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Abstract: The purpose of this study was to evaluate the streamflow and water quality (SS, T-N, and T-P)
interaction of the Nakdong river basin (23,609.3 km2) by simulating dam and weir operation scenarios
using the Soil and Water Assessment Tool (SWAT). The operation scenarios tested were dam control
(Scenario 1), dam control and weir gate control (Scenario 2), dam control and sequential release of the
weirs with a one-month interval between each weir (Scenario 3), dam control and weir gate full open
(Scenario 4), dam control and weir gate sequential full open (Scenario 5), weir gate control (Scenario 6),
weir gate full open (Scenario 7), and weir gate sequential full open (Scenario 8). Before evaluation, the
SWAT was calibrated and validated using 13 years (2005–2017) of daily multi-purpose dam inflow data
from five locations ((Andong Dam (ADD), Imha Dam (IHD), Hapcheon Dam (HCD), Namkang Dam
(NKD), and Milyang Dam (MYD))multi-function weir inflow data from seven locations (Sangju Weir
(SJW), Gumi Weir (GMW), Chilgok Weir (CGW), Gangjeong-Goryeong Weir (GJW), Dalseong Weir
(DSW), Hapcheon-Changnyeong Weir (HCW), and Changnyeong-Haman Weir (HAW)), and monthly
water quality monitoring data from six locations (Andong-4 (AD-4), Sangju (SJ-2), Waegwan (WG),
Hapcheon (HC), Namkang-4 (NK-4), and Mulgeum (MG). For the dam inflows and dam storage,
the Nash-Sutcliffe efficiency (NSE) was 0.59~0.78, and the coefficient of determination (R2) was
0.71~0.90. For water quality, the R2 values of SS, T-N, and T-P were 0.58~0.83, 0.53~0.68, and 0.56~0.79,
respectively. For the eight dam and weir release scenarios suggested by the Ministry of Environment,
Scenarios 4 and 8 exhibited water quality improvement effects compared to the observed data.

Keywords: SWAT; dam and weir release; release scenario; stream water quality

1. Introduction

Water is one of the most important resources for human survival. Experts who engage in water
resources planning and management must address how to determine policy in accordance with future
climate change and how to evaluate the resulting environmental effects [1]. In South Korea, the Four
Major Rivers Restoration Project has been in place since the end of 2009 to prevent drought and flooding
due to climate change, and to create healthy water ecosystems as well as various waterfront spaces.
The project has significantly changed stream environments [2]. According to the annual report on
the generation of algae (algal bloom) and response [3], water quality problems such as T-N and T-P
increases and algal bloom have occurred in the Nakdong River Basin every year since 2013, lasting for
up to 161 days in 2015, when the country suffered its most severe drought.
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The Survey and Evaluation Committee of the Four Major Rivers Restoration Project proposed
that to reduce algal bloom and improve water quality, it is necessary to simultaneously increase
streamflow and lower weir water levels through the combined operation of dams, weirs, and reservoirs.
The committee also proposed that it is necessary to establish standards for weir operation considering
water use, flood control, and water quality improvement. In response to water pollution, related
ministries such as the Ministry of Environment (ME) and the Ministry of Land, Infrastructure,
and Transport (MOLIT) have reviewed plans for dam-weir-reservoir combined operations through the
Dam-Weir Combined Operation Council, and they have performed partial release for some dams and
weirs in the Nakdong River since August 2016.

In South Korea, the seasonal rainfall concentrated in the summer makes it difficult to maintain
water quality during dry seasons due to the lack of instream flow, as well as during the flood season
due to the torrential rainfall and the subsequent introduction of soil from draining basins. It is,
therefore, necessary to secure water quantity with the construction of multi-function weirs and to
develop hydraulic-hydrologic combined models to maintain water quality using such weirs. Dam-weir
combined operations must be considered, and the importance of techniques that comprehensively
examine complex factors, such as water quantity, water quality, and sediment transport, along with
various scenarios, is increasing [4].

Several studies recently assessed the dam and weir operation using hydrological models,
such as Fang et al. [5], who attempted to optimize the water resources system operation policy
of a multi-reservoir water supply system. Ahn et al. [6] conducted research on the combined operation
of 16 multi-function weirs in South Korea. Kim [7] proposed an analysis method linking and combining
three-dimensional models that considered water quality and water quantity, such as the water pollution
accident response management system (WARMS) and the water quality forecasting system for dam-weir
combined operation used in the Nakdong River water system. Ahn et al. [8] quantified the improvement
in the water supply efficiency through the combined operation of dams and multi-function weirs in the
Nakdong River water system using Hydrological Engineering Center—Reservior System Simulation
(HEC-Resim). Jang [9] evaluated the supply capacity of each dam in the Nakdong River Basin
using HEC-Resim and PRMS, then evaluated the supply capacity of the water system by conducting
a simulation under inter-dam combined supply conditions. Lee et al. [10] quantitatively derived
the water quality improvement effect of the inter-weir combined operation by analyzing the water
quality improvement in the Nakdong River through inter-weir combined operation in the Nakdong
River water system using the CE-QUAL-W2 model. Ryu et al. [11] analyzed the change in water
quality caused by the construction of weirs in the Nakdong River using water quality measurement
data. Lin and Rutten [12] examined state-of-the-art reviews in the operational management of a
network of multi-purpose reservoirs with recent developments while focusing on the application of
Model Predictive Control for real-time control of a reservoir system. Ahn et al. [13,14] investigated
the environmental effects of multi-function weir operation in the Geum River basin. Li et al. [15] and
Sun et al. [16] studied an improved multi-objective optimization model for reservoir operations in China.

The analysis of hydrological and water quality interaction and how it changes due to dam-weir
combined operation is an important issue that needs to be a primary component of watershed
management. However, there are currently no studies analyzing the hydrological and water quality
improvement effects of the dam-weir operation scenarios published by the related ministries in 2017 using
hydrologic-water quality models. Therefore, in this study, we set up the dam-weir combined operation to
assess the streamflow and water quality interaction for efficient operation in stream water quality reduction.

2. Materials and Methods

2.1. Study Area Description

The study watershed is the Nakdong River Basin, which accounts for 25% of the entire area of
South Korea. In this area, the frequency of algal blooms in water supply sources and weir sections
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is increasing due to the increase in nutrients, the decrease in the flow velocity due to weirs, and the
increase in the residence time. The watershed area is 23,609.3 km2 and the river length is 510.36 km.
In the watershed, seven multi-function dams (Andong Dam (ADD), Imha Dam (IHD), Gunwi Dam,
Buhang Dam, Hapcheon Dam (HCD), Namkang Dam (NKD), and Milyang Dam (MYD)) and eight
multi-function weirs (Sangju Weir (SJW), Nakdan Weir, Gumi Weir (GMW), Chilgok Weir (CGW),
Gangjeong-Goryeong Weir (GJW), Dalseong Weir (DSW), Hapcheon-Changnyeong Weir (HCW),
and Changnyeong-Haman Weir (HAW)) have been constructed and are currently operating. Forests
account for 68.4% of the total watershed area; paddy fields and upland fields represent 10.4% and 7.2%
of the area, respectively; urban, grasslands, and bare lands represent 0.1–6.9% of the area. Figure 1a
shows 195 sub-watersheds, dams, weirs, and water quality calibration and validation points to be
applied to the Soil and Water Assessment Tool (SWAT) model.
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2.2. SWAT Model Description

In this study, SWAT, developed by the USDA Agricultural Research Service (ARS), was selected to
simulate the daily runoff of the target watershed for an extended period of time. The SWAT model is a
physical-based semi-distribution continuous rainfall-runoff model that can simulate runoff according
to various soil types, land uses, and land-management conditions. This model can simulate the
precipitation, evapotranspiration, surface runoff, baseflow, and groundwater for each hydrological
response unit (HRU) based on the water balance equation [17].

In the SWAT model, the daily runoff is calculated using the Soil Conservation Service Curve
Number (SCS-CN) method. The Kinematic Storage Model is used for lateral inflows, and infiltration is
calculated using the linear storage tracking technique after subdividing the soil layer into a maximum
of ten layers. Soil erosion is calculated using the Modified Universal Soil Loss Equation (MUSLE),
which can simulate the transport of organic chemicals such as phosphorus and nitrogen. Water bodies
represent streams and reservoirs, and the streamflow, sediments, nutrient salts, and reactions of organic
chemicals are considered in the model as well [18].

2.3. Data Collection and Analysis Method

2.3.1. GIS, Weather, and Hydrological Monitoring Data

A digital elevation model (DEM) was used for the GIS spatial data of the SWAT model; a 30 m × 30 m
DEM and a 1:25,000 precision soil map of the Water Management Information System (WAMIS)
were used for the soil map (Figure 1b,c). For the land use map, 2013 data classified by ME were
used. The data were classified into nine categories (deciduous forest, coniferous forest, mixed forest,
residential area, paddy field, upland field, grassland, bare land, and waters) and used as input data
for the model (Figure 1d). Regarding the soil types in the Nakdong River Basin, silt loam and loam
represented high proportions of 40% and 30%, respectively. In terms of land use, forests and farmlands
accounted for 68% and 18%, respectively.

The weather data used for the calibration and validation of SWAT was daily data from
a 14-year period (2005–2017) on the precipitation (mm), highest and lowest temperatures
(◦C), wind speed (m/s), relative humidity (%), and solar radiation (MJ/m2) from 34 weather
stations (Chungju, Uljin, Chupungnyeong, Andong, Sangju, Pohang, Daegu, Ulsan, Changwon,
Busan, Tongyeong, Jinju, Taebaek, Boeun, Namwon, Jangsu, Gimhae City, Bukchangwon, Yangsan
City, Euiryeong-gun, Hamyang-gun, Bonghwa, Yeongju, Mungyeong, Cheongsong-gun, Yeongdeok,
Euiseong, Gumi, Yeongcheon, Gyeongju City, Geochang, Hapcheon, Milyang, and Sancheong).
During this period, the daily dam inflow and storage data of ADD, IHD, HCD, MYD, and NKD
were collected. The daily weir inflow and storage data of SJW, GWM, CGW, GJW, HCW, and
HAW over a period of five years and five months (August 2012–December 2017) were also collected
(http://www.water.or.kr).

2.3.2. Simulation Scenarios

This study focused on water quality in the Nakdong River, one of the four rivers in which several
detailed basin investigations and field surveys have been conducted for many years to obtain highly
reliable hydrological and water quality data. In the Nakdong River, eight multifunction weirs were
constructed, and these are operated based on a target water level throughout the year [19].

Although many facilities are currently in operation in the Nakdong River, it is necessary to set up
a scenario specifically targeting the watershed where the water quality needs to be improved, rather
than simply modeling all facilities. Table 1 presents the water quality monitoring data of the Nakdong
River from 2008 to 2017, where it can be seen that the water quality is good upstream of the watershed,
but the downstream water quality is only fair. Therefore, in this study, the simulation scenarios were
set up for the downstream, where it was necessary to improve the water quality.

http://www.water.or.kr
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Table 1. Water quality of Nakdong River from 2008 to 2017.

Station
SS (mg/L) T-N (mg/L) T-P (mg/L) Condition of

River WaterDam & Weir WQ Monitoring

Upstream
ADD, IHD AD-4 5.87 2.144 0.034 Good

SJW SJ-2 14.70 2.43 0.035 Good
CGW WG 11.17 2.96 0.092 Good

Downstream

GJW, DSW,
HCW, HCD HC 27.30 3.28 0.156 Fair

NKD NK-4 42.89 3.11 0.139 Fair
HAW, MYD MG 17.97 3.06 0.135 Fair

The SWAT was applied to evaluate the hydrology and stream water quality resulting from the
coordinated operation of the existing water resource facilities. The specifications of the structures were
used as input data for SWAT, and these are listed in Table 2.

Table 2. Specifications of dams and weirs.

Dam
Reservoir Level (EL.m) Reservoir Storage (103 m3)

MWL FRL MDDL MWL FRL MDDL

ADD 161.7 160.0 130.0 1,309,920 1,216,420 228,320
IHD 164.7 163.0 137.0 614,320 565,580 122,420
HCD 179.0 176.0 140.0 801,150 724,070 150,570
NKD 46.0 41.0 32.0 346,190 182,370 16,130
MYD 210.2 207.2 150.0 76,241 69,897 3254

Weir
Operating Water Surface Elevation (EL.m) Weir Storage (103 m3)

Flood Conservation Minimum Flood Conservation Minimum

SJW 49.60 47.0 43.6 36,804 27,400 12,500
NDW 43.69 40.0 37.4 50,851 34,700 22,200
GMW 35.52 32.5 22.6 73,387 52,700 500
CGW 28.39 25.5 24.5 109,470 75,300 76,200
GJW 24.02 19.5 14.9 152,423 92,300 44,900
DSW 21.86 14.0 6.6 147,389 58,600 3200
HCW 18.57 10.5 2.3 169,701 70,000 8900
HAW 13.65 5.0 1.5 272,870 100,900 44,900

EL.m: elevation meter above mean sea level; MWL: maximum water level; FRL: full reservoir level; MDDL:
minimum drawdown level.

In general, facilities such as dams and weirs are operated according to given requirements. In this
study, a dam release scenario was designed to simultaneously minimize the impact of the opening
gates on the downstream area and avoid the occurrence of drift flow. The weir release scenarios were
designed to consider water surface elevation.

The dam-weir-reservoir combined operation scenarios that were proposed in a research service
report published by ME, MOLIT, and Ministry of Agriculture, Food and Rural Affairs (MAFRA) on
20 March 2017 were used for dam-weir operation scenarios (Table 3). The simulation was conducted
by constructing daily release data, which are reservoir input data in the SWAT model, according to the
scenario for the period of 2017, and the results were analyzed. The dam release scenario was applied
to ADD, IHD, HCD, NKD, and MYD as suggested by the dam-weir-reservoir combined operation
scenarios, and the weir release scenarios were applied to GJW, HCW, and HAW, where weir release
was observed from the data from 2017.
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Table 3. Operating rule for coupled operation of dams and weirs.

Scenario OBS S1 S2 S3 S4 S5 S6 S7 S8

DAM control O O O O O

Weir

Gate control
Release at the same time O O

Release with one-month interval
from upstream to downstream O O

Gate full open
Release at the same time O O

Release with one-month interval
from upstream to downstream O O

OBS: observed; O: selected operation scenarios.

The observed data were the actual operating data in the Nakdong River from 3 June 2017, so the
observation data were analyzed as they were. In Scenarios 3, 5, 6, and 8, the weirs were sequentially
released with a one-month (30 days) interval from the upstream weirs. The release of GJW on 3 June
2017 occurred first, followed in order by the release of HCW on 3 July 2017 and that of HAW on
3 August 2017. The release amount data were constructed so that the decreased water levels could be
maintained until 31 August. In Scenarios 1, 2, 3, 4, and 5, the release amounts of ADD, IHD, GJW, HCW,
and HAW for the five-day period starting from 3 June 2017 were adjusted as minimum drawdown
level (MDDL).

2.3.3. Research Method

Figure 2 shows the flowchart of this study. First, the input data for the SWAT and the observation
data for the calibration and validation points were collected. After constructing and inputting the
specifications and release amount data of the dams and weirs, the inflows and storage volumes of the
dams and weirs were calibrated and validated sequentially from the upstream to the downstream of the
watershed. The SWAT enables simulation based on the operation data by inputting the specifications
and release amounts of dams to the reservoir module, but the characteristics of the structures enabling
natural overflow must be reflected for weirs, not dams. Therefore, the module inside the SWAT was
improved by referring to previous studies [20–22].Sustainability 2020, 12, x FOR PEER REVIEW 7 of 18 
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The release amount observation data of weirs provided by MyWater (http://www.water.or.kr) are
in the form of the sum of all releases through small hydropower, operating weirs, sand-flash gates
(fixed weirs), natural overflows, and fishways. When the total release amount is inputted into the
model, the calculated streamflow was excessive. Therefore, the total release amount was subtracted
from the total inflow from the upstream, the result was regarded as the actual release amount, and the
module inside SWAT was modified so the result could be considered.

To use the observation data to calibrate and validate the water quality, the data of six points in the
water quality measurement network, provided by the water environment information system of ME,
were collected. Parameter estimation was applied to the model through a process of trial and error
which involved selecting optimal parameters based on previous studies to simulate hydrological and
water quality elements in a balanced manner. To evaluate streamflow and water quality interaction
according to the dam-weir combined operation scenarios, changes in scenarios were analyzed based
on observed data, which were applied and operated.

3. Results and Discussion

3.1. Calibration and Validation of the Model

In this study, the parameter sensitivity for the Nakdong River Basin was examined prior to the
calibration and validation of the model, and optimal parameters were selected through this process.
Table 4 summarizes the parameters used for the calibration and validation of the model.

The calibration period of the SWAT model was set to six years (2005–2010), and its validation
period was set to seven years (2011–2017). For the six weirs (SJW, GMW, CGW, GJW, HCW, and HAW),
three years (2013–2015) were set as the calibration period and two years (2016–2017) were set as the
validation period, because they began operation in August 2012.

The statistical results for hydrology and water quality for the model calibration and validation are
summarized in Table 5 and Figure 3. The applicability of the model was evaluated using the coefficient
of determination (R2), Nash and Sutcliffe [23] model efficiency (NSE), root-mean-square error (RMSE),
and percent bias (PBIAS). As R2 approaches 1, the observed values fall in perfect agreement with the
simulated values. NSE evaluates the efficiency of the model in the range from −∞ to 1. When it is
higher than 0, the applicability of the model can be said to be high [24]. RMSE represents the error
between the measured and simulated values, and as it is close to 0, the error is small. PBIAS represents
the error between the observed and simulated values as a percentage. A smaller error value means
that the model has higher efficiency [22].

http://www.water.or.kr
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Table 4. Calibrated parameters for the SWAT.

Parameter Definition Range YDD SJW GMW CGW CJW HCW HCD MYD NKD HAW

Runoff

CN2 SCS curve number for moisture condition 35 to 98 +5 - - +5 +5 - - +10 +10 +5
CH_N (2) Manning’s “n” value for main channel 0.01 to 30 0.04 0.04 0.04 0.04 0.04 0.04 0.014 0.04 0.014 0.04

Evapotranspiration

ESCO Soil evaporation compensation coefficient 0 to 1 0.95 0.75 0.75 0.75 0.95 0.95 0.95 0.95 0.95 0.95
CANMX Maximum canopy storage 0 to 100 11 - - - - - - 8 7 -

Lateral flow

SLOIL Slope length of lateral subsurface flow (m) 0 to 150 5 5 5 5 5 5 5 5 5 5
LAT_TIME Lateral flow travel time (days) 0 to 180 5 5 5 5 5 5 5 5 5 5

Groundwater

GW_DELAY Delay time for aquifer recharge (days) 0 to 500 90 31 31 50 80 70 150 70 150 70

GWQMN Threshold water level in shallow aquifer for base
flow (mm) 0 to 5000 1000 1000 1000 1000 1000 1000 1000 500 1000 1000

ALPHA_BF Base flow recession constant 0 to 1 0.048 0.048 0.048 0.048 0.048 0.048 0.048 0.024 0.048 0.048

Reservoir

RES_ESA Reservoir surface area when the reservoir is filled
to the emergency spillway (ha) - 5617 335 374 400 954 328 2636 218 549 3621

RES_EVOL Volume of water needed to fill the reservoir to the
emergency spillway (104 m3) - 124,800 2951 5599 8044 9719 7453 79,000 7624 10,789 30,920

RES_PSA Reservoir surface area when the reservoir is filled
to the principal spillway (ha) - 5384 305 344 370 924 298 2429 205 519 2810

RES_PVOL Volume of water needed to fill the reservoir to the
principal spillway (104 m3) - 121,642 2751 5273 7532 9234 6996 72,407 6990 10,093 18,237

RES_VOL Initial reservoir volume (104 m3) - 58,290 2744 5257 7517 8655 6880 34,652 4386 10,053 12,706

RES_K Hydraulic conductivity of the reservoir bottom
(mm/hr) 0 to 1 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5

EVRSV Lake evaporation coefficient 0 to 1 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6
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Table 4. Cont.

Parameter Definition Range AD-4 SJ-2 EG HC MK-4 MG

SS

USLE_P USLE equation support practice factor 0 to 1 0.1 0.5 1 1 1 1

SPCON
Linear parameter for calculating the maximum

amount of sediment that can be re-entrained
during channel sediment routing

0.0001 to
0.01 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001

SPEXP Exponent parameter for calculating sediment
re-entrained in channel sediment routing 1 to 1.5 1.5 1.5 1.5 1.5 1.5 1.5

T-N

LAT_ORGN Organic N in the baseflow (mg/l) 0 to 200 0.17 20 20 80 10 20
NPERCO Nitrate percolation coefficient 0 to 1 0.25 0.25 0.25 0.25 0.25 0.25

SDNCO Threshold value of nutrient cycling water factor
for denitrification to occur 0 to 1 1 1 1 1 1 1

RAMMO_SUB Atmospheric deposition of ammonium 0 to 1 0.95 0.95 0.95 0.95 0.95 0.95
RCN_SUB Atmospheric deposition of nitrate 0 to 2 2 2 2 2 2 2

T-P

GWSOLP
Concentration of soluble phosphorus in

groundwater contribution to streamflow from
sub-basin (mg P/L or ppm)

0 to 1000 0.018 0.1 0.1 0.4 0.1 0.4

LAT_ORGP Organic P in the base flow (mg/L) 0 to 200 - - - 4 - -
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Table 5. Summary of model calibration and validation for dam inflow and water quality.

Hydrology

Evaluation Criteria ADD HCD MYD NKD SJW GMW CGW GJW HCW HAW

Dam
inflow
(mm)

R2 0.73 0.90 0.90 0.84 0.71 0.76 0.76 0.77 0.80 0.83
NSE 0.59 0.62 0.78 0.62 0.63 0.69 0.68 0.71 0.61 0.63

RMSE
(mm/day) 1.68 1.65 1.43 1.69 1.45 1.48 1.31 1.14 1.63 1.38

PBIAS (%) 5.97 −2.02 7.32 −18.04 −15.06 −14.51 −8.56 −15.20 −16.31 −10.63

Dam
storage
(106 m3)

R2 0.92 0.90 0.81 0.72 0.55 0.52 0.59 0.72 0.71 0.88
NSE 0.99 0.62 0.98 0.92 1.00 1.00 1.00 1.00 1.00 1.00

RMSE
(mm/day) 1.31 1.65 0.50 0.91 0.14 0.16 0.16 0.27 0.21 0.22

PBIAS (%) 5.90 23.42 9.01 −1.74 −0.44 −0.18 0.68 −0.91 −1.03 −0.02

Water Quality

Evaluation Criteria AD-4 SJ-2 WG HC NK-4 MG

SS
(ton/day)

R2 0.69 0.74 0.66 0.58 0.83 0.62

% Diff 29.6 22.9 25.4 11.7 9.4 2.6

TN
(kg/day)

R2 0.59 0.53 0.68 0.54 0.54 0.56

% Diff 2.5 8.6 2.4 5.4 14.8 13.4

TP
(kg/day)

R2 0.56 0.79 0.59 0.56 0.61 0.57

% Diff 19.4 11.3 8.5 9.8 0.4 31.7

The statistical analysis results of the dam inflow showed that R2 ranged from 0.71 to 0.90 and that
NSE ranged from 0.59 to 0.78 for the entire period. RMSE ranged from 1.14 to 1.69 mm/day, while PBIAS
ranged from −18.04 to 7.32%. The statistical analysis results were significant for all calibration and
validation points. Regarding the water quality R2 results for the entire period, the R2 of SS ranged from
0.58 to 0.83, while that of T-N ranged from 0.53 to 0.68. T-P exhibited a correlation between 0.56 and
0.79%. Diff was calibrated to be 35% or less, as suggested by Donigian [25]. The SWAT constructed in
this study did not consider the QULE2E module.
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3.2. Analysis of Streamflow and Water Quality Interaction in 2017 According to the Dam-Weir Combined
Operation Scenarios

In this study, streamflow and water quality interaction were examined by standard unit watershed
for the year 2017 by constructing input data for the dam-weir combined operation scenarios. Prior to
the simulation, the actual observation data from 2005 to 2016 were applied to stabilize the SWAT.

Dam operation proceeds similar to the operating conditions under which the water supply
capacity of the existing dams was investigated. By operating weirs, the water level can be maintained
at a constant level, in contrast to dam operation. The operating rule is applied based on the rules
suggested by ME [26]. Figure 4 summarizes the streamflow and water quality simulation results by
scenario for 2017. In the figure, the simulation results of each scenario and the changes compared to
observed data were shown based on the spatial distribution.

In terms of streamflow, the average annual flow rate of the entire Nakdong River Basin in observed
data was found to be 28.7 m3/s. Scenario 1, in which dam release was simulated, showed a decrease in
the average annual streamflow by 0.05 m3/s compared to the observed data, as the annual average
streamflow from HCW to the downstream area of the Nakdong River decreased. Scenarios 2, 3, 4, and 5
exhibited increases in the average annual streamflow by 0.13~0.79 m3/s compared to the observed data,
which were attributed to the simultaneous release of the dams and weirs. Scenario 8, which involved
weir gate full open sequential release, showed an increase in streamflow by 0.55 m3/s compared to the
observed data (Figure 4a).

However, the water quality improvement and deterioration phenomena were different in each
section. The simulation results of SS in observed data showed an annual average SS load of 120.0 ton/day.
In the downstream case in ADD and IHD, the SS loads decreased, but in the SJW-CGW and NKD
downstream-HAW sections, which are the areas downstream of the dams, the SS loads increased.
Scenarios 4, 5, 7, and 8, in which weir gate full open release was simulated, show increases in SS loads
by 8.5~11.3 ton/day compared to the observed data (Figure 4b). Based on the relationship between SS
and streamflow described in previous studies [27–29], it is likely that high inflow will be accompanied
by the transport of high SS from upstream to the estuary.

Regarding the simulation results of T-N, the T-N loads decreased in all scenarios compared to
the observed data. The simulation result shows that the weir release scenarios were more effective
in reducing T-N loads than the dam control scenarios. In Scenarios 2 and 3, in which dam and weir
control was simulated, the T-N load decreased by 3.5 to 4.7 kg/day, while Scenario 6 reduced the T-N
load by 5.8 kg/day when only weir was released sequentially without dam control (Figure 4c).

As shown in Figure 4d, the simulation results of T-P revealed that the T-P loads in the GMW-CGW
and HCD-HCW sections were increased in dam control scenarios compared to the observed data,
but were reduced in the HCW-Nakdong River estuary section, as was the case with the T-N simulation
results. In the cases of Scenarios 7 and 8, the T-P loads decreased in the HCW-Nakdong River estuary
section. In Scenario 8, which exhibited the largest load change, the T-P load decreased by 50.5 kg/day
compared to the observed data in the Nakdong River estuary.

Table 6 presents the monthly streamflow and water quality (SS, T-N, and T-P) changes at MG
stations from June to December in 2017, which is when the dam-weir combined operation scenarios
were applied. The calculation of the water quality reduction efficiency was ranked based on the
reduced load compared to the observed data.

Scenarios 4 and 8 showed the greatest effect of reducing water quality loads. Although the two
scenarios have something in common to fully open the weir gate, Scenario 4 simultaneously releases
dam and weirs, while Scenario 8 opens only weirs sequentially.

For the operation of dams and weirs in the case of the full gate open (Scenario 4), the river flow was
325.35 m3/s, but the SS load was increased by 67.51%. In the case of Scenario 8, the SS load increased by
49.11% compared to the observed data, but this increase was lower than that in Scenario 4. This was
because the SS load increased in the downstream of ADD and IHD by dam control. The reductions of
T-N and T-P loads in Scenarios 4 and 8 were 1.00~1.12% and 1.14~1.45%, respectively.
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Similar relationships between streamflow and water quality were found in previous studies [30–32].
This is reflected in T-N and T-P loads and wash off, which were concentrated in the dam and weir
operation, showing clear patterns of scenarios. The change in characteristics could be explained in that
the environmental condition changes substantially when the hydrologic structures begin operating,
and the streamflow changes lead to SS, T-N and T-P changes in the water body.

Figures 5 and 6 show monthly water quality simulation results of the observed data as well as
Scenarios 4 and 8. The analysis results for each scenario showed improvement in the watershed in
the simulated results of T-N and T-P. The analysis results were illustrated on the map by sub-basin,
and the areas where rapid changes were made in the downstream where the dams and weirs were
operated were derived.
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Table 6. Changes in river flow and water quality compared with observed data at MG stations.

Component OBS S1 S2 S3 S4 S5 S6 S7 S8

Flow (m3/s)
304.42 302.49 307.97 306.13 325.35 322.20 302.76 324.24 318.82

(−0.63) (1.17) (0.56) (6.88) (5.84) (−0.55) (6.51) (4.73)

SS (ton/day) 515.00 515.74 516.75 515.79 862.66 771.99 513.49 861.18 767.94
(0.14) (0.34) (0.15) (67.51) (49.9) (−0.29) (67.22) (49.11)

T-N (kg/day) 26,383.04 26,294.26 26,393.29 26,476.12 26,088.03 26,092.84 26,487.12 26,133.87 26,119.32
(−0.34) (0.04) (0.35) (−1.12) (−1.10) (0.39) (−0.94) (−1.00)

T-P (kg/day) 3976.80 3966.79 3982.50 3989.67 3919.11 3920.05 3986.53 3920.12 3919.18
(−0.25) (0.14) (0.32) (−1.45) (−1.43) (0.24) (−1.43) (−1.44)

Efficiency of
pollutant load

reduction

SS - 2 4 3 8 6 1 7 5
T-N - 5 6 7 1 2 8 4 3
T-P - 5 6 8 1 3 7 4 2

Total - 4 6 8 1 3 6 5 1

( ): Percent change by observed.Sustainability 2020, 12, x FOR PEER REVIEW 15 of 18 
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Scenario 4 exhibited T-N and T-P load reduced compared to the observed data for the simultaneous
release of the dams and weirs. Scenario 4 exhibited T-N and T-P load reduction effects within the
shortest period of time among the scenarios by causing the largest streamflow change within that
period of time and instantly increasing the stagnant flow velocity of the Nakdong River estuary.
However, it was confirmed that water quality (SS, T-N, and T-P) worsened at the downstream of
five dams.

Scenario 8 exhibited T-N and T-P load reduced compared to the observed data from July to
September when the sequential release occurred. However, T-N and T-P loads in October after the
completion of sequential release were temporally increased compared to the observed data.

In general, water quality is closely related to streamflow, and it is known to worsen during
water shortage events in dry seasons; therefore, the increased streamflow according to the dry season
operation method should result in water quality improvements. The highest positive effects appearing
in September and November indicate the possibility of reduced T-N and T-P loads in the estuaries
during those periods. This is attributed to the high inflow volume observed during those periods.
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In most cases, because streamflow higher than those secured through the natural water cycling system of
the river are required, the increased streamflow of the water body resulting from coordinated operations
of hydrological facilities will have positive effects on the environment. In addition, the increased loads
in December could also be associated with low temperature, and T-N and T-P wash-off also increased
due to the increase in release compared to the observed data (Figures 5 and 6).
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When the water level drops the target release, the actual operating conditions should be adjusted
appropriately according to the water storage and flow rate conditions of the dams and weirs in the
water systems [19]. This study found that water quality improvement could be maintained through
sequential weir operation (Scenario 8) while minimizing the operation of the hydrological facility.

4. Summary and Conclusions

In this study, the reliable hydrologic cycle was reproduced by calibrating and validating the SWAT
model, a physical-based semi-distribution continuous rainfall-runoff model, using operation data from
the multi-purpose dams and multi-function weirs in the Nakdong River water system (23,690.3 km2).
In addition, for the application of the dam-weir combined operation scenarios, the streamflow and
water quality improvement effects of each scenario were examined by collecting the release amount
data for each scenario. The main results of this study can be summarized as follows:

(1) The calibration and validation results for the inflow and storage of 10 dam and weir points in the
Nakdong River Basin showed R2 values that ranged from 0.71 to 0.90 and NSE values that ranged
from 0.59 to 0.78. RMSE ranged from 1.14 to 1.69 mm/day, and PBIAS exhibited statistical values
between −18.04 and 7.32%. The water quality R2 results revealed that the R2 of SS ranged from
0.58 to 0.83 and that that of T-N ranged from 0.53 to 0.68. T-P exhibited a correlation between
0.56 and 0.79. The results showed that the statistical analysis results were significant for all the
calibration and validation points.

(2) Dam-weir operation scenarios were selected among the eight dam-weir-reservoir combined
operation scenarios published by the Ministry of Environment (ME), the Ministry of Land,
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Infrastructure, and Transport (MOLIT), and the Ministry of Agriculture, Food and Rural Affairs
(MAFRA) on 20 March 2017. For the years 2016 and 2017, when weir release was initiated,
daily release data were constructed, then simulation was performed for each scenario, and the
results were finally analyzed.

(3) The average annual streamflow in 2017 was analyzed by scenario, and the average annual flow
rate of the entire Nakdong River Basin in observed data was found to be 28.7 m3/s. Scenarios 2, 3,
4, and 5 exhibited increases in the average annual streamflow by 0.13~0.79 m3/s compared to the
observed data due to the simultaneous release of the dams and weirs. However, water quality
improvement and deterioration phenomena were different in each section.

(4) The monthly changes in streamflow and water quality (SS, T-N, and T-P) from June to December in
2017 were analyzed, and Scenarios 4 and 8 exhibited water quality improvement effects compared
to the observed data. The results showed that water quality improvement could be maintained
through sequential weir operation while minimizing the operation of the hydrological facility.

In this study, the dam-weir-reservoir combined operation scenarios published in 2017 through
the joint research of multiple ministries were applied to the SWAT model, and the water quality
improvement effects of each scenario were analyzed. Based on the published research results,
the dam-weir combined operation scenarios for five multi-purpose dams (ADD, IHD, HCD, NKD,
MYD) and four weirs (GJW, DSW, HCW, and HAW) that operated in 2017 were simulated, and the
water quality improvement effects were analyzed.

The results showed that the water quality improved in the downstream of the Nakdong River.
Each release scenario resulted in different timescales and subwatershed for the improvement of water
quality. Therefore, it is necessary to consider the number of release days, the release quantity of dams,
and the facilities for combined operation during dam-weir combination scenarios, in addition to the
existing release scenarios. Based on this, it is also necessary to derive the optimal dam-weir combined
operation scenario by establishing and analyzing various combined operation scenarios for the water
resources available in the watershed.

Systematic stream water quality management through hydraulic-hydrologic combined models is
the basis for comprehensive stream management considering the factors of flood control, water use,
and environment. Further, it is necessary to verify such academic research results and water quality
management for field applications [4].

The results are expected to be used as decision-making data for dam-weir combined operation
because this method of identifying and predicting streamflow and water quality interaction is a
useful tool for predicting the likely outcomes of multiple scenarios. Moreover, this study enables the
continuous supplementation and qualitative improvement of the results for the combined operation
scenarios in the future and may aid in the construction of models to reflect changes in the environment.
It will be possible to evaluate hydrologic and water quality interaction considering the change in the
stream environment by combining the model with the existing real-time data.
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