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Abstract: To investigate the effects of rapid urbanization on water pollution, the water quality, daily
unit area pollutant load, water quality score, and real-time water quality index for the Jinwi River
watershed were assessed. The contribution of known pollution sources was identified using multi-
variate statistical analysis and absolute principal component score-multiple linear regression. The
water quality data were collected during the dry and wet seasons to compare the pollution charac-
teristics with varying precipitation levels and flow rates. The highest level of urbanization is present
in the upstream areas of the Hwangguji and Osan Streams. Most of the water quality parameter
values were the highest in the downstream areas after the polluted rivers merged. The results
showed a dilution effect with a lower pollution level in the wet season. Conversely, the daily unit
area pollutant load was higher in the rainy season, indicating that the pollutants increased as the
flow rate increased. A cluster analysis identified that the downstream water quality parameters are
quite different from the upstream values. Upstream is an urban area with relatively high organic
matter and nutrient loads. The upstream sewage treatment facilities were the main pollution
sources. This study provides basic data for policymakers in urban water quality management.

Keywords: dry and wet seasons; spatiotemporal variations; cluster analysis; real-time water quality
index (RTWQI); absolute principal component score-multiple linear regression (APCS-MLR)

1. Introduction

Excessive concentrations of biological nutrients and hazardous chemicals in water
bodies result in a variety of problems, including shortages of safe drinking water, toxic
algal blooms, oxygen loss, and biodiversity loss. Due to the water pollution caused by
these agents in rivers, the health of the aquatic community in the river basin deteriorates
and the species composition changes. Considering that water quality management in pol-
luted watersheds is expensive as polluted water cannot be cleaned up easily, it is more
cost-effective to prevent contamination instead [1-4].

Rivers and streams form a natural drain between the watershed and the sea and serve
as a network for transporting natural substances as well as anthropogenic pollutants [5].
Various human activities within the watershed have contributed to various types of water
pollution [6-8]. In urban areas, residential expansion stemming from higher population
densities and the creation of large-scale industrial complexes due to industrial develop-
ment are considered the main causes of pollution [9]. Furthermore, as impermeable urban
areas increase, more pollutants flow into rivers from point and nonpoint pollution
sources, and biodiversity also declines [10,11].

Urbanization contributes to drastic changes in river flow characteristics, affecting the
fate and transport of pollutants. In general, the pollutants discharged into rivers
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accumulate in the riverbed with the sediment. During the dry season, when the precipi-
tation and water levels are low, river pollution is aggravated by pollutants accumulating
in the riverbed [9]. In the wet season, the increased precipitation leads to higher water
levels; the concentration of pollutants may be lower due to the dilution effect, but, con-
versely, the water quality may be further deteriorated due to the additional pollutants
from pollution sources [1,12,13].

In South Korea, industrialization began rapidly in the 1960s with the population con-
centrated in metropolitan areas, which led to urbanization [14]. The upstream areas of the
Hwangguji and Osan Streams (the streams of the Jinwi River watershed) are the most
urbanized areas in the Jinwi River watershed, which belongs to the Han River Basin, the
largest in South Korea [15]. The upstream area of the Jinwi River is located in the moun-
tains and is relatively clean. Conversely, the upstream areas of the Hwangguji and Osan
Streams are located in the city center and are polluted by sewage and wastewater [15-20].
On the other hand, downstream of the Hwangguji and Osan Streams is mainly agricul-
tural land. However, the Hwangguji and Osan Stream are polluted beyond their self-pu-
rification capacities, causing deteriorated water quality in the downstream Jinwi River
[16,20,21].

The Ministry of Environment has been operating the Total Pollution Load Manage-
ment System (TPLMS) since 2009 to improve the water quality in the downstream area of
the Jinwi River. The TPLMS is a system that reduces the total pollutants discharged within
the watershed to below the permissible limit. As for the Jinwi River watershed, the target
water quality for BOD:s at the endpoint of the watershed is 6.6 ppm. In addition, water
quality changes are monitored by determining the allotted quota of pollutants for eight
cities covering the Jinwi River watershed and assessing designated sites on the river as it
passes through the local government boundaries [17].

The aim of this study is to assess the water quality and source contribution using
variable statistical techniques in the Jinwi River watershed from 2013 to 2019. The specific
objectives of this study were to (1) analyze the water quality with fluctuating flow rates
and pollution sources, (2) calculate the water quality score via river water quality criteria
and pollutant load (3) calculate and compare the water quality indices using various fac-
tors affecting water quality, (4) identify cluster sites with similar characteristics via multi-
variate statistical analysis and determine the main influencing factors, and (5) estimate the
pollution contribution rates through absolute principal component score-multiple linear
regression (APCS-MLR) analysis. This study will provide policymakers with statistical
techniques to identify the current status of water pollution stemming from urbanization.

2. Materials and Methods
2.1. Study Area Description

The Jinwi River watershed is close to Seoul, the capital of South Korea, and is in the
southern section of the metropolitan area (Figure 1). The total area of the watershed is
734.28 km?, and there are eight cities within the watershed. The cities within the watershed
include Suwon (121.0 km?) and Osan (42.7 km?). The flow rate measurements and water
quality sampling were collected from the boundary points of each city, which are pro-
vided in Table S1. The Jinwi River watershed samples were mainly collected from the
Jinwi River (J-1, J-2, J-3, J-A), the Osan Stream (O-1, O-2, O-3), and the Hwangguji Stream
(H-1, H-2, H-3, H-4, H-5). Samples were also collected from the tributaries, Seongeun
Stream (5-T) and Gwanri Stream (G-T) (Figure 1).

The areas that were urbanized from the 1980s to the 2010s are illustrated in Figure
S1(a). In the Jinwi River watershed, most of the areas from upstream to midstream of the
Hwangguji and Osan Streams were urbanized [22]. In this period, new towns were devel-
oped and large-scale residential complexes were created, as shown in Figure S1(b). The
population rapidly increased from 202,040 (in 1970) to 2,517,832 (in 2018) inhabitants [23].
The land use patterns in the watershed composed of: forest area covering 243.6 km? (33%),
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the residential area was 213.2 km? (29%), upland and paddy field accounted for 185.1 km?
(25%), and other uses, including roads and rivers covers 92.1 km? (13%) [24]. As illustrated
in Figure 52(a), in 2017, the impermeable area of the watershed was 181.86 km?, account-
ing for 24.77% of the total watershed area [24]. The pollution sources affecting the water
quality of the watershed included wastewater from industrial complexes, drainage water
from livestock breeding facilities, sewage, and waste treatment, which are located on the
map [25] (Figure S2(b)).
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Figure 1. Location of the Jinwi River watershed with the monitoring sites in the study area.

2.2. Data Collection and Pre-Processing

The flow rate measurement and water quality sampling were performed, on average,
every eight days. The river and stream flow data followed the measurement guidelines
with hydrological observation manual. An Acoustic Doppler Velocimeter (ADV) and
Acoustic Doppler Current Profiler (ADCP) were used to assess the site conditions, water
depth, and flow velocity [26,27]. All samples were collected with a grab sampler in the
middle of the river using a boat, washed with deionized water, and placed into flushed
sterile vials. The water quality parameters (water temperature, pH, EC, and DO) were
measured and recorded on-site, immediately after sample collection. The collected sam-
ples were maintained below 4 °C as they were transferred to the laboratory. The samples
were used for the biochemical oxygen demand (BOD), chemical oxygen demand (COD),
suspended solids (SS), total nitrogen (T-N), total phosphorus (T-P), total organic carbon
(TOC), and chlorophyll-a (Chl-a) analyses. Detailed information on the analytical methods
is provided in Table S2. The sample preservation and analyses methods conformed with
the water pollution standard method of the Ministry of Environment [28]. The monthly
precipitation and monthly average temperature data were obtained from the Suwon Me-
teorological Observatory provided by the Korea Meteorological Administration [29].

2.3. Estimation of Daily Unit Area Pollutant Load
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Daily unit area pollutant load directly affects water quality and identifies the poten-
tial water pollution [30]. Efficient water quality management requires the following quan-
tifications: an estimation of the discharge load flowing into the river from pollution
sources in the corresponding watershed, and the behavioral identification of the daily pol-
lutant load reaching the end of the drainage area. Accordingly, the daily pollutant load
was calculated using the simultaneously collected flow rates and water quality data from
the sites in the Jinwi River watershed (Equation 1).

Daily pollutant load (kg/day) = Flow (m? /sec) x Water Quality (mg/L) x 86.4 (1)

The daily pollutant load does not identify pollutants generated or discharged from
unspecified places, such as roads, farmland, mountain areas, and naturally generated pol-
lutants. Therefore, the environmental characteristics of the watershed involving the daily
unit area pollutant load (which is the daily pollutant load per unit area) were calculated
to confirm the level of pollution load corresponding with the watershed area. As the value
of the daily unit area pollutant load was higher, it was interpreted that the water pollution
level at each corresponding site was higher [30].

2.4. Grade Classification of Water Quality
2.4.1. Water Quality Score

Calculation of the water quality score is a method of determining the water quality
quantitative indicators to classify and rank the river pollution levels and the pollution
characteristics. The use of consistent calculation criteria allows sites to be easily compared.
Therefore, water quality scoring has been used extensively in water quality research [2,31—
33]. The water quality score is estimated using the following parameters: BOD, COD, T-P,
and TOC. The score of each parameter is calculated following the methodology of the
river living environment standard by the Ministry of Environment [34]. Furthermore, the
load densities of the parameters used for scoring are divided into six parts (5, 10, 25, 50,
75, 90%) using a box diagram for each parameter (Table S3). The scores were the sum of
the calculations based on the score criteria for each parameter. The level of river pollution
was graded according to the score. The highest score represents the most severe water
pollution of the corresponding site.

2.4.2. Real-Time Water Quality Index (RTWQI)

The water quality index is calculated by synthesizing the water quality index data
and converting them into single indices. The index enables a comprehensive evaluation
of water quality and determines relative pollution levels. The calculation methodology
followed the Canadian Water Quality Index (CWQI). This methodology is widely used in
general water quality comparison studies because it comprehensively evaluates water
quality to determine the relative pollution levels [35-41]. CWQI was developed by the
Canadian Council Ministers of the Environment (CCME) and is the most widely used
method worldwide. RTWQI is a modified version of CWQI to account for the conditions
in South Korea [8,36-38,42-46]. In RTWQ)], there are eight water quality parameters and
water quality ranges in accordance with the Korean environmental standards (Table 54).
Conversely, CWQI defined the number of water quality parameters (a minimum of four)
and the number of measurements (over four replicates), but there are no set criteria for
the specific water quality parameters and the exact number of samples. In other words,
there might be subjective calculation results depending on the number of water quality
parameters tested and the application patterns. RTWQI is divided into five categories
within the index range, and the definition of the water quality status by grade is summa-
rized in Table S4. The closer the index is to 100, the better water quality is, and the lower
the score is, the higher the pollution level (Table S4).
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2.5. Multivariate Statistical Analysis

The measurement unit for each water quality parameter is different. Therefore, data
were standardized to improve the explanatory power of the statistical analysis results by
reducing the corresponding errors. Standardization involves changing the data values to
dimensionless data with the mean value of 0 and the standard deviation value of 1; this
altered value is called the standard score (Z-Score) [47,48]. Flow rate and water quality
data were converted to Z-Scores before analyzing the correlation analysis, cluster analysis,
and factor analysis. The correlations were used to estimate the Pearson’s coefficient (r).

The cluster analysis, hierarchical clustering, and Euclidean distance calculation meth-
ods were carried out. A factor analysis was performed on the clusters with similar water
quality and flow characteristics (as identified in the cluster analysis), and the pollution
sources of the main factor were categorized. Prior to the cluster analysis, the Kaiser—
Mayer—Olkin (KMO) test and Bartlett’s test were performed. The KMO was 0.5 or more,
and the significance level (p) of Bartlett’s test was 0.05 or less, confirming that it was sta-
tistically significant and suitable for factor analysis [49]. Principal component analysis ap-
plied followed the factor extraction method, and the varimax rotation used the factor ro-
tation method. The factor extraction criterion required an eigenvalue of 1 or more, and the
analysis results with the largest total cumulative values were selected to reflect various
pollution sources.

The multiple linear regression analysis was based on the results of factor analysis in
a multiple linear regression analysis using APCS-MLR. The contribution rates of each wa-
ter quality parameter at each pollution source were calculated. The research estimates of
the contribution rates of each water quality and air pollution source were calculated using
APCS-MLR. The selection methods of the independent variables included forward selec-
tion, backward elimination, and the stepwise method. The variables were selected using
a stepwise method to determine the entry and exit of the variables using the level of sig-
nificance for each phase [50]. Each APCS value was calculated by utilizing an unstand-
ardized coefficient (B) with the contribution rates of the unidentified sources from other
causes, other than the pollution sources identified by the factor analysis [51,52]. All statis-
tical analyses were performed using the SPSS statistical package program version 22.0
(SPSS Inc, Chicago, IL, USA)

3. Results and Discussion
3.1. Variations of Climate and Water Quality

South Korea experiences its highest precipitation levels in the summer, especially in
July (Figure S3(a)). The average monthly precipitation in the Jinwi River watershed from
2013 to 2019 reached 330.2 mm in July, followed by 184.0 mm in August, and 91.4 mm in
September. The average monthly precipitation in the dry season of April, May, and June
was 75.5, 89.7, and 58.4 mm, respectively. The fluctuations in the flow rates and water
quality parameters, such as BOD, TOC, and T-N, were compared with time-series graphs
at the sites of H-5, O-3, and J-A, which were located at the ends of the Hwangguji Stream,
Osan Stream, and Jinwi River (Figure S3(b), (c), (d)). The BOD, TOC, and T-N showed a
pattern of the concentrations temporarily decreasing when the flow rates increased due
to increased precipitation [1,30,53]. As the flow rate decreased, the concentrations of BOD,
TOC, and T-N increased again. The period from April to June was defined as the dry sea-
son, and the period from July to September was defined as the wet season. Using these set
periods, we attempted to identify any changes in the flow rates, water quality, and the
characteristics of the pollution sources with the season.

Table S5 summarizes the average values and distribution of each water quality pa-
rameter and the flow rate in the dry and wet seasons. The average water temperature and
flow rate at all the sites increased during the wet season due to seasonal influences. In
particular, the average flow rate at the J-A site (the end of the Jinwi River) showed the
highest increase, from 21.623 to 38.207 m3/s. The concentration of most water quality
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parameters, such as EC, BOD, COD, SS, T-N, T-P, TOC, and Chl-4, decreased due to the
dilution effect by precipitation in the wet season, whereas the parameter concentrations
occasionally increased in the season. The average concentration of the SS increased during
the wet season in the Osan Stream (O-1, O-2, O-3), upstream of the Hwangguji Stream (H-
1, H-2), and downstream and in the tributary of the Jinwi River (J-3, J-A, G-T). It was as-
sumed that increases in the flow rate contributed to the inflow of materials from surface
runoff [30,54,55]. The average concentration of the T-P also increased during the wet sea-
son in the sites upstream of the Hwangguji Stream (H-1, H-2) and in the downstream
tributaries of the Jinwi River (G-T). The H-2 showed the highest average SS value in both
the dry and the wet seasons (30.3 mg/L in the dry season and 35.3 mg/L in the wet season).
During the wet season, the COD recorded the highest average value of 19.3 mg/L, and the
TOC peaked at 7.4 mg/L. Previous reports state the water quality at H-2 fluctuates de-
pending on whether the floodgate is open or closed during the dry seasons, releasing the
effluent from the Wangsong Reservoir [20]. The average value of the Chl-a was the highest
at the J-A site (at the end of the Jinwi River), which was 81.5 mg/m? during the dry season
and 55.1 mg/m? during the wet season. The effects of the various pollution sources were
observed at the target sites and corresponded with the geographic distribution and pre-
cipitation. Similar trends have been observed in other countries [1,5,9,53,54].

3.2. Pollutant Load Estimation

To confirm the level of the pollution load at each site in the watershed area, the daily
unit area pollutant load of the BOD, COD, T-N, T-P, and TOC were calculated (Figure 2).
The load densities of BOD, COD, and TOC were the highest at J-A (the end of the water-
shed). The T-N and T-P were highest at the H-4 site of the Hwangguji Stream. The J-A site
had the highest values of BOD, COD, and TOC.

The water quality was lower in the wet season than in the dry season, but the load
density increased in the wet season due to the flow rate increase, which leads to a higher
total amount of pollutants [30]. In terms of the Osan Stream, O-3 (at the end of the Osan
Stream) had the highest load density when compared to the upstream sites. In summary,
based on the load densities, the downstream pollution level was higher than upstream,
and the pollution level in the wet season was higher than the dry season. These results
support previous research on urban rivers and streams in other countries [56,57].
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Figure 2. Daily unit area pollutant load at each site during (a) dry season and (b) wet season.
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3.3. Grade Classification Results

The water quality score of each site was within the ranges of 27 to 95 in the dry season
and 24 to 92 in the wet season. The Jinwi River and Osan Stream increased in their pollu-
tion levels from upstream to downstream. On the other hand, the Hwangguji Stream had
a higher pollution level at H-4 rather than H-5 (the end of the stream). This is considered
to be due to the influx of pollution sources associated with ongoing urbanization, as
demonstrated in other countries, such as China [2,9,53,58]. In general, the pollution level
increased slightly during the dry season, and the pollution index between the dry and wet
seasons showed a high correlation (Figure 3).
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Figure 3. Results of the water quality scores during the dry and wet seasons.

The RTWQI calculated the water quality index by evaluating various influencing fac-
tors on water quality (including the water temperature and EC), rather than the water
quality score. The scores were classified into five grades and are displayed on the map
(Figure 4). The RTWQI ranged from 51 to 93 in the dry season, and 53 to 93 in the wet
season. The majority of the upstream sites (H-2, O-2, ]J-2, and S-T) had a higher water
quality score during the wet season when compared to the dry season. This result indi-
cates lower pollution levels, mainly due to the dilution effect of wet season rainfall. How-
ever, at the G-T site (which is on a stream flowing into the downstream Jinwi River), the
average SS and T-P values were higher in the wet season than in the dry season (Table
S5), and the TOC temporarily increased in the rainy season, causing many outliers in our
data. Therefore, G-T experienced an increase in the SS and T-P, which was introduced
from non-point source pollution, or from local runoff, rather than from the dilution effects
from an increase in the flow rate during the rainy season.
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Figure 4. Results of the RTWQI during the dry (a) and wet season (b).

3.4. Identification of Potential Pollution Sources
3.4.1. Correlation Analysis

The Pearson correlation coefficients showed significant positive correlations between
the DO and pH, COD and BOD, EC and T-N, TOC and BOD, and TOC and COD. The
correlations were consistent in both the dry and wet seasons (Table 1). The correlation
coefficients between the COD, BOD, and TOC showed the strongest correlations, ranging
from 0.843 to 0.871 in the dry season and from 0.791 to 0.831 in the wet season. Therefore,
the highest pollution effects were due to the inflow of organic pollutants within the wa-
tershed. In the dry season, the correlation coefficients between the T-P and T-N (r = 0.609)
and T-P and BOD (r = 0.661) were significant. These correlations were stronger during the
dry season than during the wet season, and this difference is considered to be attributable
to the lower precipitation and flow rates. On the other hand, the rainy season presented
high correlation coefficients between the Chl-a and pH (r = 0.630) and Chl-a and COD (r =
0.656). Therefore, the higher temperature during the wet summer season may have con-
tributed to increased phytoplankton, resulting in an increase of the pH value [30,59].

Table 1. Pearson’s correlation coefficients for the different water quality parameters in the dry and wet seasons.

Parameter Dry season

WT pH EC DO BOD  COD SS T-N T-P TOC D Chl-a

WT - -0.088 0.352**  -0.376**  -0.045 0.170** 0.090 0.041 0.086 0.173** 0.045 0.144*

pH 0.042 - -0.374*  0.719*%*  0.038 0.172%  0.281**  -0.525"* -0.405** -0.003 -0.218**  0.448*

EC 0.382**  -0.266** - -0.307*  -0.033 0.022 -0.137*  0.621** 0.254** 0.151** 0.099 -0.013

DO 0.001 0.659*  -0.164** — -0.153**  -0.137* 0.071 -0.350**  -0.461"* -0.216* -0.346*  0.217**

BOD 0.197** 0.260** -0.050 -0.085 — 0.871%*  0.497** 0.365** 0.661** 0.843** 0.386** 0.410%*
Wet COD 0.242** 0.583** -0.067 0.189**  0.814** - 0.545** 0.274** 0.577** 0.865**  0.331** 0.543**
season SS 0.080 0.322**  -0.141*  0.009  0503*  0.558** - -0.081  0250*  0.425* 0204  0.455%*
T-N 0.295**  -0.377**  0.769**  -0.271**  0.148* -0.006 -0.073 - 0.609** 0.397*  0.220** -0.070

T-P 0.297*  -0.238"*  0.228*  -0.339**  0.563** 0.310"*  0.250** 0.473** - 0.599** 0.424** 0.105
TOC 0.296** 0.288** 0.096 -0.051 0.831** 0.791**  (0.558** 0.218** 0.520** - 0.317** 0.444**
D 0.116* -0.139* 0.021 -0.286*  0.334** 0.154**  0.353** 0.095 0.377%* 0.322%* - 0.256™*

Chl-a 0.085 0.630** -0.070 0.350**  0.367** 0.656**  0.285"*  -0.132* 0.002 0.318** 0.002 -

*p <0.05, **p < 0.01.
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3.4.2. Cluster Analysis

Cluster analyses were performed using the data on the water quality and flow rate
in the dry and wet seasons. The resulting clusters formed based on the same sites in both
seasons (Figure 5). Seasonal effects were analyzed in various ways; however, there were
no obvious seasonal impacts. Cluster one consisted of sites H-3, H-4, and H-5 (located in
the middle and downstream in the Hwangguji Stream) and the sites of J-3 and J-A (located
downstream in the Jinwi River). Most of these sites were located adjacent to agricultural
land. The cluster two sites were located in the most urbanized areas with densely popu-
lated residential and industrial facilities, and included the sites of O-1, O-2, O-3, H-1, and
G-T. Cluster three was based on J-1, J-2, and S-T (upstream in the Jinwi River). Unlike
other sites, the sites in cluster three were not in an urban area and thus maintained a
higher water quality. Cluster four consisted of H-2, which was affected by effluent from
the Wangsong Reservoir. H-2 was located approximately 80 m downstream from the
sluice gate of the reservoir. The sluice gate is closed during the dry season, allowing more
algae and organic pollutants to grow in the reservoir, making the environment vulnerable
to pollution [20,60].
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Figure 5. Dendrogram of the 14 monitoring sites using hierarchical cluster analysis.

3.4.3. Principal Component Analysis

The main pollution factors impacting the clustering pattern were classified using a
principal component analysis for each grouped cluster (Table 2). Cluster one consisted of
four influential factors in the dry and wet seasons. Organic pollutants were the main in-
fluencing pollutants in cluster one. The TOC, BOD, and COD were common in VF1 in the
dry and wet seasons. VF: included the pH, DO, and Chl-a during both the dry and wet
seasons. The increases in the pH and DO with the proliferation of phytoplankton were
considerable. The flow rate and EC were included in VFs in both the dry and wet seasons.
The increase in the flow rate caused the dilution effect, resulting in less EC. The water
temperature influenced VF4, which varied with the seasons.
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Table 2. Loadings of twelve variables on VARIMAX rotated factors in the dry and wet seasons.

Dry season/ Cluster 1 Cluster 2 Cluster 3 Cluster 4
Parameters VF1 VE2 VEs VE4 VF1 VE:2 VEs VEF4 VF1 VE:2 VEs VE4 VF1 VE2 VEs
WT -0.103 -0.014 -0.139 0.903 0.027 -0.925 -0.002 -0.072 0.104 -0.236 0.855 0.192 0.366 -0.859 0.250
DO -0.151 0.846 -0.112 -0.230 -0.002 0.911 0.022 -0.130 —0.050 0.879 -0.244 -0.035 0.785 0.287 -0.161
pH -0.056 0.898 0.048 0.091 0.293 0.404 0.601 -0.413 -0.236 0.821 0.196 -0.234 0.885 -0.119 -0.128
EC -0.216 0.139 -0.778 0.156 -0.384 -0.466 -0.414 -0.059 0.158 -0.093 0.139 0.766 0.061 0.746 0.452
BOD 0.909 -0.043 0.124 -0.214 0.840 0.225 0.076 0.364 0.754 0.025 0.114 0.077 0.911 0.071 0.018
COD 0.936 -0.017 0.109 -0.097 0.949 -0.059 0.125 0.020 0.769 —0.055 0.496 0.222 0.844 -0.275 0.271
TOC 0.904 0.047 0.007 -0.032 0.916 -0.070 0.019 -0.084 0.560 -0.115 0.645 0.333 0.827 -0.083 0.198
TN 0.500 -0.344 -0.210 -0.606 -0.223 0.066 -0.848 0.271 0.374 -0.105 -0.219 -0.501 -0.048 0.861 -0.174
TP 0.727 -0.424 -0.082 -0.126 0.255 -0.008 -0.134 0.846 0.928 -0.076 0.125 -0.054 0.757 -0.093 0.201
SS 0.712 0.224 0.468 0.106 0.014 0.032 0.808 0.288 0.846 -0.039 0.043 -0.117 0.909 -0.291 0.141
D -0.041 0.106 0.894 0.059 -0.140 -0.035 0.089 0.877 0.379 0.263 0.523 —0.443 —0.053 0.113 -0.946
Chl-a 0.167 0.742 0.068 0.323 0.459 0.054 0.185 -0.061 0.255 0.634 -0.263 0.390 0.839 -0.205 -0.072
Eigenvalue 3.92 2.46 1.74 1.46 3.02 2.13 1.99 1.98 3.49 2.02 1.93 1.46 5.87 2.37 1.41
% Total variance 32.6 20.5 14.5 12.2 25.2 17.8 16.5 16.5 29.1 16.8 16.1 12.2 48.9 19.7 11.8
Cumulative % 32.6 53.1 67.6 79.8 25.2 43.0 59.5 76.0 29.1 45.9 62.0 74.2 48.9 68.6 80.4
Wet season/ Cluster 1 Cluster 2 Cluster 3 Cluster 4

Parameters VF VE: VE; VFa VF VE: VEs VFs VF VE: VEs VFa VF1 VE: VEs VEFa
WT -0.025 0.067  -0.032 0.923 0.051 0.424 0.010 -0.059 0.279 0.362 0.089 0.629 0.013 0.050 -0.107 0.928
DO -0.161 0.858 -0.041 0.104 -0.188 -0.294 -0.267 0.710 0.080 -0.113 -0.155 0.866 0.305 0.592 0.118 0.454
pH 0.041 0.897 0.026  -0.039 0.059 -0.814 -0.229 0.100 -0.152 -0.459 0.366 0.640 0.326 0.845 0.009 0.364
EC -0.203 0.148 -0.804 -0.101 -0.330 0.718 -0.216 -0.096 0.364 0.135 -0.772 0.160 0.230 0.130 0.783 -0.048
BOD 0.864 -0.247 0.054 -0.055 0.861  -0.200 0.105 0.021 0.915 0.014 0.062 0.018 0.876 0.319 0.197 0.158
COD 0.938 0.009 0.124 0.056 0917 -0.149 0.020 -0.057 0.848 0.430 0.160 0.075 0.743 0.571 0.240 0.124
TOC 0.853 0.015 0.119 -0.107 0.872 -0.039 -0.028 -0.189 0.795 0.447 0.086 0.183 0.880 0.225 -0.041 0.057
TN 0.199 -0.323 -0.789 0264 -0.161 0.811 -0.265 -0.021 0.211 0.503 -0.154 -0.222 0.863 -0.104 -0.130 -0.292
TP 0.516 -0.525 -0.025 0.228 0.556 0.292 0.228 0.383 0.211 0.907 0.056 0.017 0.863 0.044 0.285 0.243
SS 0.489 -0.013 0.646  —0.305 0.352 -0.290 0.647 -0.266 0.102 0.747 0.494 0.103 0.779 0.572 0.154 0.096
D 0.096 -0.095 0.855 -0.257 -0.061 0.036 0.935 0.040 0.330 0.232 0.693 0.036 0.039 -0.089 -0.918 0.035
Chl-a —0.040 0.675 -0.031 0.082 0.018 -0.078 0.052 0.822 0.368 0.033 0.664 0.135 0.004 0.920 0.179 -0.214
Eigenvalue 2.98 2.47 2.45 1.18 2.96 2.34 1.60 1.46 2.77 2.45 1.99 1.70 4.44 2.76 1.73 1.45
% Total variance 24.8 20.6 20.5 9.8 24.6 19.5 13.3 12.2 23.1 20.4 16.6 14.2 37.0 23.0 14.4 12.1
Cumulative % 24.8 45.5 65.9 75.7 24.6 44.2 57.5 69.7 23.1 43.5 60.1 74.2 37.0 60.0 74.4 86.5
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In cluster two, the COD, TOC, and BOD corresponded to VF1 in both seasons. The
effects of increased BOD and COD may be due to inflows of effluent from sewage treat-
ment facilities. Cluster two was the most urbanized area with the highest population den-
sity and land cover (Figure S1 and S2). Therefore, the results suggest the major organic
pollutants were mainly introduced through effluents from sewage treatment and indus-
trial facilities. In VF2, the water temperature and DO show seasonal effects. During the
wet season, the pH, T-N, and EC results indicated an inflow of nutrients in the effluent
from sewage treatment facilities, along with an impact from the higher EC. In VFs, the SS
was classified as an influencing factor in both seasons. In particular, the flow rate was an
influencing factor in the wet season; the suspended solids were easily introduced from
the surface due to increased flow rates.

In cluster three, the pollution was triggered by agricultural activities. In VF1, the COD
and BOD were the common major influencing factors in both seasons. The T-P and SS also
influenced the water quality in the dry season and the TOC in the wet season. The T-P
and SS may have increased due to land reclamation and fertilization in the dry season as
these peak values correspond with the seasonal farming activities. The TOC increased due
to the inflow of organic pollutants in the wet season. In VF», the DO, pH, and Chl-a were
the main influencing factors in the dry season, impacting the proliferation of phytoplank-
ton. The T-P, SS, and T-N were identified as the main factors in the wet season, indicating
that the runoff of nutrients and surface suspended matter from farmland was the pollu-
tion source.

Cluster four had a complex array of pollutants, such as nutrients, organic pollutants,
and surface suspended matter, in both seasons. In VFj, the T-P, TOC, SS, BOD, and COD
were identified as the common major factors in both the dry and wet seasons. In particu-
lar, VF1in the dry season included the Chl-a as a major factor; therefore, it can be inferred
that it was a relatively high-temperature environment with a low flow rate suitable for
phytoplankton growth. In short, the effluent flow during the dry season confined the river
water within the reservoir for a long period, causing complex pollution increases [20,61].

3.5. Source Apportionment Using APCS-MLR

The multiple regression analysis was used to calculate the pollution contribution rate
for each factor within each cluster (Figure 6). First, VF1 of cluster 2 was the TOC, BOD,
and COD in the dry and wet seasons and comprised drainage water from large-scale res-
idential complexes and industrial and sewage treatment facilities. The contribution rates
were 83.0, 42.6, and 62.7% in the dry season, and 66.2, 47.8, and 50.0% in the wet season,
respectively. VF2 was the water temperature and DO in the dry season and the pH, T-N,
and EC in the wet season and comprised the seasonal effect and effluent from sewage
treatment facilities. The contribution rates were 82.2 and 85.1% in the dry season, and 62.7,
44.1, and 43.7% in the wet season, respectively.

Second, VF1 of cluster 1 was the TOC, BOD, and COD in the dry and wet seasons and
also comprised effluent from the sewage treatment facilities. The contribution rates were
59.1, 48.8, and 47.9% in the dry season, and 48.2, 47.1, and 47.7% in the wet season, respec-
tively. VF2 was the pH, DO, and Chl-a in both the dry and wet seasons and included the
proliferation of phytoplankton. The contribution rates were 55.1, 41.0, and 47.0% in the
dry season, and 71.4, 54.6, and 77.9% in the wet season, respectively. VFs was the EC and
discharge in the dry season, and was the EC, T-N, SS, and discharge in the wet season and
was impacted by the dilution effect from the increase in flow rate, resulting in less EC.
The contribution rates were 37.6 and 49.0% in the dry season, and 43.6, 31.1, 40.9, and
45.4% in the wet season, respectively.

Third, VF1 of cluster 3 was the BOD, COD, SS, and T-P in the dry season and BOD,
COD, and TOC was the wet season. The contribution rates were 19.1, 19.2, 12.9, and 18.2%
in the dry season, and 17.8, 17.5, and 15.7% in the wet season, respectively. VF: was the
DO, pH, and Chl-a in the dry season, and T-N, T-P, and SS in the wet season. The contri-
bution rates were 54.6, 44.6, and 13.4% in the dry season, and 11.1, 15.0, and 29.6% in the



Water 2021, 13, 2976

12 of 16

wet season, respectively. The unidentified sources (UIS) of the BOD, COD, TOC, T-N, and
T-P were 62.0-85.9% in the dry season and 68.8-82.2% in the wet season. These UIS con-
tribution rates were higher than the VFs, which was due to pollutants from varied and
complex sources, such as agricultural activities (the compost and fertilization by farmers)
[62].

Finally, VF1 of cluster 4 was the DO, pH, BOD, COD, TOC, T-P, SS, and Chl-a in the
dry season, and BOD, COD, TOC, T-P, and SS in the wet season and included complex
pollutants in the reservoir. The ranges of the contribution rates were 20.9-64.5% in the dry
season and 14.6-45.3% in the wet season. VF2 was the WT, EC, and T-N in the dry season
and DO, pH, and Chl-a in the wet season and was impacted by the seasonal effect and
proliferation of phytoplankton. The contribution rates were 54.7, 7.4, and 25.1% in the dry
season, and 28.1, 32.4, and 44.5% in the wet season, respectively. The UIS ranges of the
EC, BOD, COD, T-N, T-P, and discharge were 42.3-96.7% in the dry season and 38.5-94.6%
in the wet season. The UIS contribution rates were higher than the VFs, which means that
the effluent flow during the dry season confined the river water within the reservoir for a
long period, causing complex pollution increases [62,63]. The unidentified pollution
sources have not been identified in the factor analysis, suggesting there may be other ma-
jor pollution sources. Therefore, it is important to investigate the pollution sources by a
comprehensive field research program in the future [52,64-67].
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Figure 6. Source contribution (%) for each variable in cluster 1, 2, 3, and 4 in the dry and wet sea-
sons (VF: rotated components using varimax method).
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4. Conclusions

This study applied various methods (water quality score, RTWQI calculation, multi-
variate statistical analysis, and source contribution calculations) to compare pollution lev-
els within the rivers and the pollution source characteristics in the dry and wet seasons in
the Jinwi River watershed. The ranges and average values for each water quality param-
eter in the dry and wet seasons were relatively higher in the dry season. The water quality
score and RTWQI results also demonstrated the water quality improved in the wet season
when compared to the dry season. The water quality was improved because of the dilu-
tion effect of the pollutants caused by an increase in the flow rate in the wet season. How-
ever, the calculation of the water quality score based on the daily unit area pollutant load
showed that the water quality in the wet season deteriorated compared to that in the dry
season. This is because the daily unit area pollutant load calculation was based on the total
flow rate and pollutants per watershed area; thus, the total pollutants increased with the
increased flow rate during the wet season. Therefore, the research results can vary de-
pending on the comparison criteria, especially if the analysis is based on the water quality
concentration or the total volume of pollutants. Therefore, it is important to compare and
analyze water quality characteristics using various methods to accurately determine the
water quality.

The cluster analysis using the dataset of water quality characteristics and flow rate
fluctuations in the Jinwi River watershed formed a total of four clusters. These clusters
were: the area adjacent to large-scale sewage treatment facilities and large-scale residen-
tial and industrial facilities (cluster two); the area downstream of cluster two, where the
polluted river and stream waters join (cluster one); the area with clean water quality (clus-
ter three); and the area affected by reservoir effluent (cluster four). The analysis of the
pollution contribution rate using the APCS-MLR revealed clusters one and two showed
the highest pollution contribution rate of organic matter and nutrients in the effluent from
sewage treatment facilities in both the dry and wet seasons. On the other hand, cluster
three’s pollution contribution rate by the TOC was high only in the dry season, which
corresponds to the busy farming season, and there were no other pollution sources. Clus-
ter four had the highest contribution rate of an unidentified source (UIS) from unknown
origins. An increase in the level of complex pollution entered the river from the stream
and reservoir. It is important to conduct additional field research to identify the inflow
route of unknown pollution sources and causes of any unclear fluctuations. The results of
this study provide useful reference data for water quality management in urbanized areas.

Supplementary Materials: The following are available online at www.mdpi.com/arti-
cle/10.3390/w13212976/s1, Figure S1: Urbanized area (1980s-2010s) (a) and population change (b) in
the Jinwi River watershed [1,2]; Figure S2: Impervious cover rate (a) and locations of pollution
sources (b) in the Jinwi River watershed [1,3]; Figure S3: Monthly precipitation and air temperature
data from (a) Suwon weather station, and changes of water quality concentration and discharge at
(b) H-5, (c) O-3 and (d) J-A, Table S1: List of monitoring site in the Jinwi River watershed and their
characteristics, Table S2: Information of analytical methods and instrument, Table S3: Water quality
parameters and scores, Table S4: Information of water quality index, Table S5: Seven-year average
value in the dry season and the wet season on monitoring site.
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