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Abstract: High concentrations of 2-methylisoborneol (2-MIB) were reported during winter in the Pal-
dang reservoir and North Han River, South Korea. The causes of the unusual taste and odor problems
in the regulated river-reservoir system were not understood; however, a short-term solution is to flush
out 2-MIB-rich water to secure water sources for over 20 million people. Approximately 150 million
tons of water was released from upstream dams for 12 days (late November to early December
2018) to reduce the elevated levels of 2-MIB. Simultaneously, the spatio-temporal variations of the
measured concentration of sample 2-MIB from five sites were simulated using a multi-dimensional
hydrodynamics-based solute transport model to monitor the flushing effect. A modified environmen-
tal fluid dynamics code (EFDC) was adopted as the primary model framework. Five scenarios on the
kinetic constants related to the characteristics of 2-MIB transport and behavior, such as conservative,
net decay, and net production, were applied, and the results were compared. We found that the
simulation errors on the elapsed times to satisfy the Korean drinking water monitoring standard
(≤20 ngL−1) were smallest with the conservative dye transport option, indicating that the physical
and biochemical characteristics of 2-MIB may not play an essential role.

Keywords: flushing; river-reservoir system; solute transport model; taste and odor compounds;
water quality management; 2-methylisoborneol

1. Introduction

Taste and odor problems caused by algae, such as actinobacteria and cyanobacteria,
in water supply sources are drawing attention as a global environmental problem [1–3].
In the St. Lawrence River in Canada, the taste and odor issue affected approximately
0.5 million residents along a stretch of 200 km [4]. In Taihu Lake, China, cyanobacteria-
induced taste and odor compounds also affected the quality of drinking water [5]. Taste and
odor compounds have also been reported in Biwa Lake and Ogawara Lake in Japan [6,7]
and Tri An and Dau Tieng Reservoirs in Vietnam [8]. In South Korea, taste and odor
compounds occur primarily in summer because high water temperature and abundant
solar radiation are favorable for the proliferation of cyanobacteria [9]. Byun et al. [10,11]
reported on the occurrence of cyanobacteria in the North Han River basin and its relation-
ship with factors such as precipitation, environmental variables, odor compounds, and
correlations among microorganisms. They also mentioned that taste and odor compounds
in the Paldang Reservoir are significantly influenced by cyanobacteria and odor-producing
compounds observed in the North Han River basin [3]. However, in recent years, a wide
range of fluctuations in temperature and rainfall, possibly linked to climate change, have
complex effects on their occurrence. High concentrations of geosmin were detected up to a
maximum of 1640 ngL−1 in the Paldang reservoir, used as a water supply source for over
20 million people, in November and December 2011 [12,13]. High concentrations of taste
and odor compounds occurred in six water treatment plants around the reservoir [12,14].
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In September 2014, a concentration of 2-MIB at 75 ngL−1 was detected in the North Han
River. [11,12]. Byun et al. [10] reported on the occurrence of cyanobacteria in the North Han
River basin and its relationship with factors such as precipitation, environmental variables,
odor compounds, and correlations among microorganisms [11]. They also mentioned
that taste and odor compounds in the Paldang Reservoir are significantly influenced by
cyanobacteria and odor-producing compounds observed in the North Han River basin [3].
In October 2017, 110 and 67 ngL−1 of 2-MIB were measured in the Cheongpyeong and
Paldang reservoirs, respectively [11]. Since then, taste and odor compounds have been
continuously reported, and civil complaints about taste and odor are made more frequently.
In November 2018, similar complaints were reported in the same area, indicating the
occurrence of high concentrations of 2-MIB [3,7,15–17].

Geosmin and 2-MIB are non-toxic and are not harmful to the human body [18]. How-
ever, they psychologically influence substances that induce undesirable taste and odor
even when present in minimal quantities in water [19]. They are mainly produced when
algae occur in surface water, which is used as raw water for the domestic supply [14].
These tastes and odors cause avoidance of tap water by users, and subsequent complaints
arise [9,20,21]. Consumers use the taste and odor of drinking water as measures of wa-
ter quality. Thus, water treatment plants endeavor to eliminate taste and odor [22]. The
minimum detectable concentration of geosmin and 2-MIB in water that induces taste and
odor is 4–20 ngL−1 [23]. In Japan, the recommendation criteria for geosmin and 2-MIB
concentration in water supply sources are 10 ngL−1. Moreover, the concentration limit
for geosmin and 2-MIB in the drinking water monitoring standard was ≤20 ngL−1 in
South Korea in 2008. Hence, it is necessary to prevent taste and odor problems that arise
from the source water used for domestic water supply [24]. Predictive tools are required
to determine the likely occurrence of undesirable tastes and odors for the cost-effective
operations of water treatment plants. If one can predict changes in the concentration of
taste and odor compounds, water treatment plants can commence the necessary treatment
processes before receiving user complaints [25].

It has been reported that the concentration of geosmin or 2-MIB produced by bacterial
metabolism decreases through mechanisms such as photolysis [26], sorption [27], and
biodegradation [28,29]. Process-based numerical models for predicting taste and odor
compounds can simulate spatio-temporal fluctuations in various environmental conditions.
When coupled with a hydrodynamics model, most models treat state variables as reactive
materials, incorporating internal processes. For example, an ecological module of the
row-column advanced model has been applied to simulate 2-MIB concentrations in the
Qingcaosha Reservoir, China [29]. In South Korea, Chung et al. (2016) [30] simulated
geosmin in the North Han River using the CE-QUAL-W2 model. Taste and odor com-
pounds (geosmin and 2-MIB) and phytoplankton groups were simultaneously simulated in
the Jinyang reservoir using the ELCOM-CAEDYM model [31]. However, our understand-
ing of the internal kinetic processes of taste and odor compounds remains limited, and
studies on quantifying the main parameters that regulate reaction rate are rare.

In November 2018, 2-MIB-free water was additionally discharged from the Soyang
dam, located in the upper reach of the North Han River, to promptly alleviate the elevated
levels of 2-MIB in the Paldang reservoir and the lower reaches of the North Han River.
This study aimed to test the hypothesis that the 2-MIB behaves as a conservative solute
during the winter flushing period. If the hypothesis were not valid, we intended to suggest
a net source or sink process embracing the internally complex kinetics appropriately within
the framework of first-order kinetics. Another objective was to evaluate the usefulness of
solute transport models linked with flow dynamics models for 2-MIB management in river
reservoir systems in winter flushing conditions.
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2. Materials and Methods
2.1. Study Area

The Han River is the second-longest river in South Korea. The North and South Han
Rivers merge at the Paldang Reservoir, which was created by constructing the Paldang
Dam. The water passes through South Korea’s capital, Seoul, and flows to the west coast
(Figure 1). The Paldang Reservoir is a river-type artificial lake with a total watershed area of
approximately 23,800 km2 and a total storage of approximately 244 million tons. The basin
perimeter is approximately 1334 km, and the average water depth is approximately 6.6 m.
In particular, the reservoir is used not only as an industrial and agricultural reservoir but
also as a significant water source for Seoul and other metropolitan populations [32]. The
North Han River flows from the upper reaches of the Chuncheon and Soyang reservoirs
through the Euiam and Cheongpyeong reservoirs to the Paldang reservoir (Figure 1). The
multi-purpose dams located at the outlet of reservoirs regulate the river flow to mainly
supply water resources, generate hydroelectric power, and control flooding. The 30-year
(1991–2020) average rainfall and temperature at Gapyeong weather station (#505) near
Cheongpyeong Dam are 1374.8 mm and 10.2 ◦C, respectively [33].
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This study focused on the Paldang reservoir and North Han River, where 2-MIB
occurred frequently, to evaluate the flushing effect caused by multi-dam cooperation.
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2.2. Occurrences of 2-MIB and Flushing Events in 2018

The Ministry of Environment (MOE) periodically measures the concentrations of
2-MIB and geosmin in the Paldang reservoir. Byun et al. [3] presented the concentrations
of geosmin and 2-MIB in the North Han River and Paldang Reservoir in November 2018.
They reported that the occurrence pattern of geosmin and 2-MIB was similar to the ap-
pearance of cyanobacteria and changes in the amount of actinobacteria. Figure 2 shows
the concentrations of 2-MIB observed on 26–28 November 2018, just before additional
water discharge from the upstream dams. The green to red color areas in Figure 2 denote
the spatial distribution of 2-MIB concentrations exceeding the drinking water monitoring
standard of ≤20 ngL−1. It occurred mainly at the river channels between the downstream
area of Cheongpyeong reservoir (Figure 2a) and the downstream area of the Paldang dam
(Figure 2c) via the Paldang reservoir (Figure 2b). It was expected that the increased 2-MIB
levels would decrease gradually with time. Under the ordinary hydrodynamic condi-
tions, flows from the Soyang and Chuncheon dams were 80 and 5.9 m3s−1, respectively.
Based on a preliminary numerical modeling result, it would take approximately 27 days
to meet the drinking water monitoring standard at water intake facilities such as Paldang
and Jayang (Figure 1). Additional water from upstream dams was released over 12 days
from 28 November 2018, to reduce the lead time to meet the monitoring standard. The
amounts of additional dam water released from Soyang and Chuncheon dams were 144 and
24 m3s−1, respectively, with a total cumulative flow volume of approximately 150 million
tons. The 2-MIB concentrations were monitored once a day at several sites, including
major water intake facilities in the Paldang reservoir and downstream of the Han River,
from 28 November to 9 December 2018, coinciding with the commencement and end of
additional dam water releases, respectively. During the actual discharge period, the average
temperature was −1.7 (−9.7~5.9) ◦C (#505) [33]. The average water temperature at the
Sinpyeongcheon Bridge site, located downstream of the Soyang Dam and Chuncheon Dam,
was also confirmed to be 9 (7.9~10.3) ◦C (Table 1). Observations of water temperature, pH,
DO, and other parameters for the Gapyeong Bridge, Sincheongpyeong Bridge, and Paldang
Dam 2 locations are presented in Table 1.
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Table 1. Average water quality measurements during the flushing period at Gapyeong Bridge,
Sincheongpyeong Bridge, and Paldang Dam 2 Locations (28 November to 10 December 2018).

Location Water Temperature
(◦C)

DO
(mg/L)

TN
(mg/L)

TP
(mg/L)

TOC
(mg/L)

Chl-a
(mg/m3)

Gapyeong Bridge 9.3 11.2 1.8 0.012 1.9 4.8
(8.0~10.2) (10.6~11.7) (1.6~1.9) (0.008~0.017) (1.8~2.0) (3.0~6.3)

Shincheongpyeong
Bridge

9.0 11.3 1.763 0.013 1.9 8.2
(7.9~10.3) (10.9~11.7) (1.6~1.9) (0.009~0.016) (1.8~2.3) (4.0~7.4)

Paldang Dam2 7.7 11.5 2.277 0.016 1.7 8.2
(6.8~9.1) (10.2~12.0) (2.1~2.7) (0.014~0.020) (1.6~1.8) (6.6~13.9)

2.3. Model Framework
2.3.1. Model Description

The Environmental Fluid Dynamics Code (EFDC) model was developed in 1992 by the
Virginia Institute of Marine Science in the United States as a three-dimensional numerical
model that can simulate flow dynamics and mass transport in various water bodies such as
coasts, estuaries, wetlands, lakes, and rivers. It has since been developed and managed
by the US EPA. The EFDC model consists of four modules: hydrodynamics, water quality,
sediment transport, and toxicity. Advection and dispersion, behaviors of suspended solids,
salinity and water temperature changes, water quality, eutrophication mechanisms, and
toxic pollutant behaviors can be simulated. The governing equations of the EFDC model
consist of a continuity equation, horizontal and vertical momentum equations, a density
state equation, and a mass conservation equation. The EFDC model can selectively use
a Cartesian or curvilinear-orthogonal grid horizontally and it uses the Sigma coordinate
system vertically. The details can be found in Tetra Tech, Inc. (Fairfax, VI, USA) (2007) [34].
In this study, we used the EFDC-NIER model as the modeling framework, revised in 2010 by
the National Institute of Environmental Research (NIER), to add additional functionalities
for simulating hydraulic structures and algal blooms [35]. Previous case studies have
reported on the analysis of flow dynamics characteristics according to changes in estuary
and multifunctional weir operating conditions, and their impact on water quality and algal
bloom phenomena in South Korea, using the EFDC-NIER model [36–42].

2.3.2. Model Configuration and Application

In this study, three numerical models were linked (Figure 1). Model I covers the river-
reservoir areas between the Euiam and Cheongpyeong reservoirs. The two-dimensional
model domain consists of 5045 horizontal grids (∆x = 45.4 to 157.1 m, ∆y = 21.9 to
194.1 m). A constant roughness height of 0.04 m was applied to the study site [35]. Water
release data from Chuncheon and Soyang dams and flow data estimated/measured at
the outlets of Gongji Stream, Gapyeong Stream, and Hongcheon River were used for the
upstream and lateral boundary conditions, and changes in water level at Cheongpyeong
reservoir was assigned to construct the downstream boundary condition [35]. Model II,
developed for operational water quality forecasting in the Han River watershed, covers the
river-reservoir areas from the Cheongpyeong and Chungju dams to the Paldang reservoir.
It has 3300 horizontal grids with an average size of 139.4–130.7 m. The model domain
is three-dimensional and is divided into 11 layers in a vertical direction, with a total of
36,300 grids. The inflow boundary conditions reflected 11 influx tributaries, including
the Chungju Dam, Cheongpyeong Dam, Dal Stream, and Seom River, and a change in
water level at the Paldang reservoir was used for the downstream boundary condition [36].
Model III covers the riverine area from Paldang dam to Jamsil underwater weir in the Han
River, which comprised of 2984 horizontal grids (∆x = 63.6–425.7 m, ∆y = 67.4–720.7 m) in a
two-dimensional structure. The model dimension was selected with respect to the portion
of the river channel. Long river channels are dominant in Models I and III (2D), but the
model domain of Model II (3D) consists of reservoir only—the entire area is affected by the
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stage of Paldang Reservoir. Meteorological data (atmospheric pressure, dry and wet air
temperatures, short-wave solar radiation, and wind direction/speed) observed at Seoul and
Yangpyeong weather stations located near the study sites were used for the atmospheric
forcing conditions (aser.inp and wser.inp). Annual/daily averaged flow measured at water
intake facilities and wastewater treatment plants (sources and sinks) and those measured at
the boundaries were used to form the qser.inp file. The configurations of the three models
used in this study are listed in Table 2. The simulation time steps of three EFDC-NIER
models were identical to 10 s.

Table 2. Configuration of three EFDC-NIER models used in this study.

Model I Model II Model III

Dimension 2-D 3-D 2-D

Model grid 5045 (80.3 × 81.3 m) 3300 (139.4 × 130.7 m)
×11 layers 2984 (87.0 × 295.0 m)

Weather data (Aser. INP) Yangpyeng Yangpyeng Seoul
Simulation time step 10 s 10 s 10 s

Boundary conditions
(Qser/Pser/Dser. INP)

Five upstream flows (WAMIS)
and one downstream pressure
(Chungpyung reservoir stage)

11 upstream flows
and one downstream pressure

(Paldang reservoir stage)

One upstream flows
and one downstream pressure

(Han River estuary)

Sources and sinks Two water intake facilities and
3 WWTPs

Four water intake facilities
and

5 WWTPs

4 WWTPs and
2 TMS stations

2.3.3. Simulation of 2-MIB Transport and Behavior

This study regarded the spatial distribution of 2-MIB concentration from the North
Han River to the Paldang reservoir as a dye in the water column. Based on the daily
monitoring data (Han River Environment Research Center, unpublished) indicating that 2-
MIB concentration was not detected in the inflows from major tributaries such as Gapyeong
Stream and Hongcheon River, as well as waters additionally released from the Soyang
and Chuncheon dams during most of the flushing period, we considered that external
inputs may not be significant during the simulation period. The dye simulation module,
linked with the 2D/3D EFDC flow dynamics models, was used to replicate the spatio-
temporal variations of 2-MIB concentration and flushing. The dye can be simulated as a
conservative or a reactive solute with the first-order decay in the original EFDC model.
NIER modified the source code to include a simulation option for net production with
first-order kinetics [35]. In this study, the transport and behavior of 2-MIB during the winter
flushing period were assumed to be conservative (K0) or reactive with net decay (Kdecay)
or net production (Kprod). The degradation rate constants of taste and odor compounds
from domestic and foreign literature were used (summarized in Table 3). Chong et al. [31]
applied a degradation rate constant of 0.14 d−1 to predict the occurrence of taste and odor
compounds such as 2-MIB and geosmin using a two-dimensional model in a reservoir.
Ho et al. [28] reported degradation rate constants of 0.075 d−1 and 0.064 d−1 for geosmin
and 2-MIB, respectively, as biological functions. Chen and Zhu (2018) [29] also applied
the maximum degradation rate of 0.064 d−1 for 2-MIB in water at 20 ◦C. We applied
0.064 d−1 and 0.14 d−1 as the kinetic constants in this study. The first-order production
and decay constants were selected as the net source and sink reaction options of the EFDC-
NIER model, respectively. The kinetic constants were 0.064 d−1 (Kprod1) and 0.14 d−1

(Kprod2) of net production, −0.064 d−1 (Kdecay1) and −0.14 d−1 (Kdecay2) of net decay, and
conservative (K0). These five scenarios were applied to the model, and the results were
compared (Figure 3).
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Table 3. Literature review on the first-order kinetics parameters of taste and odor compounds.

Degradation Rate Constants Equations ReferencesGeosmin 2-MIB

0.075 0.064 Pseudo-1st-order Ho et al. [28]
0.68 1st-order Chung et al. [30]

0.064 Monod Chen and Zhu, [29]
0.14 0.14 1st-order Chong et al. [31]
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2.4. Assessment of Model Performance

The five scenarios were organized for kinetic constants of 2-MIB using the EFDC-NIER
model, and the reproducibility of the events of 2018 was compared. The model results for
the five scenarios were evaluated using the root-mean-square error (RMSE). The RMSE
checks the goodness of fit between modeled and observed values. The RMSE is calculated
as follows:

RMSE =

√
∑n

i=1(Oi − Pi)
2

n
(1)

where n is the number of measurement and prediction pairs, Oi is the observed value, and
Pi is the predicted value.

3. Results and Discussion
3.1. Monitoring Data

To reduce the concentration of 2-MIB occurring in the North Han River and Paldang
Reservoir, an additional flow of 144 m3s−1 was released from the Chuncheon and Soyang
dams located upstream of the North Han River on 28 November 2018, and the flushing
continued for 12 days. Changes in the concentration of 2-MIB were monitored at five
locations during the flushing period (St.1–5 in Figure 4).
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The red dot in Figure 3 indicates the monitoring data. Site 1 (St.1) at Gapyeong
Bridge is located upstream of the Cheongpyeong dam. The flushing effect occurred at
this location because it was the closest to the dam where the additional dam waters were
released (Figure 3a). The concentration of 2-MIB on the first day of flushing at St.1 was
22 ngL−1. However, it decreased to 14 ngL−1 on the following day. As a result, it decreased
to ≤20 ngL−1, the national drinking water monitoring standard [43]. The flushing effect
continued on the third day of additional discharge, and the concentration of 2-MIB was
reduced to 6 ngL−1. However, the 2-MIB concentration remained stable at 8 ngL−1 from
day 4 to 5 after additional discharge. The concentration of 2-MIB on the first day of flushing
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at Shincheongpyeong Bridge (St.2) was 40 ngL−1, and the 2-MIB concentration (39 ngL−1)
was similar on day 2 (Figure 3b). From the third day after the additional water discharge
from the dams, the concentration of 2-MIB showed a continuous decreasing trend, indi-
cating the flushing effect. The concentration of 2-MIB on the third day of monitoring was
25 ngL−1, which was approximately 38% lower than the observed value on the first day.
The concentration fell below the monitoring standard (≤20 ngL−1) approximately four
days after the flushing, and it took approximately 2–3 days more than the St.1.

The changes in concentration of 2-MIB at St.3 (Paldang water intake facilities) were
opposite to those at St.1 and St.2 (Figure 3c). The concentration of 2-MIB at St.3 was
42 ngL−1 on the start date of the additional water discharge from the dams. However,
it increased by approximately 50% to 62 ngL−1 the following day. The elevated 2-MIB
concentrations stayed constant for approximately three days. This trend was supposed to be
caused by flushing as an initial inundation effect. The 2-MIB levels remaining in the North
Han River before joining the Paldang reservoir were much higher than 42 ngL−1 (yellow to
orange areas in Figure 2b), and St.3 located downstream was besieged with the elevated
2-MIB plume during the initial period of flushing. On the sixth day, the 2-MIB concentration
decreased. Approximately seven days after the additional discharge from the dams, the
2-MIB concentration at St.3 was within the monitoring standard, approximately 6 and 3 days
longer than those of St.1 and St.2 located upstream, respectively. The initial concentration
of 2-MIB at St.4 (Paldang Dam 2) was approximately 50 ngL−1. After maintaining the
concentration of 2-MIB for four days, it began to drop on the fifth day due to the flushing
effect (Figure 3d). The concentration of 2-MIB at St.4 decreased by approximately 60% to
20 ngL−1, within the monitoring standard from day eight onward. The concentration of
2-MIB at St.5 (Jayang water intake facility) located downstream of Paldang dam gradually
decreased (Figure 3e) and was within the monitoring standard from day 10 onward.

3.2. 2-MIB Transport and Behaviour in Winter Flushing

Five scenarios for the kinetic constants related to the characteristics of 2-MIB transport
and behavior during the winter flushing period were tested in this study. For the cases of
net production, the first-order kinetic constants of 0.064 d−1 (Kprod1) and 0.14 d−1 (Kprod2)
were used. For the net decay cases, −0.064 d−1 (Kdecay1) and −0.14 d−1 (Kdecay2) were
used, and K0 was set to 0 for the conservative condition. Furthermore, the time required
for each monitoring site to reach the monitoring standard of ≤20 ngL−1 of 2-MIB was
compared (Figure 3). Among all the sites, the flushing impact was fastest at St.1. In
the conservative (K0) simulation, the concentration of 2-MIB decreased to approximately
18 ngL−1 on day one after the additional water discharge from the dam was started. On
days 2 and 3, it rapidly decreased due to the flushing effect to 8 ngL−1, approximately 60%
lower than the initial concentration of 2-MIB (Figure 3a). Using the kinetic constants Kprod1

and Kprod2 increased the concentrations to the maximum of 20 and 22 ngL−1, respectively,
until the flushing effect occurred. Kdecay1 and Kdecay2 were reduced to 17 and 15 ngL−1 at
the maximum, respectively.

The RMSE value was lowest at 2.4 ngL−1 for Kdecay2 and second lowest at 2.5 ngL−1

for K0 (Table 4). The RMSE of St.2 was lowest at 5.5 ngL−1 under the K0 condition. The
RMSEs of Kprod1, Kdecay2, Kdecay1, and Kprod2 were 5.9, 6.4, 7.9, and 9.4 ngL−1, respectively.
The monitoring standard of the concentration of 2-MIB under K0 and Kprod1 conditions was
reached in approximately four days, consistent with the monitoring results. The elapsed
time to achieve the monitoring standard of the concentration of 2-MIB for the conditions
Kdecay1 and Kdecay2 was three days, approximately one day earlier than the monitoring
results. In the Kprod2 condition, it took two days more compared to the elapsed monitoring
time, and the concentration reduced to below the monitoring standard only six days from
the start of flushing.
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Table 4. Model fit (RMSE values) for the dye simulation results with the five scenarios.

Description 1st-Order Net Decay Conservative 1st-Order Net Production

Constants Kdecay2 Kdecay1 K0 Kprod1 Kprod2
Values (day−1) −0.14 −0.064 0 0.14 0.064

St.1 2.4 2.8 2.5 3.1 4.8
St.2 6.4 7.9 5.5 5.9 9.4
St.3 11.0 15.1 8.1 10.6 24.3
St.4 9.7 13.9 5.8 8.1 22.4
St.5 16.6 20.3 13.3 10.2 8.4

average 9.2 12.0 7.0 7.6 13.9

Although most scenarios reasonably simulated the temporal variations in 2-MIB
concentration, showing an increase on day two after flushing and a subsequent decrease
until day 5 (Figure 3c,d) were reasonably simulated in most scenarios; St.3 and St.4 exhibited
the lowest RMSE values of 8.1 and 5.8 ngL−1 under the K0 condition, respectively, with
simulation errors for the time to meet the monitoring standard being less than one day. The
concentration of 2-MIB under the Kprod2 condition showed a difference of approximately
20–30 ngL−1 compared to the K0 condition. The monitoring standard for the concentration
of 2-MIB in water was not satisfied until December 9, when the flushing ended. Conversely,
the RMSE at St.5 was low under the net production conditions. However, the elapsed times
to meet the monitoring standard for the concentration of 2-MIB in drinking water were
almost identical for all the scenarios, consistent with the monitoring data (Figure 3e). The
black ellipse in Figure 3e indicates that, unlike the monitoring results, the simulation results
of scenarios show a different trend from the monitoring results. Unlike the monitoring
results, the simulation results initially exhibit a decrease in 2-MIB concentration, followed
by a recovery, due to flushing a high concentration (49 ngL−1) of 2-MIB, which directly
moves downstream of the Paldang dam, as shown in Figure 2c. This discrepancy may
be due to the uncertainty in developing the initial condition of 2-MIB. Specifically, small
patches with high 2-MIB concentration were not captured in the field monitoring.

For the overall evaluation, the RMSE values calculated at each site were averaged
for each scenario, and the results were compared. It was lowest at 7.0 ngL−1 in the K0
condition (Table 4). These simulation results show that under the flushing condition caused
by the additional dam water release in winter, the behavior of 2-MIB in the river-reservoir
system is more affected by the advection of flow than by biogeochemical reactions such
as internal decay and production. When cyanobacteria or actinobacteria die or precipitate
on the water surface of reservoirs or lakes, instead of growing, they generate metabolites
such as 2-MIB in the sediments due to microbial decomposition and are released in an
anaerobic state [29]. They simulated the behavioral characteristics of 2-MIB by applying
parameters such as its production rate from dead cyanobacteria and the half-life constant
of its release from sediments. However, this study shows that the reactive characteristics of
2-MIB may not be emphasized to simulate mass transport under winter flushing conditions
in river reservoir systems. Moreover, we found that this flow dynamics-linked solute (dye)
transport modeling approach can be useful to manage 2-MIB at river-reservoir systems in
winter flushing conditions.

4. Conclusions

This study monitored flushing-induced spatio-temporal changes in the concentration
of 2-MIB in the early winter of 2018 in the North Han River and Paldang Reservoir. Using
the modified EFDC model, we tested a hypothesis that the behavior of 2-MIB can be
assumed as a conservative solute during winter flushing and evaluated the usefulness of a
flow dynamics-based solute (dye) transport modeling approach for 2-MIB management at
river-reservoir systems in winter flushing conditions.
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Field monitoring data indicated that the concentration of 2-MIB decreased to
≤20 ngL−1, the South Korean water quality monitoring standard, during the flushing
period at all the monitoring sites. From St.1 (Gapyeong Bridge) to St.5 (Jayang water intake
facility), the elapsed times to satisfy the monitoring standard after flushing were 2, 4, 7,
8, and 10 days, respectively, which were reasonably simulated using the conservative
dye transport module of the EFDC-NIER modeling framework. Moreover, the simulation
results show that the physical and biochemical characteristics of 2-MIB due to internally
complex processes may not play an important role in understanding the river reservoir
system’s transport and behavior during the winter flushing period. Therefore, flushing
can manage 2-MIB outbreaks in winter if environmental flow is available at upstream
dams. The numerical modeling system developed in this study can be used to estimate the
amount of flushing required to meet the monitoring standard and predict the elapsed time
in advance. Finally, additional verifications on the hypothesis and simulation conditions,
such as 2-MIB concentration exceeding 80 ng/L and the possible presence of other taste
and odor compounds tested in this study, are necessary to extend the model’s applicability
to other regions or seasons.
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