservoir,
numerous water quality management practices have been applied, such as the construction of sewage
treatment plant and regulation of land development for the removal of external pollutant loading.
Despite the success of various efforts, the possibility of water quality problems is high, and the water
quality is still not good enough for supplying drinking water [31–33].
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2.2. Benthic Chamber Experiment

Sediment samples were collected on 5 September 2013 using acrylic cores to observe nutrient
movement through the water–sediment interface. The details of the core sampler were explained in a
previous research [34]. The bottom water (20 L) was also collected from the same location, filtered
through pre-combusted GF/F filters, and stored in dark glass bottles. The sediment and water samples
were placed in an ice box immediately after collection. Argon gas was diffused into the overlying
water through a Teflon tube for the anaerobic experiments. The dissolved oxygen concentration in
the overlying water was maintained below 2 mg L−1 during the incubation. The experiment was
carried out at room temperature (22 ± 5 ◦C) but not in the dark. Thus, some light might penetrate the
overlying water.

To analyze ammonia (NH3-N), nitrate (NO3-N), and phosphate (PO4-P) of the water sample,
500 mL of water were taken daily for 20 days (EPA method 350.1, 352.1, and 365.1) compensated
by adding the original filtered bottom water to the chambers. The chemical composition of bottom
water was as follows; pH is 8.27, DO is 8.43 mg L−1, ammonia is 0.063 mg L−1, nitrate is 0.079 mg L−1,
and phosphate is 0.018 mg L−1. The filtered bottom water was stored in the cold (4 ◦C) and dark
to minimize potential changes to its properties. The benthic flux at the sediment–water interface is
defined as the mass of chemical species flowing unit of sediment surface during unit time. The benthic
flux can be calculated by

Flux
(
mg·m−2

·d−1
)
=

(
Ctn+1 ×V1

)
− (Ctn × (V1 −V2) + C0 ×V2)

(tn+1 − tn) ×A
(1)

where A is the surface area of the sediment–water interface in the benthic chamber (m2), and n is the
number of samples, (tn+1 − tn) is time interval (d), C0 is initial concentration (mg L−1), Ct is related to
the concentration (mg L−1) measured in water from the benthic chamber at the time t (day), and V1
and V2 are volumes before sampling and after sampling of the benthic chamber (Liter), respectively.

2.3. Model Application

The Generalized Longitudinal–Lateral–Vertical Hydrodynamics and Transport (GLLVHT) model
developed by Edinger and Buchak [35–37] was applied to Euiam Lake. The hydrodynamic and
transport relationships used in the GLLVHT model are developed from the horizontal momentum
balance, continuity, constituent transport, and the equation of state. The horizontal momentum balances
for the horizontal velocity components, U and V in the x and y coordinate horizontal directions, with z
taken positively downward are

∂U
∂t = g∂z′

∂x −
g
ρ

∫ z
z′

(
∂ρ
∂x

)
∂z− ∂UU
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(
Ax
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∂z

)
− f V + SMx

(2)
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ρ

∫ z
z′

(
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(
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+ ∂
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(
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)
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∂z

(
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∂V
∂z

)
− f U + SMy

(3)

where U, V, and W are the velocity components (m s−1) in each of the x, y, and z directions; g is
the gravitational acceleration (m s−2); r is the density (kg m−3); t the time (s); z’ is the free surface
elevation (m); and Ax, Ay, and Az are the momentum dispersion coefficients (m2 s−1) in each of the x, y,
and z directions.

Local continuity for the vertical velocity component W (m s−1) is

∂W
∂t

= −
∂U
∂x
−
∂V
∂y

(4)
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Vertically integrated continuity for the free surface elevation, z’, is

∂z′

∂t
= −

∫ h

z

(
∂U
∂x

)
dz−

h∫
z

(
∂V
∂y

)
dz (5)

where h is the water depth (m).
The constituent transport relationship for n number of constituents (for example, salinity, dye,

and sediment) is

∂Cn

∂t
= −

∂UCn

∂x
−
∂VCn

∂y
−
∂WCn

∂z
+
∂
(
Dx

∂Cn
∂x

)
∂x

+
∂
(
Dy

∂Cn
∂y

)
∂y

+
∂
(
Dz

∂Cn
∂z

)
∂z

+ HCn (6)

where Cn is the concentration (g m−3) of constituent n; Dx, Dy, and Dz are the constituent dispersion
coefficients (m2 s−1) in each of the x, y, and z directions; and Hn is the source or sink term (g m−3 s−1).

The Equation of state relating density, ρ, to constituents is

ρ = f(C1, C2, · · · , Cn, T) (7)

These relationships have six unknowns (U, V, W, z’, r and Cn) in six Equations, assuming that the
momentum and constituent dispersion coefficients (Ax, Ay, Az, Dx, Dy, and Dz) can be evaluated from
velocities and the density structure.

The GLLVHT model is suitable for representing irregular boundaries because it uses a curvilinear
computational grid method. It has been successfully applied to identify the causes of water quality
problems in various hydraulic environments and to find solutions [11,37–41]. The GLLVHT model is
built into the Generalized Environmental Modeling System for Surfacewaters (GEMSS) and serves as an
integrated system for hydraulics to support a three-dimensional, time-varying modeling system. In this
study, GLLVHT-WQDPM (Water Quality Dissolved Particulate Model) model, which is an extension
of the EUTRO5 model, was applied to examine water quality properties. This water quality model
treats dissolved and particulate forms of carbonaceous biochemical oxygen demand (CBOD), organic
nitrogen (ON), and organic phosphorus (OP) as separate-state variables and includes zooplankton
excretion as a source of particulates [37]. A process diagram for WQDPM is provided in Figure 2,
and the details of model equations are given in a previous research [42].

The GEMSS model was applied to Euiam Lake, considering lake geographic characteristics and
available data of boundary condition. It is necessary to use the GIS themes of shorelines and depths
to generate a computational grid of the three-dimensional model by GRIDGEN, a generating tool in
the GEMSS system. Overall, the horizontal grid was composed of 579 surface active cells and the
elevation is varied from 47.4 m to 80.0 m. There are 22 vertical layers with a uniform thickness of
1.5 m resolution. The model grids were considered to reproduce in detail the discharge location of the
Chuncheon STP aggregate island shape and water body shape of large and small islands in the lake.

The boundary conditions for the model were set up with meteorological condition, inflows, and
dam outflows, and intake stations. Hourly meteorological data, such as air and dew point temperature
(◦C), wind speed (m s−1) and direction (degrees), solar radiation (MJ m−2), cloud cover (tenths),
and air pressure (hPa), were gathered from the weather monitoring station of Korea Meteorological
Administration (KMA, http://www.kma.go.kr) at Chuncheon. As incoming boundary conditions
for hydrodynamic modeling, two main inflows (the Chuncheon and Soyanggang Dam release),
Gonggicheon, six tributaries (T1–T6), and Chuncheon STP effluent, as well as precipitation were
applied. Hydrologic data and daily operations data from upstream dam release were obtained from
Water Resources Management Information System (WAMIS, http://www.wamis.go.kr). Flow data
of Gonggicheon and six tributaries were estimated by specific discharge measurement based on the
Euiam watershed area and flow. Daily effluent volumes of STP were from the operation. The outflow

http://www.kma.go.kr
http://www.wamis.go.kr
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conditions are the release of the Euiam Dam and two intake stations. Daily discharge data through the
Euiam Dam were estimated by balancing the water budget on the basis of precipitation, flow rates
from the incoming flows, intake volumes in the lake, and water levels of the lake. Daily water level
data were obtained from the dam operation records of the WAMIS. Daily intake volumes for drinking
water supply were obtained from the operation records at each intake station. Water quality data were
collected monthly by national water quality monitoring program of Ministry of Environment (ME,
http://water.nier.go.kr) in Korea and had been interpolated for the boundary conditions.
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2.4. Statistical Evaluation of Calibration and Verification

In order to evaluate the prediction performance of the model, we considered root mean square
error (RMSE), mean absolute percentage error (MAPE), and Nash–Sutcliffe Efficiency (NSE) of the
observed and simulated values. The ideal values of statistical tests such as RMSE and MAPE are 0 or
closer to 0. A model is more efficient when NSE is closer to 1. They are respectively calculated as

RMSE =

√∑m
i=1(Obsi −Modi)

2

m
(8)

MAPE =
1
m

m∑
i=1

(∣∣∣∣∣Obsi −Modi
Obsi

∣∣∣∣∣) (9)

NSE = 1−

∑m
i=1(Obsi −Modi)

2∑m
i=1

(
Obsi −Obsi

)2 (10)

where Obsi is the observed data in time i, Modi is the simulate data in time i, Obsi is the mean observed
data and m is the number of data.

http://water.nier.go.kr
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3. Results and Discussion

3.1. Nutrient Release Fluxes from the Sediment

The physical and chemical characteristics of the sediments used in this experiment are fully
explained in a previous research [43]. Sediments were dominantly composed of sandy loam at depths
of 0–5 cm and sand at depths of 5–15 cm. To observe nutrient movement through the water–sediment
interface, benthic chamber experiment was carried out [34]. The value of nutrient release fluxes
fluctuated throughout the experimental period. Positive values indicate the release of chemical species
from the sediment into the overlying water and negative values indicate vice versa. The movement
of nutrients at the sediment–water interface is controlled by the environment condition, such as
temperature, dissolved oxygen (DO), pH, redox potential, and biological activity [44].

The overall fluxes obtained from this study are as follows: ammonia is−7.915 to−0.074 mg m−2 d−1,
nitrate is −17.940 to 1.209 mg m−2 d−1, and phosphate is 0.049 to 9.993 mg m−2 d−1. The phosphate
fluxes obtained in this experiment were almost positive throughout the experimental period except for
a few negative values. Negative fluxes were obtained for ammonia and nitrate. Generally, ammonia
flux has positive value and nitrate flux has negative value. However, negative fluxes of ammonia
and nitrate in this experiment suggests that nitrification is dominant in the overlying water which
transports a larger amount of nitrate toward the sediments and with a small amount of ammonia back
to the upper water layer. The values obtained in this experiment are compared with nitrogen and
phosphorus flux ranges measured in other studies conducted in the lake. The nutrient fluxes values
of this experiment are generally of the same order of magnitude as values found in the other studies
(Figure 3) [45–49].
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3.2. Model Calibration and Verification

The hydrodynamic and water quality model was calibrated using data in the normal year (2013)
based on the standardized precipitation index (SPI) [50]. Calibration was conducted by tuning
appropriate model parameters to match model prediction and measured data as best as possible.
The measured data were obtained from the national water quality monitoring stations of the Korean
Ministry of Environment (KME) (Figure 1). After trial-and-error processes to get the best fit of the
measured data, adjusted parameters within acceptable ranges were obtained and summarized in Table 1.
As this table shows, the calibrated values of all coefficients fall within the typical ranges recommended
in the literature [51–55]. Especially, for the calibration of nitrogen and phosphorus, the average
value of nutrient release fluxes obtained from the benthic chamber experiment was used as follows:
ammonia is −0.921 mg m−2 d−1, nitrate is −1.522 mg m−2 d−1, and phosphate is 1.295 mg m−2 d−1. The
model was verified against the data measured during dry year (2014), which is under quite different
hydrological conditions from the year of model calibration to test the ability of the model to simulate
the hydrodynamic system at various weather and flow conditions. The reaction coefficients of the
model were kept the same as those determined from the model calibration. From these results, it can
be seen that the model in this study area indicates the annual cycle of hydrodynamics and water
quality tendency.

Table 1. Values of major model coefficients used in the WQDPM for Euiam Lake.

Description Symbol Unit Range Value

Phytoplankton
Maximum growth rate K1c day−1 0.01–4.0 2.5

Death rate K1D day−1 0.015–0.2 0.015
Endogenous respiration at 20 ◦C K1R day−1 0.05–0.20 0.1

Half-saturation constant for nitrogen KmN mgN m−3 10–20 13
Half-saturation constant for phosphorus KmP mgP m−3 1–2 1

Settling velocity of phytoplankton Vs4 m day−1 0.05–0.5 0.05
Nitrogen and phosphorus

Nitrification rate K12 day−1 0.09–0.13 0.11
Denitrification rate at 20 ◦C K2D day−1 0.09 0.09

Organic nitrogen mineralization rate K71 day−1 0.01–0.15 0.15
Dissolved organic phosphorus mineralization rate at 20 ◦C K83 day−1 0.1–0.3 0.3

Settling velocity of particulate organic nitrogen Vs7 m day−1 0.05–0.5 0.18
Settling velocity of particulate organic phosphorus Vs8 m day−1 0.05–0.5 0.05

CBODand DO
Deoxygenation rate at 20 ◦C Kd day−1 0.02–0.20 0.05

Settling velocity of particulate CBOD Vs5 m day−1 0.05–0.5 0.05

Figures 4–7 show the model calibration results for water temperature, conductivity, and water
qualities at the surface. The water quality parameters included BOD, DO, nitrogen, and phosphorus
series, chlorophyll a (Chl-a) and total suspended solids (TSS). RMSR, MAPE, and NSE of the observed
and simulated values were used to evaluate the ability of model prediction and summarized in Table 2.
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Table 2. Calibration and verification statistics of temperature, conductivity, and water quality model.

Parameter
Temperature Conductivity BOD DO

RMSE
(°C)

MAPE
(%) NSE RMSE

(µs cm−1)
MAPE

(%) NSE RMSE
(mg L−1)

MAPE
(%) NSE RMSE

(mg L−1)
MAPE

(%) NSE

2013
St.1 0.37 20.0 0.88 2.35 14.9 0.18 0.15 71.2 0.03 0.22 11.9 0.42
St.2 0.44 10.3 0.96 4.41 9.5 0.31 0.14 42.2 0.24 0.46 11.8 0.72
St.3 0.37 6.5 0.98 7.21 16.9 0.67 0.21 54.8 0.63 0.50 10.3 0.45

2014
St.1 0.39 21.4 0.87 3.19 21.5 0.06 0.18 60.8 −1.15 0.29 13.0 0.15
St.2 0.37 7.5 0.98 5.64 15.3 0.27 0.16 40.4 0.08 0.24 5.9 0.66
St.3 0.36 6.4 0.97 4.60 11.1 0.57 0.27 42.8 0.21 0.31 7.3 0.57

Parameter
TN TP Chl-a TSS

RMSE
(mg L−1)

MAPE
(%) NSE RMSE

(mg L−1)
MAPE

(%) NSE RMSE
(µg L−1)

MAPE
(%) NSE RMSE

(mg L−1)
MAPE

(%) NSE

2013
St.1 0.05 13.6 0.13 0.003 88.5 0.15 0.88 51.7 0.06 0.61 11.9 0.36
St.2 0.07 9.6 0.03 0.003 51.3 0.82 0.42 24.8 0.79 0.93 54.2 0.66
St.3 0.08 8.9 0.51 0.005 65.6 0.13 1.93 37.5 0.44 0.46 21.5 0.37

2014
St.1 0.05 16.2 0.20 0.002 45.6 0.05 0.62 59.2 −1.77 0.19 42.1 −0.02
St.2 0.14 18.3 0.10 0.002 48.3 0.39 0.69 40.6 0.18 0.28 41.6 0.39
St.3 0.19 15.3 0.32 0.002 38.8 0.38 1.32 44.6 0.15 0.24 72.3 0.77

The RMSE values of temperature in 2013 and 2014 are from 0.37 to 0.44 ◦C, and from 0.36 to
0.39 ◦C, respectively. The MAPE values of temperature in 2013 and 2014 are from 6.5 to 20.0%, and
from 6.4 to 21.4%, respectively. The NSE values of temperature in 2013 and 2014 are from 0.88 to 0.98,
and from 0.87 to 0.98, respectively. The NSE values are more than 0.85, which indicates the thermal
simulation results of this model are acceptable. Some errors could be attributed to the difference
between surface water temperature of the model in winter being affected by the atmosphere and
the observed temperature below the surface water. The RMSE values of conductivity in 2013 and
2014 are from 2.35 to 7.21 µs cm−1, and from 3.19 to 5.64 µs cm−1, respectively. The MAPE values of
conductivity in 2013 and 2014 are from 9.5 to 16.9%, and from 11.1 to 21.5%, respectively. The NSE
values of conductivity in 2013 and 2014 are from 0.18 to 0.67, and from 0.06 to 0.57, respectively.
The electric conductivity depends on the concentration of ions present in the water, such that it could
indirectly describe the characteristics of the water body and be used as an indicator of mixing pattern.
The conductivity calibration and verification results show that this model simulates well the mixing
behavior of the flows. The model results of water temperature and conductivity are generally in good
agreement with the field measurements of all stations, except for sometimes at St.1, which is due to the
fact that St.1 is located in the mixing zone of the Chuncheon Dam and the Soyanggang Dam. Therefore,
it was hydraulically complex and unstable, and model results were overestimated, especially during
the monsoon periods. St.2 and St.3 are directly affected by the discharge of the upstream dam, so the
data have large fluctuations.

The model calibration results for the surface layer indicated that the simulated water quality
values were generally in good agreement with the observed data in most stations, except for St.1.
This discrepancy can be explained the fact that St.1 is located in the mixing zone of Chunchoen Dam
and Soyanggang Dam inflows, and Euiam Dam Release, which would have highly variable water
quality. The model verification results indicated that reasonable agreement existed between the model
results and the field measurements, except for the water quality discrepancy at St.1. The BOD and Chl-a
concentration at St.1 in 2014 were underestimated so that the NSE values is negative. This discrepancy
is presumably due to the influence of additional external inflows that were not considered in the algal
growth mechanism after July. In future studies, it is necessary to investigate the vertical distribution of
mixing patterns and algal growth characteristics in Euiam Lake.

3.3. Assessment of Water Quality Affected by Sediment Flux

Figures 8 and 9 show the seasonal distribution of TP and Chl-a concentration according to the
change of phosphate flux rates. Sensitivity analysis of sediment fluxes on the water quality of Euiam
Lake was conducted using the calibrated model. We used the minimum value (0.049 mg P m−2 d−1),
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the 50-percentile value (5.00 mg P m−2 d−1) and maximum (9.993 mg P m−2 d−1) values of phosphate
flux for Scenarios 1–3, respectively. The calibration results indicate that TP concentration has a similar
tendency to the outflow of the Chuncheon Dam and the Soyanggang Dam in spring and is only slightly
higher at the Gonggicheon inlet. The TP concentration is relatively high in the Chuncheon Dam outflow
in March and the Soyanggang Dam outflow in August, and there was no difference in the two main
influent concentrations in October. The sensitivity analysis of sediment release flux showed that the
TP concentration increased significantly during spring (to May) and fall (from September) and was
significantly influenced by sediment release flux. Especially in August, the TP concentration of the
Soyanggang Dam is high spatially, and the concentration in the right side of Euiam Lake increases
greatly as the sediment flux rate increases. In October, the TP concentration of total phosphorus is
high at the entrance of the Euiam Dam. It could be seen that the intensity of Chl-a growth varies
with the increase and change of the sediment release fluxes. As a result of scenario analysis, there
was no significant change in Chl-a concentration in spring and a slight increase on the left side of the
Chuncheon Dam. It shows that Chl-a concentration in the Euiam Dam is increased spatially due to
the increase of TP concentration and temperature after intensive rainfall. In the Scenario 1 analysis,
low Chl-a concentration from the Chuncheon Dam and low sediment flux seem to suppress the algal
growth in Euiam Lake. The increased phosphorus flux from the sediments intensifies the algal growth
of Euiam Lake, which could cause serious algal bloom during spring and fall.
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Figure 10 indicates annual changes in the TP and Chl-a concentrations and assessment of water
quality affected by sediment release flux. Based on the model results, we evaluated the trophic status
and eutrophication period of the lake in accordance with trophic classification standard [56] and
trophic state index (TSI) [57]. The eutrophication period could be significantly extended by the change
of phosphorus flux rates from the sediments. The trophic classification system standards classified
0.035 mg L−1 or more TP concentration as eutrophic status and over 0.100 mg L−1 as hypereutrophic
status. The TP concentration of the Scenario 1 analysis is estimated have a eutrophic status for more
than approximately 140 days. In Scenario 2 analysis, the eutrophication status was increased by 27%
from the baseline (Scenario 1) and estimated to be maintained for 180 days. In Scenario 3, it increased
by 60% and was evaluated to be over 220 days. However, the annual TP concentration is below
0.100 mg L−1 and is not in hypereutrophic status. According to trophic classification standard, it is
eutrophic status if the Chl-a concentration is above 8 µg L−1. In Scenarios 2 and 3, the eutrophic status
increases from baseline 35 days to 44 days and 54 days, respectively. Based on 50–60 value of TSI,
a Chl-a concentration of 6.4 µg L−1 or more is judged to be in the eutrophic status. It is estimated that
the results of Scenarios 1–3 are about 68 days, 78 days, and 115 days, respectively. The annual Chl-a
concentration is less than 20 µg L−1 which is not hypereutrophic status. However, the number of days
when the TP concentration exceeds the eutrophication standard, 0.024 mg L−1 are 225 days, 284 days,
and 323 days, respectively. Especially, when TP concentration is higher than 0.048 mg L−1, the number
of days are 97 days, 120 days, and 134 days, respectively. This means that the abundance of nutrients
makes it possible for the blue-green algae to grow rapidly if the temperature rises and the water body
becomes stagnant.
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4. Conclusions

Eutrophication is caused by excessive phosphorus (P) and nitrogen (N) internal or external loading
which results in high phytoplankton production and negative impacts on the aquatic ecosystem, with
severe water quality problems. To estimate the effects of sediment load on the water quality of the
reservoir, we applied a three-dimensional hydrodynamic and transport model based on the benthic
chamber experimental results at Euiam Lake, South Korea. The nitrogen and phosphorus release fluxes
from the sediment in the present study are generally of the same order of magnitude as values found
in most of the literature. After calibration and verification, the model is utilized to estimate the effect
of sediment load on the water quality of the reservoir. As shown in the sensitivity analysis results,
the eutrophication period could be significantly extended by the change of phosphorus flux rates from
the sediments. The increased phosphorus flux from the sediments intensifies the algal growth of Euiam
Lake, which could cause serious algal bloom during spring and fall. This study provides information
on nutrient concentrations in the sediment of Euiam Lake, verifies the role of the sediment as a source
or sink of nutrients, and evaluates the effect of sediment release of nutrients and contaminants on
water quality. This research is a useful tool in determining the effects of internal load in lakes and
establishing the operation guideline for sediment management in order to maintain feasible water
quality for beneficial use.
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