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Abstract: For urban streams, wastewater inflow makes water quality management difficult. This
study attempted to analyze the water quality characteristics and pollution sources for the efficient
management of water quality in the upper, middle, and lower Gul-po stream reaches. The water
quality and flow characteristics for each point were analyzed using five-year water quality and flow
discharge data at Gul-po stream from 2016 to 2020. The results showed that the flow increased
and the water quality improved in the upper part of the stream, under the influence of a treated
water discharge. The flow—pollutant loading equation revealed that the flow coefficient (slope of the
regression equation) values of the water quality characteristics, except T-N, were lower than 1 in
the upper part, indicating that the water quality decreased as the flow increased. In the middle and
lower parts, the flow index values of the water quality characteristics, except T-N, were greater than 1,
indicating that the water quality increased with the flow. For the middle and lower parts, the overage
rate of target water quality by the Ministry of Environment was high for high-flow discharge sections,
indicating the significant influence of nonpoint pollution sources. These results show that it is
necessary to consider different pollution sources at each point for urban stream quality management.

Keywords: total maximum daily load; flow—pollutant loading equation; load duration curve;
nonpoint pollution source

1. Introduction

Since the 1960s, the amount of pollutants introduced to streams has increased due to
the increase in wastewater discharge caused by rapid urbanization and industrialization. In
general, pollutants introduced into streams from watersheds can mainly be classified into
point pollution sources, which constantly come from specific places, and nonpoint pollution
sources, which normally exist over large areas and then discharged into streams along with
surface runoff during rainfall. Nonpoint pollution sources are difficult to quantify because
their discharge is different depending on topographical conditions, the characteristics of
the watershed, land use type, and hydrological conditions [1-6]. To address this problem,
the Ministry of Environment (ME; Rep. of Korea) implemented the total maximum daily
load (TMDL) program on the Nakdong River in 2004. Since the water quality and flow
are measured simultaneously by the TMDL monitoring network, unlike the conventional
water quality monitoring network, it is possible to quantify the pollutant load from the
flow [7]. The TMDL program of South Korea is managing to achieve the target water
quality at the reference flow, which involves specific flow conditions averaged over the
past decade. Therefore, there is a limitation for managing the water quality using TMDL
for the various flow conditions [7].

In recent years, the pollution of water bodies has been analyzed, and the effect of flow
fluctuations on water quality has been investigated using the load duration curve (LDC),
which considers various flow conditions for the entire stream [8].
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Through analysis of the pollutant load, research on the water quality of urban streams
has been conducted in various ways. Numerous studies have identified the sources of
pollution in simple and indirect ways using the relationship between flow and pollutant
load. Kwon et al. analyzed the changing characteristics of the water quality in the Gyeon-
gan stream for ten years and investigated those characteristics using the flow—pollutant
load relationship [9]. Lee et al. evaluated the organic matter load contained in the streams
flowing into Masan Bay using the flow—pollutant loading equation and thus classified the
pollution sources of each stream [10]. Lee et al. investigated the outflow characteristics of
pollutants subjected to the TMDL program and the degree of water quality deterioration
by section and season under flow conditions, using discharge and water quality data in the
Seomjin River [7].

Studies have also been conducted using LDCs. Lee et al. investigated the water
pollution load according to discharge conditions using an LDC for the major tributaries of
the Nakdong River; in addition, the location and period for water quality management
were suggested [11]. Jang et al. found regions that preferentially require the management
of nonpoint pollution sources and proposed a method for setting management goals,
mainly for the four major rivers in Korea, by creating an LDC and evaluating the water
quality characteristics for each flow condition [12]. Luo et al. calculated the TMDLs for
ammonia to evaluate the water quality upstream of the Taoxi River in the Taihu Basin
in China and conducted research on the analysis of water quality characteristics using
LDCs to quantify monthly and seasonal variations in TMDLs [13]. Chen et al. conducted
research on the application of the LDC method for the management of water pollution in
the Yuanhe River, a tributary of the Ganjiang River, which itself is a tributary of the Yangtze
River [14]. Serrano et al. presented an alternative for estimating the coliform load reduction
at various locations in the Piranga and Piracicaba basins using the LDC method [15]. As in
the previous studies, LDC has been used in various ways to evaluate the water pollution
load of rivers in space and time. In addition, it is suggested to be highly useful as a major
analysis method for river water quality management.

Various domestic and international studies have been conducted on water pollution
management. In particular, various techniques have been applied for calculating the
pollutant load. Unlike natural streams, urban streams require complex water quality
management due to wastewater and rainwater in cities, which makes it difficult to calculate
the pollutant load. An urban stream with a high pollutant load was selected for this study,
and the water pollutant load of the stream was analyzed using the flow—pollutant load
relationship and an LDC.

In this study, water quality and flow status over the last five years were identified
and the flow—pollutant load relationship was derived for the Gul-po stream, a stream in
Incheon, South Korea, subjected to the TMDL program in the Han River system, using
the data observed by the TMDL monitoring network. To this end, the pollutants that
flow into the Gul-po stream were analyzed to know whether it exceeded the target water
quality under various flow conditions through the LDC. In addition, the water quality
characteristics and inflow pollution sources of the Gul-po stream were analyzed to present
appropriate water quality management measures for the basin.

2. Methods
2.1. Target Area and Data Collection

The Gul-po stream, which is the target stream of this study, flows through five local
governments in Korea—Bucheon, Gimpo, Bupyeong, Gyeyang, and Gangseo, comprising
an area with the highest density of urban household and industrial pollution sources. It has
tributaries such as the Yeo-wol, Gye-san, Sam-jeong, Mog-su, Gyul-hyeon, and Cheong-
cheon streams. National industrial complexes are located upstream of the Gul-po stream,
and apartment complexes exist in the middle and upstream areas. The downstream area
has been used as farmland. The Gul-po sewage treatment plant is also located downstream
and processes large amounts of pollutants from nearby factories and farmland [16]. Since
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the Gul-po stream is a basin that has a direct impact on the Han River system, it requires
sufficient management to improve the water quality in the Han River estuary and along the
coast of Incheon. In addition, efficient water quality management by identifying pollution
sources that flow into the stream is essential, because the stagnation of flow occurs in the
stream when it joins the end of the main stream of the Han River. The water quality of the
stream is significantly worse than that of other streams in the Han River system due to the
influence of effluent from a large sewage treatment plant (Gul-po sewage treatment plant)
located at the end of its basin [17]. Figure 1 shows the Gul-po basin and location of major
facilities, and the sampling point of the Gul-po Basin [18].

Gul-po stream

1 Cheong-cheon stream

GP AT |®

Mog-su stream

Sam-jeong stream

Gye-san stream

(2]t
A

Yeo-wol stream
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l T A Sewage treatment plant

Ozon treated water discharge point
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Figure 1. Water quality monitoring site in Gul-po: (a) The Gul-po basin; (b) mimetic diagram of
Gul-po [18].

As for the flow and water quality data for this study, the data of six water quality
items—BOD (biochemical oxygen demand), COD (chemical oxygen demand), TOC (total
organic carbon), SS (suspended solid), T-N (total nitrogen), and T-P (total phosphorus)—
and flow discharge data at GulpoAl, GulpoA2, and GulpoA, (water quality measured
points) from 2016 to 2020 were collected from the water environment information system
(WEIS, 2021) of ME and analyzed. More detailed water quality and flow measured points
are shown in Table 1. The 571 time series data were collected from observation points
(GP A1-193, GP A2-187, and GP A3-191) and the measured results of water quality and
discharge are shown in Table 2.

Table 1. Target areas for the characteristic analysis [18].

Watershed Area Measure Point Basin Location
Gulpocheon-1 Sangdong, Wonmi-gu, Bucheon City,
Upper (GP A1) GulpoA04 (37.51522, 126.74529)
. Gulpocheonl-1 Parkchon-dong, Gyeyang-gu, Incheon
Middle (GP A2) GulpoA03 (37.54025, 126.76138)
Gulpocheon-2 Gyeyang-dong, Gyeyang-gu, Incheon
Lower (GP A) GulpoA02 (37.50870, 126.72585)




Appl. Sci. 2021, 11, 9694 40f12
Table 2. Average water quality variable concentrations and discharge of each point from 2016 to 2020.
Location  Year  BOD (mg/L) COD (mg/L) SS(mg/L) T-N(mg/L) TP (mglL) TOC (mg/L) Dl(j;‘;;ge
2016 522 9.44 15.82 3.37 0.2 7.34 0.25
2017 523 8.8 9.38 3.38 0.23 711 0.1
Upper 2018 4.35 7.61 10.28 3.25 0.19 4.52 0.23
2019 2.07 6.29 6.08 8.57 0.11 3.95 0.41
2020 3.97 7.51 9.09 9.97 0.15 4.96 0.36
2016 7.92 12.94 19.09 6.68 0.41 10.15 6.41
2017 9.06 15.03 19.98 723 0.35 11.42 1.68
Middle 2018 6.80 11.22 13.75 6.00 0.30 6.28 1.57
2019 4.82 8.70 8.95 7.84 0.19 4.73 1.27
2020 591 8.66 10.12 8.18 0.23 5.34 212
2016 3.67 8.16 10.16 13.01 0.35 6.42 8.64
2017 2.64 7.56 8.56 12.81 0.28 447 7.76
Lower 2018 2.67 7.30 10.34 12.20 0.30 4.44 8.85
2019 292 7.94 8.45 12.61 0.24 4.49 7.39
2020 2.85 7.50 9.02 11.35 0.27 4.53 8.36

2.2. Flow—Pollutant Loading Equation

The pollutant load is a value obtained by multiplying the discharge at the observation
point by the concentration of water quality. It is an important factor for the analysis of
nonpoint pollution sources because it increases as the rainfall time continues, due to the
increase in flow despite the decrease in the concentration of pollutants [19]. Huber and
Barnwell proposed an empirical formula by converting the relationship between stream
flow and pollutant load to numerically investigate the pollution load according to the flow

change, as shown in Equation (1) [20]:

L:aQb

)

where L is the pollutant load (kg/day), a is the coefficient related to the baseflow load, Q is
the stream flow (m>/s), and b is the slope of the regression equation. If b is higher than 1,
it represents the pollution load rapidly increasing with increasing flow. If not, the water
quality concentration is interpreted to not be sensitive to the flow increase [21].

2.3. Flow Duration Curve

The flow duration curve (FDC) is a cumulative frequency curve that shows the per-
centage of time specified discharges were equaled or exceeded during a given period.
The Y-axis represents the discharge and the X-axis represents the frequency (percentage
exceedance) at which discharge larger than the Y-axis discharge occurs, which can be calcu-
lated using Equation (2). Since the X-axis represents flow data over a period of time in order
of magnitude (0-100%), it is easy to visually understand fluctuations in the magnitude of

the stream flow [22].
Percentage exceedence (%) = % * 100

@

where 7 is the rank of discharge data in descending order and N is the number of data.
For daily flow data, data from eight-day intervals were used, provided by the TMDL
monitoring network. In general, it is preferable to use daily flow data for the entire
period to create FDC. It is difficult to secure measurement data due to realistic conditions
or if calculation results with a margin of safety (MOS) less than 10% (compared to the
reference flow) are required; however, the total flow frequency of the stream can be
represented through the flow data from eight-day intervals, accumulated over three to six
years. Therefore, measurement data from eight-day intervals are used for FDC and LDC

analysis in Korea [22,23].
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The magnitude of flow is divided into five stages according to hydrological conditions.
In Korea, it is divided into: High flows (HFs) with an exceedance probability of 0-10%,
moist conditions (MCs) with 10-40%, mid-range conditions with 40-60%, dry conditions
(DCs) with 60-90%, and low flows (LFs) with 90-100%, according to the flow duration [24].

2.4. Load Duration Curve

An LDC is a curve that shows the relationship between the measured water quality
data under all flow conditions. It makes it easy to interpret water quality phenomena while
considering flow characteristics and is useful when seeking appropriate water quality
management measures by analyzing and diagnosing the intrinsic characteristics of the
water pollution problem and for areas that exceed the target water quality [7]. Recently,
it has been used as a method for analyzing the degree of damage to a water body under
various flow conditions to overcome the limitations of the TMDL program at the reference
flow, i.e., the specific flow condition averaged over the last decade [11].

The LDC is created by multiplying the FDC prepared using daily flow data with the
target water quality. It is possible to analyze change characteristics according to flow by
adding the load calculated using daily flow and water quality data onto the LDC. The
pollutant load can be calculated using Equation (3):

kg \ m> . (mg
Load <d/1y) = Flow (s) * Concentmtzon(T) * 86.4 3)

Whether the target water quality is exceeded or not can be identified using the LDC. If
the overage rate is higher than 50% based on the center point (50%) of the flow section, the
target water quality is exceeded; if not, the target water quality is satisfied [23]. In general,
when the water quality criteria are exceeded during the high-flow period (0-40%), it is
due to the influence of nonpoint pollution sources. When the water quality criteria are
exceeded during the low-flow period (40-100%), it is likely to be caused by the influence of
point pollution sources [25].

3. Results and Discussions
3.1. Analysis of Water Quality and Flow Characteristics for Each Point

When the average flow (by year) and the concentrations of six water quality factors
in the upper, middle, and lower parts of the Gul-po stream were measured through the
TMDL monitoring network (from 2016 to 2020) and then analyzed, it was found that the
discharge in the upper and middle parts increased after 2018. This appears to be due to the
influence of the ozone-treated reclaimed water supply project implemented in March 2019.

Through this project, average flows of 30,000 and 15,000 m3/d are discharged to the
Cheong-cheon stream, located in the upstream area of the Gul-po stream (upstream of
point GulpoAl) and the Gye-san stream, located in the midstream area (upstream of point
GulpoA?2), respectively [26]. Accordingly, the flow in the upper Gul-po stream almost
doubled from 2018 to 2019, and the water quality in the upper and middle parts has also
improved. The T-N concentration increased rapidly, likely due to the influence of ozone
treated reclaimed water with a higher T-N concentration than the upper part of the Gul-po
stream (Figure 2).

Figure 2a shows the T-N concentration in ozone-treated water; the concentration
ranges from 8 to 16 mg. As shown in Figure 2b, the T-N concentration in the upper Gul-po
stream increased to the T-N concentration range of ozone-treated water due to its discharge.
Figure 2b has sections where the T-N concentration is lower than that of ozone-treated
water (minimum concentration is 6 mg/L)—this appears to be due to the influence of the
rainwater introduced into the stream during rainfall.
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Figure 2. Comparison of T-N concentrations in Gul-po stream water and ozone-treated reclaimed
water: (a) T-N of ozone-treated discharge water (Cheong-cheon stream); (b) T-N of the Gul-po stream
(Gulpo Al measure point).

The daily discharge of the Gul-po sewage treatment plant is 664,550 m®/day, and this
represents most of the flow in the lower part of the Gul-po stream. Therefore, the lower
part was affected by the water quality of the discharge from the Gul-po sewage treatment
plant, while the influence of ozone-treated reclaimed water discharge (45,000 m3/day) on
the upper part was found to be insignificant compared to discharge from sewage treatment
plant. Table 2 shows the annual average water quality concentration and flow for each
measurement point in the Gul-po stream.

Compared to the upper and lower parts of the Gul-po stream, the concentrations of
BOD, COD, and TOC were highest in the middle part. This is because water from the
urban industrial complexes and road sections flows into the middle part and the water
quality is lower compared to other points under the influence of surrounding pollution
sources [27]. In addition, it appears that the Sam-jeong stream (a tributary of the Gul-po
stream), which is located upstream of the middle part of the stream, has direct and indirect
influence on the water quality in the middle part of the Gul-po stream due to the high
population density compared to the administrative districts areas of Bucheon and Incheon
in the upstream area, as well as untreated water discharged from livestock/agricultural
farms and industrial complexes [28].

3.2. Derivation of the Flow—Pollutant Loading Equation

The flow—pollutant loading equation was derived using the flow and water quality
data for each point in the Gul-po stream from 2016 to 2020, as shown in Table 3. Regarding
the degree of dispersion of the pollutant load according to flow, only the results of BOD and
T-N with the distinct characteristics of the flow coefficient are shown in Figure 3. R-squared
(R?) is a statistical measure that represents the proportion of the variance for a dependent
variable and independent variable.

Table 3. Results of the flow—pollutant loading equation of the Gul-po stream.

Water Quality Factor
Watersh Fact
atershed  Factor BOD CcoD TOC ss T-P TN
Unoer 0.7222 0.9177 0.8494 0.8806 0.8965 1.4379
PP R? 0.3977 0.7676 0.6896 0.4807 0.4078 0.7400
Middl 1.0919 1.0265 1.0703 1.1268 1.0702 0.8779
1ddie R? 0.8390 0.9050 0.8811 0.7798 0.8195 0.9011
b 1.6988 1.1285 1.0922 1.3851 1.2413 0.8569
Lower

R? 0.5087 0.7718 0.7516 0.5947 0.5472 0.7606
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Figure 3. Scatter graph of the flow—pollutant loading equation for the Gul-po stream.

As shown in Table 3, the b values of BOD, COD, SS, TOC, and T-P in the upper part
were lower than 1—they were 0.72, 0.92, 0.85, 0.88, and 0.89, respectively, showing that
their concentrations decreased as the flow increased. This indicates that the stream’s flow
increase rate was higher than the pollutant inflow increase rate during rainfall. In addition,
when compared to the flow distribution data, flow discharge significantly increased after
April 2019. This indicates that the flow fluctuation characteristics in the upper part, between
2016 and 2020, were directly affected by ozone-treated reclaimed water discharge, which is
responsible for the improvement of water quality (b value is lower than 1).

On the contrary, the b value of T-N (1.44 in Table 3) was greater than 1, showing
that its concentration increased as the flow discharge increased. This is because the T-N
concentration of ozone-treated reclaimed water is higher than that of the Gul-po stream
water, as shown in Figure 2.

In the middle part, the b values of BOD, COD, TOC, SS, and T-P were greater than
1—they were 1.09, 1.03, 1.07, 1.13, and 1.07, respectively, showing that their concentrations
increased as the flow increased. This can be interpreted as the significant influence of
nonpoint pollution sources during rainfall. The b value of T-N (0.8779), however, was
lower than 1, showing that its concentration decreased as the flow increased. This appears
to be because the dependence of the discharge water concentration on the flow decreases,
since nitrogen has high fluidity in the atmosphere or soil pores and is thus easily discharged,
even during small-scale rainfall [29]. In the lower part, the b values of BOD, COD, TOC,
SS, and T-P were greater than 1, showing that their concentrations increased as the flow
increased. The b value of T-N (0.8569) was lower than 1, showing that its concentration
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decreased as the flow increased. In particular, the b values of BOD, SS, and T-P in the
lower part significantly increased to 1.6998, 1.3851, and 1.241, respectively, compared to the
middle part. This shows that the influence of nonpoint pollution sources was larger as the
concentration of the water quality variables rapidly increased alongside the flow discharge.

3.3. Derivation of LDC for Each Point

To identify the degree of water pollution in the Gul-po stream, the LDCs of BOD
and T-P for each point were derived using the daily flow and water quality data over five
years (from 2016 to 2020) (see Figure 4). The target water quality used as the benchmark
was set based on the target water quality presented in the operation plan for the TMDL
program in the Han River Basin, because the Gul-po stream was subjected to the program.
Comparative analysis was conducted mainly on the target water quality of phase 1 from
2013 to 2020, and the total overage rate for the target water quality of Phase 2 from 2021 to
2030 was additionally analyzed, as it was set recently (see Table 4).
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Figure 4. Results of the load duration curve plot from monitoring data at each point.
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Table 4. Results of the load duration curve analysis at each point: (Phase 1) 20132020 target water quality; (Phase 2)

2021-2030 target water quality.

(%)
[ Water Qualit . Moist Mid-Range D
Classification =~ Watershed Factor y High Flows Conditions Flows & Con d:t};ons Low Flows

Upper BOD 0 6.89 7.89 20.68 15.0

Phase 1 T-P 0 1.72 0 0 0
Target Water Middle BOD 55.56 28.57 16.22 28.57 21.05

Overage Rate T-P 0 1.79 0 1.79 0

BOD 15.79 5.26 2.56 0 0

Lower T.P 5.26 351 2.56 0 0

Upper BOD 15.79 2241 18.42 46.55 60

Phase 2 T-P 0 5.17 2.63 10.34 10
Target Water Middle BOD 100 85.71 64.86 75 78.95
Overage Rate T-P 16.67 7.14 8.11 12.5 5.26

BOD 4737 2456 5.13 5.26 15

Lower T-P 26.32 10.53 257 1.75 10

When the target water quality (phase 1) overage rate was analyzed for each flow
section in the upper part, BOD exhibited an overage rate of less than 50% for all sections,
thereby satisfying the phase 1 target water quality. DC and LE, which are low-flow sections,
showed higher overage rates (21% and 15%, respectively) than HF and MC, which are
high-flow sections. T-P exhibited a low overage rate of 1.72% for the MC section and an
overage rate of 0% for the DC and LF sections, thereby satisfying the target water quality.
In the upper part of the stream, where the overage rate is high for low-flow sections, the
influence of point pollution sources is larger than that of nonpoint pollution sources when
the results of the flow—pollutant loading equation are also considered. The increase in the
BOD concentration in the upper part, however, can also be explained by algal growth due
to the increase in stream residence time, caused by lower flow as compared to other points—
especially regarding the reduction in stream flow for the DC and LF sections and the
increase in the amount of native organic matter due to the growth of phytoplankton [30].

When the target water quality (phase 1) overage rate was analyzed for each flow
section in the middle part, BOD showed an overage rate of 55.56% for HF and thus did
not satisfy the target water quality. T-P satisfied the target water quality, as it exhibited a
low overage rate of 1.79% for MC and DC. As mentioned in the analysis of water quality
characteristics, it appears that BOD exceeded the target water quality for HF in the middle
part due to the influence of nonpoint pollution sources caused by the discharge from
the urban industrial complexes, road sections, and the inflow of the Sam-jeong stream
(a tributary of the Gul-po stream). In the results of the flow—pollutant loading equation,
the b value of SS was higher than that of the other variables. This can be interpreted as an
increase in SS during rainfall due to nearby pollutants and increases the concentration of
BOD and other organic matter [27].

When the target water quality (phase 1) overage rate was analyzed for each flow
section in the lower part, BOD was 15.79% for HF and 5.26% for MC, indicating that the
overage rate concentrated in high-flow sections showed an overage rate of 0% compared
to low-flow sections. In the case of T-P, the overage rage was also concentrated in high-
flow sections compared to low-flow sections, and this showed the significant influence
of nonpoint pollution sources during rainfall on water pollution in the lower part. This
appears to be closely related to land use in the lower part of the Gul-po stream when
considering that the flow index values of BOD, SS, and T-P were high in the results of the
flow—pollutant loading equation. According to a previous study, the concentrations of
organic matter and phosphorus tend to increase as the area of farmland increases [31]. In the
case of paddy fields, organic matter and soil are introduced into streams in large quantities
during rainfall because of the large quantity of organic fertilizers (e.g., compost) being
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used as nutrients for crops. This can also explain the increase in the BOD concentration in
the lower part of the Gul-po stream during rainfall, due to the high proportions of paddy
fields. In addition, the presence of phosphorus can be explained by the inflow of soil with a
large amount of phosphorus adsorbed along with the rainfall runoff, because phosphorus
has a high soil adsorption capacity [31]. Therefore, in the lower part of the stream, where
there is a high proportion of farmland, it was ascertained that the related pollutant load
(BOD, T-N) is introduced into the stream, along with rainfall, and affects the water quality.

When the target water quality overage rates in phase 2 were compared for each point,
it was found that the overage rate increased for all flow sections in the upper, middle, and
lower parts. In the case of BOD, in particular, the overage rate was higher than 50% for all
flow sections in the middle part and thus could not satisfy the target water quality. This
indicates that the water quality management plan must be improved, considering both
point and nonpoint pollution sources. Intensive management is required for the DC and
LF sections in the upper part that exhibited overage rates of 46.5% and 60%, and the HF
section in the lower part that showed an overage rate of 47.37%.

As shown in Figure 4 and Table 4, it was found that the target water quality was
satisfied in the upper part, since the overage rate was less than 50% for all flow sections.
For both BOD and T-P, however, the overage rates for low-flow sections, i.e., normal
conditions, were higher than those for high-flow sections, indicating that point pollution
sources had a larger influence on the occurrence of water pollution than nonpoint pollution
sources. In the middle part, BOD did not satisfy the target water quality for high flows
(HFs); this appears to be due to the influence of nonpoint pollution sources and the inflow
of the Sam-jeong stream (a tributary) during rainfall in nearby areas. It is suggested that
the increase in suspended matter due to the inflow of nearby pollution sources is the cause
for the increase in the concentrations of BOD and organic matter. In the lower part of the
stream, the target water quality was also satisfied, since the overage rate was less than 50%
for all flow sections. Since both BOD and T-P exhibited high overage rates for high-flow
sections, however, it is suggested that the nonpoint pollution sources had a significant
influence on the occurrence of water pollution when the results of the flow—pollutant
loading equation are also considered. In particular, BOD exhibited higher overage rates
than T-P. This appears to be due to the high proportions of paddies and fields in the lower
part in terms of land use.

4. Conclusions

In this study, water quality and flow status were identified for the Gul-po stream,
a stream subjected to the total maximum daily load (TMDL) program in the Han River
system, using water quality concentrations and daily flow data as measured by the TMDL
monitoring network. The outflow characteristics of the pollutants that flow into the Gul-po
stream were analyzed by deriving the flow—pollutant load relationship and determining
whether the target water quality was exceeded under various flow conditions through the
load duration curve (LDC) to propose appropriate management measures for the pollutants
introduced into the stream. The conclusions are thus as follows:

1. When the water quality and flow status were analyzed for each year, it was found
that the flow increased and the water quality improved in the upper and middle parts
of the stream after 2018, under the influence of the ozone-treated reclaimed water
supply project implemented in April 2019. T-N, however, increased rapidly after 2018,
since the concentration in the treated water was higher than that of the stream water.
In the middle part of the stream, the overall water quality was poor compared to
the upper and lower parts. This appears to be due to the high population density
and the untreated water discharged from livestock/agricultural farms and industrial
complexes affected the water quality at the middle point in the Gul-po stream.

2. When the flow—pollutant loading equation was derived for each point, the flow index
(b) values of BOD, T-P, COD, TOC, and SS were lower than 1 in the upper part, except
for T-N, indicating that their concentrations decreased as the flow increased. The
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flow index value of T-N, however, was greater than 1. This appears to be due to the
influence of ozone-treated reclaimed water with a higher T-N concentration than the
stream water. In the middle and lower parts of the stream, the flow index values of
the water quality characteristics, except for T-N, were greater than 1, indicating that
their concentrations increased as the flow increased. In the lower part of the stream, in
particular, the flow index values were higher than those in the middle part, showing
that the influence of nonpoint pollution sources was large, since the water quality
concentration increased rapidly along with the increase in flow.

3. The results of this study revealed that the upper part of the Gul-po stream is sig-
nificantly affected by point pollution sources, while the middle and lower parts are
affected by nonpoint pollution sources in nearby areas, even though the overall target
water quality is satisfied. This indicates that different water quality management
measures are required for each distinct part of the Gul-po stream. A comparison with
the target water quality by basin under the implementation of phase 2 of the TMDL
program (2021 to 2030) revealed that the total overage rate in the Gul-po stream
increased, and that the overage rate was higher than 50% (depending on the flow
section for each point), indicating the occurrence of sections that could not satisfy the
target water quality. Therefore, it is necessary to supplement the current management
plan by reflecting the pollution source characteristics for each point of the Gul-po
stream, to ensure that phase 2 water quality targets can be achieved.

This study conducted quantitative analysis of water pollution on nonpoint and point
sources by applying LDC and flow—pollutant loading equations to urban rivers with highly
polluted condition. In the future, if this research method is applied to more diverse urban
rivers and comparatively evaluated, it is expected that it will be helpful in the management
of river water quality.
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