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Abstract: The existing methods of river evaluation tend to focus exclusively on water quantity;
therefore, they do not provide a suitable methodology for integrated water management. In this study,
research was carried out to develop an integrated river evaluation system that can simultaneously
consider water quantity and water quality to improve the existing river evaluation methods.
To this end, specific indicators were established to evaluate water quantity and water quality;
moreover, an integrated evaluation formula was developed to express each indicator as an index.
The integrated evaluation formula used additive functions and enabled integrated and comprehensive
river evaluation through the sum of each indicator’s indices. The research subjects were rivers in the
Paldang watershed, which surrounds important water resources in rep. of Korea. The rivers were
analyzed using the study’s integrated river evaluation formula to identify the deteriorated grade of
the water quality as well as the water quantity. Finally, the results of the integrated river evaluation
rating were found to be poor or very poor. Based on this, the study determined that an integrated
river management policy is required to simultaneously consider water quantity and water quality
to restore the integrity of the rivers in the Special Countermeasures Area. The existing evaluations
of rivers, which had been conducted only with a focus on water quantity, could be judged narrow
or incomplete results. Based on this finding, it was also possible to identify an urgent need for a
basic river management plan that can consider both water quantity and water quality organically.
Ultimately, the study demonstrated that its methodology was able to make highly intuitive judgments
about rivers’ current conditions; thus, it can be utilized to generate basic data for the establishment of
customized river management policies.

Keywords: integrated water resource management; integrated evaluation; indicator; index

1. Introduction

Globally, water and land resources are highly vulnerable and they exist within an organic
relationship with significant mutual influence. To properly manage these vulnerable resources,
adequate water availability, food supply, and sustainability of public health must be ensured [1].
In particular, water is an essential resource needed to sustain the life of animals and plants. Therefore,
water management is extremely important. Countries around the world have established paradigms for
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water management policies in accordance with current needs as well as establishing and implementing
water management policies. The need for Integrated Water Resource Management (IWRM) to ensure
water quality became more urgent in the 1970s due to an increased interest in water quality.
Rising interest in sustainable development in the 1980s and disasters caused by climate change,
population growth, and water pollution in the 1990s further contributed to the urgent need to establish
IWRM. IWRM began as a conceptual framework in the 1970s [2] and it has been expanded over time
by its capacity to solve water problems and assist with complex decision-making [3]. IWRM became
more important in the political arena by the early 1990s [4].

Inspired by the basin and ecosystem management approach, IWRM was reflected in the global
summit agenda in the Dublin Principles on Water in 1992 and in Rio in 1992 [5,6], as global leaders
recognized the need for a holistic approach to water management. The World Summit on Sustainable
Development (WSSD) in 2002 featured IWRM as a key factor in achieving sustainable development.
The Johannesburg Plan of Implementation (JPIO) was agreed upon with the support of developing
countries, and the IWRM Guidelines at River Basin Level were announced at the 5th World Water
Forum in 2009. In addition, in the Fourth World Water Development Report [7] (as in the Third Water
Development Report), IWRM was still heavily discussed. Thus, many countries around the world
continue to deepen their interest in IWRM.

Water management (such as IWRM) requires conservation and protection of resources to
balance water use and population growth while maintaining those water resources’ functions and
characteristics [8]. Korea’s water management strategies have led to development-oriented, unbalanced
growth due to the process of rapid economic growth and development. In particular, the absence of
a control tower at the central government of the Republic of Korea has made mutual coordination
and cooperation between water-related ministries difficult. Conflict and competition have further
exacerbated the problem. Therefore, factors related to water management should be integrated and
managed in the basin unit. However, plans are implemented individually by ministries and facilities,
leading to problems such as inefficiency, lack of fairness and sustainability, frequent flood damage,
wasted budgets due to overlapping and over-investment, disputes over multipurpose dams and
wide-area water supply, and conflicts over water distribution between regions.

Since the quality of human life is directly affected by the degree of conservation of water
resources [9,10], the rep. of Korean people have continuously pointed out the problems of water
resource management to the central government to improve their own quality of life and to secure
stable water resources. The government has called for water management policies to ensure that all
assets related to water resources, such as rivers in the watershed and areas around rivers, can become
assets enabling people to live happily.

In response to Korean citizens’ demands, the Korean government enacted the Framework Act on
Water Management in 2019 based on the IWRM concept. The government also launched the Integrated
Water Management Committee in June of the same year to improve the water management system
that had been divided based on water quantity and water quality until 2018. Additionally, the Korean
government established a basic master plan for integrated management of both water quantity and
water quality based on the integration of water-related national organizations.

The aforementioned water resource plan should be able to better understand the water resource
system and provide comprehensive, accurate, and appropriate information on water availability across
various times and space scales [11]. However, this national-level master plan for integrated water
quantity and water quality management remains a somewhat vague concept for the Republic of Korea.
The ambiguous standards of integrated water management have added to the confusion over water
management policies. In particular, it is difficult to estimate even the most basic conditions of water
resources in Korea because no evaluation system can simultaneously diagnose water quantity and
water quality.

Therefore, the establishment of a detailed integrated watershed management plan for the Paldang
watershed—which includes seven cities and counties surrounding Paldang Lake as well as Paldang Lake
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itself, adjacent to Seoul—is urgently needed. Paldang Lake presents a rare case as it is a water resource
used by about 50 percent (approximately 25 million people) of the Republic of Korea’s population. Thus,
Paldang Lake’s water management is one of the essential policy concerns for the central government.
Thus far, the Korean government has set Paldang Lake’s water quality at 1.0 ppm based on BOD as a
national goal to secure the lake’s stability. The government has also implemented very strict location
regulations by establishing a water resource protection zone, a Special Countermeasure Area (SCA),
and waterfront areas (such as riparian buffer zone) within the Paldang watershed that directly affect
the lake. These overly strict protections and regulations to preserve Paldang Lake’s water quality
have undermined the quality of life and welfare of local residents within the Paldang watershed.
Moreover, these measures have suppressed the desire for strong development based on topographic
characteristics. Public resistance to the central government is gradually increasing, played out in
conflicts between local residents and the government regarding the SCA. Given that the government is
no longer able to withstand public pressure regarding efficient water management, there is an urgent
need to establish integrated water management measures for the Paldang watershed. Within this
context, the development of an efficient evaluation system that can accurately diagnose current
conditions should be the top priority. The technologies of water management of the EU and the USA in
the field of IWRM are in the stabilization stage. In response to the era of a knowledge-based economy,
the EU set up the European Research Area (ERA), centered on its member countries, and carried out
the EU Framework Program, a core EU research and development project, five times since 1984 [12].
In the 1990s, Waterware, a decision-making system for river basin planning, was developed, and Water
Framework Directive was established to improve water management across Europe drastically [13].
In the U.S., USBR developed Modular Modeling System [14], USGS and Tennessee Valley Authority
developed RiverWare System [15], and EPA developed integrated modeling such as HSPF and SWAT
to secure integrated water resource management technology through joint development and sharing
of water quality and water quality management systems, as well as to collect water quality and water
supply information at the national level. These models produce detailed results by sector in figures,
but some areas are difficult to understand for policy-makers, decision-makers, or the general public,
such as general administrators, not experts concerned.

Thus, specific tools for diagnosing, evaluating, and continuously monitor current conditions are
needed to facilitate understanding of river conditions and provide directions for direct policymaking;
indicators and indices can fulfill such a function. Annual investigation cases related to indicators
and indices for water management have been reported in the Water Stress Index [16] (widely used
worldwide), the Water Lack Index [17], the Water Poverty Index [18] (developed for sustainable
water use), and the Climate Vulnerabilities Index [19] to assess the vulnerability of water-related
floods and droughts. Additionally, reports have been published evaluating indicators around the
world considering human water security and its interaction with river biodiversity [20]. Research has
also been conducted in Korea on topics such as flood and drought management and securing water
resources for water management.

However, most of the aforementioned prior studies have focused on water use and management,
water distribution, vulnerability, and sustainability. All of these areas are biased towards water quantity,
so they do not reflect an integrated water management paradigm that takes into account rivers’
characteristics, water quality, and ecology, among other factors. Therefore, this study intends to
develop an integrated evaluation system for river water quality and water quantity using indicators and
indexes that can be implemented in particular areas of conflict within the Paldang watershed. Moreover,
the study’s findings can promote the smooth implementation of an integrated water management
system and propose a useful methodology for similar watersheds and environments.
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2. Materials

2.1. Research Area

Paldang Lake is an artificial lake created by the Paldang Dam, which is located approximately
27.32 kilometers away from Seoul, the Republic of Korea’s capital city. Paldang Lake has a basin area
of 23,800 km2, a total reservoir capacity of 2.44 million m3, an effective reservoir capacity of 18 million
m3, and a stay period of 5.4 days. The lake is made up of three rivers: Namhan River, Bukhan River,
and Gyeongan River. The Paldang watershed consists of five cities and two counties (Gapyeong county,
Gwangju city, Namyangju city, Yangpyeong county, Yeoju city, Yongin city, and Icheon city) based on
administrative district (Figure 1).

Figure 1. The regions of the Paldang watershed based on the administrative district. JJ, GU, MH, BK,
and MO are tributaries of the Bukhan River, GJ, ST, OC, GS, SD, YD, KS, BH, and YH are tributaries of
Namhan River, SK, GJA, OS, and MY tributaries of Gyeongan River.

The Paldang watershed is subject to regulations through six individual laws and related
enforcement ordinances, enforcement rules, and notices. Three strongly regulated areas—a water
resource protection zone, waterfront areas, and an SCA—have been established to promote stable water
protection. The water source protection zone is 151.72 km2 and it includes Paldang Lake. All facilities
(residential facilities, restaurants, lodging facilities, livestock facilities, general buildings, waste disposal
facilities, etc.) were banned in this zone after the law was enacted. Residential facilities were allowed
until the enactment of the Act of 1975. The waterfront area is 145.32 km2 and it overlaps the water
source protection zone and the regulated area. Waterfront areas are designated along the riverside
of Paldang Lake’s incoming river; this differentiates them from water source protection zones as
these waterfront areas are added buffer strip zones to reduce non-point pollution sources. The SCA
is 2096.46 km2, the largest of the three regulated areas. Unlike the previous two regulated areas,
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development is possible in the SCA only when there are effective measures against water pollution;
however, this is only a surface interpretation of the law and it is almost impossible in practice (Table 1).
As mentioned earlier, this study focuses on Paldang Lake’s SCA, which must urgently arrange and
implement countermeasures for efficient management of water quantity, water quality conservation,
and revitalizing the regional economies. Three national rivers in the SCA—Namhan River, Bukhan
River, and Gyeongan River—flow into Paldang Lake. For this research, these three national rivers
were designated as research subjects. However, an evaluation system developed with only three
rivers is too limited and makes it impossible to accurately diagnose the status of tributaries. Thus,
this type of evaluation system cannot be used as a basis for improving river management by region
or sub-catchment. If used at an actual site, this will further complicate river management through
unreliable or inaccurate diagnostic results. Therefore, 18 tributaries that flow directly into Namhan
River, Bukhan River, and Gyeongan River were selected as the study’s subjects (Figure 1). This enabled
the development of an integrated evaluation of rivers’ water quantity and water quality by the river.

Table 1. The general status for regulation regions of the Paldang watershed.

City/County Population
(Persons)

Water Resource
Protection Area (km2)

Waterfront Zone
(km2)

Special
Countermeasure

Area (km2)

Sum 950,111 151.72 145.32 2096.46

Namyangju city 120,310 (12.7) 1 42.38 (27.9) 1 8.09 (5.6)1 194.92 (9.3) 1

Yongin city 186,762 (19.7) 1 - 24.21 (16.7)1 207.34 (9.9) 1

Icheon city 167,706 (17.7) 1 - - 233.02 (11.1) 1

Gwangju city 327,723 (34.5) 1 83.63 (55.1)1 9.61 (6.6)1 430.96 (20.6) 1

Yeoju city 24,849 (2.6) 1 - 44.19 (30.4)1 247.62 (11.8) 1

Gapyeong county 20,990 (2.2) 1 - 26.25 (18.1)1 190.89 (9.1) 1

Yangpyeong
county 101,771 (10.7) 1 25.71 (16.9)1 32.97 (22.7)1 591.71 (28.2) 1

1 Parentheses represent the ratio of the total value of the item.

2.2. Data Collection

This study collected water quantity and water quality data. Water quantity data require unimpacted
flow data and current flow data (observed data) for 18 rivers. The unimpacted flow means the water
quantity in the absence of a controlled flow due to the storage and outlet by a dam, the intake and
return, or the consumption by the land-use change, etc., that is, the water quantity in which the
artificial water requirement is not present. The calculation of long-term unimpacted flow is an essential
factor for the establishment of rational and efficient water use and water supply plans and is used
as a basis for the permission of water use; the Soil Moisture Storage Tank Model (SMS-TANK) was
employed to estimate the unimpacted flow under the natural conditions of the past, excluding artificial
effects. The rep. of Korea builds the top legal plan, the long-term comprehensive plan for water
resource [21], calculation of flood volume, and future water resource utilization plan every ten years,
using the SMS-TANK model. Therefore, in this paper, it was judged that it is appropriate to simulate
unimpacted flow using the SMS-TANK model following the rep. of Korea’s situation. The current
flow data were collected from the stream flow stations (Figure 1), which are officially provided by
the Korean government through the WAMIS (National Water Management Information System web
site [22]. These data reflected a period of 10 years from 1 January 2009 to 31 December 2018.

Water quality data officially provided by the Korean government were used in this study as well.
The Ministry of Environment of Korea provides water data measured every eight days in Korea’s
major rivers through a website called the Water Environment Information System (WEIS) [23], which is
meant for public use and the promotion of research. This study collected data regarding seven water
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quality items from WEIS: Biochemical Oxygen Demand (BOD), Chemical Oxygen Demand (COD),
Total Nitrogen (T-P), Total Phosphorus (T-P), Dissolved Oxygen (DO), Suspended Solid (SS), and Total
Organic Carbon (TOC). The collection period was the same as the data collection period of 10 years for
SMS-TANK, calculated at the average annual value and reflected in this study.

3. Methodology

The study’s research methodology consisted of four steps. First, an evaluation indicator for each
water quantity and water quality section was selected and the corresponding data for each indicator
were established. For water quantity, this study used data estimated through SMS-TANK. For water
quality, the data were gathered from WEIS [23], as mentioned earlier. Subsequently, a normality
review was conducted to determine the suitability of the collected data. Standardization work was
carried out to utilize the data in statistical analysis. Second, a factor analysis (FA) was performed to
determine the suitability of sector-specific indicators for assessing the sector. Only indicators that
were validated were selected and used in the integrated river evaluation system. Third, an integrated
evaluation formula for water quantity and water quality—expressed as an index—was developed
to derive each river’s integrated evaluation index. To prevent indicators from affecting each other,
the indicators’ weighted value was estimated and reflected in the integration formula. Moreover,
a principal component analysis (PCA) was performed and the entropy weighted method (EWM) was
employed. In the final step, the objective and intuitive criteria for an integrated river assessment model
were proposed, and the results of the integrated river-specific water quality assessment were derived
(Figure 2). IBM’s SPSS Statistic 22 was utilized to perform a statistical analysis of normality reviews,
data standardization, FA, PCA, and EWM.

Figure 2. The process of deriving an integrated evaluation of water quantity and water quality.
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3.1. Soil Moisture Storage Tank Model (SMS-TANK)

3.1.1. SMS-TANK Structure

The tank model for soil moisture with a low-flow structure used to simulate the unimpacted
flow of the target river is similar to the structure of the standard four-stage tank model (Figure 3) [24].
However, the prior model is characterized by adding soil moisture with a low-flow structure to the
first-stage tank to simulate the process of rainfall falling on the ground surface and filling the soil’s
porosity. The outflow calculation process is similar to that of the standard four-stage tank model.
Rainfall enters the first-stage tank, the amount of evaporation acid is reduced in the first-stage tank,
and low-flowing water in each tank leaks out through the side drain or penetrates the lower tank.
The water leaked through each tank’s runoff holes is aggregated into components and converted into
flow rates flowing into the river. As with the standard four-stage tank model, the first-stage tank
will simulate surface runoff, the second-stage tank will simulate intermediate runoff, and the third-
and fourth-stage tanks will simulate base runoff (i.e., underground runoff). The first-stage tank’s soil
moisture with a low-flow structure is outlined as follows.

1. The impoundment amount, which is being impounded in the soil, consists of primary soil
moisture storage XP and secondary soil moisture storage XS. Each maximum impoundment
amount is S1 and S2.

2. The impoundment amount of the first-stage tank XA consists of XP and the free water of the first-
stage tank XF, which represents added rainfall and decreased evaporation. If XA is less than S1,
then XA becomes XP, and the free water value becomes ‘0’. When XA is greater than S1, XP is
saturated, and the remaining saturated amount becomes free water.

In the case of XP ≤ XP, XP = XP, XF = 0

In the case of XP > XP, XP = S1, XF = XF − S1

3. If XP is not saturated and free water exists in the lower tank, it is supplied by the amount of T1

from the lower tank to the upper tank. T1 can be written as follows:

T1 = K1(1−XP/S1)

4. There is also an exchange of moisture between primary soil moisture storage and secondary soil
moisture storage, which can be expressed as T2. A positive T2 indicates a shift from primary soil
moisture storage to secondary soil moisture storage while a negative T2 indicates the opposite.

T2 = K2(XP/S2 −XS/S2)

Figure 3. Outline of soil moisture storage tank model. A2: 1st tank upper runoff mode coefficient, A1:
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1st tank lower runoff mode coefficient, A0: 1st tank infiltration mode coefficient, B1: 2nd tank runoff

mode coefficient, B0: 2nd tank infiltration mode coefficient, C1: 3rd tank runoff mode coefficient, CO:
3rd tank infiltration mode coefficient, D1: 4th tank runoff mode coefficient, HA2: 1st tank upper runoff

mode height, HA1: 1st tank lower runoff mode height, HB: 2nd tank runoff mode height, HC: 3rd tank
runoff mode height.

3.1.2. Methodology and Evaluation Method of Parameters in the SMS-TANK Model

For the model to properly simulate an actual runoff phenomenon, a reasonable estimation of
model parameters is essential. These parameters are unknown values that cannot be theoretically
calculated; thus, they should be estimated as accurately as possible from the rainfall-leakage data of
the base. In this study, there were a total of 12 required parameters. The parameters of the tank model
estimated by using optimization techniques consist of ten, the coefficient of the five runoff holes and
three penetration holes of each tank, and two parameters related to soil moisture low flow.

It is very difficult to utilize the parameter estimation method based on a trial and error approach;
therefore, various optimization techniques are frequently used to perform parameter estimation.
This study employed the Shuffled Complex Evolution-University of Arizona (SCE-UA) algorithm [24],
one of the calibration modules of the National Weather Service River Forecasting System (NWSRFS) of
the U.S. National Weather Service.

The SCE-UA algorithm was designed with four characteristics to identify an optimal solution [25]:
the combination of definitive and probabilistic approaches, the structural evolution of complexes,
competitive evolution, and complex shuffling. The SCE-UA algorithm initially generates samples and
splits them into complexes throughout the entire parameter space where the solution value exists.
Each complex evolves independently using the downhill simplex algorithm [26]. Evolved complexes
are re-mixed, and new complexes are created. The process of evolution and shuffling is repeated until
the convergence condition is satisfied.

In this study, three indicators were used to evaluate the results of parameter estimation.
The evaluation indexes included the Nash–Sutcliffe Efficiency (NSE), Ratio of Volume (ROV), and R2

(Coefficient of Measurement). NSE represents the relative magnitude of the error variance for the
sample variances of the observed values. Therefore, a result of one would indicate that the simulated
results and the actual measurements are perfectly aligned. Additionally, the greater convergence to
zero, the worse the model’s performance is determined to be (Equation (1)). Using the concept of
volume, ROV is a representation of the ratio between the simulated volume and the actual volume,
which is interpreted to be the same as the actual value when the ROV value is 1 (Equation (2)).

NSE = 1−
∑

N
i=1(q

obs
t − qsim

t )
2

/
∑

N
i=1(q

obs
t − qsim

mean)
2

(1)

ROV =
∑

N
i=1qsim

t /
∑

N
i=1qobs

t (2)

Here, qobs
mean represents the mean value of the observed flow (current flow), qobs

t represents the
observed value, and qsim

t represents the predicted value.

3.2. Selection of Indicators by Sector and Data Construction

Indicators are information extracted to summarize changes in a particular research subject. Thus,
indicators help to observe changes in complex phenomena within an understandable framework. At the
same time, they can assist in making political choices to enact changes in a desirable direction. There are
three main methods to construct indicators: the cause-effect chain framework, the theme framework,
and the asset framework. The cause-effect chain framework includes Pressure-State-Response (PSR)
and Driving force-State-Response (DSR). PSR are based on interrelationships between environment and
economic activities and arise problems in terms of effectiveness if the causality between indicators is not
identified clearly. DSR uses the Driving Force instead of pressure in PSR structures to indicate the cause of
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changes in environmental conditions. The DPSIR (Driving force-Pressure-State-Impact-Response) [27]
structure is used to assess social and economic systems and natural systems by segmenting DSR
into pressure and state [28]. The theme framework has the setting indicator method, which divides
the phenomena to grasp into sub-sections according to policy goals by sectors. Among the theme
framework, Water Poverty Index [13], Social Water Stress/Scarcity Index [29], and Environmental
Sustainability Index [30] were developed to evaluate the water resource of use, management status,
or sustainability. The asset framework has a structure that derives the national assets by calculating
interactions between different types of assets, including financial capital, products, natural, human,
social, and institutional assets. However, this method is still in the early stage because climate or
biological diversity is challenging to convert into the asset.

To prevent errors in the policy decision-making process, the method mentioned above recommends
selecting indicators that avoid selecting indicators that do not conform to the research purpose,
over-set indicators, and using unreliable data. In this study, in consideration of the recommendations,
sector-specific indicators were selected based on the following four considerations.

• Are the indicators selected to evaluate water quality and quantity possible to represent the
evaluation items?

• Are the evaluation items quantifiable?
• Are the data of the evaluation items available to be measure regularly and provide convenient

and sustainable?
• In the process of building data of the evaluation items, can the reliability of data secure with

statistical processing?

3.2.1. Selection of Water Quantity Evaluation Index and Data Construction by Indicators

As suggested in the Index of River Conditions (ISC) [31] (see Table 2), this study’s evaluation
indicators for water quantity were selected to assess rivers’ flow status using the Hydrologic
Index—consisting of High flow, Low flow, Zero flow, Variability, and Seasonality—and the index of
River Depletion Days (SDD). However, these are conceptual indicators; thus, producing numerical
data is essential to use them as quantitative indicators. To this end, the Flow Stress Ranking (FSR)
method was employed.

Table 2. The hydrologic evaluation indicators.

Indicators Reasons for Selection

High flow
• Acting as a natural disturbance of the river system.
• Remove vegetation and organic matter and relocate sequential processes of

river circulation

Low flow
• Changing the low flow rate changes the availability of river habitats.
• It can be a factor that leads to the reduction possibility of the viability of a colony of

animals and plants in the long-term.

Zero flow
• The longer the duration between the drought season and the no-flow period,

the more damage is done to the aquatic ecosystem.

Variability
• This indicator can examine the diversity of changes in a river’s ecosystem according

to the magnitude of the flow variability.

Seasonality
• An important indicator for observing changes in rivers’ ecosystems due to seasonal

changes (divided into a flood season and low-water season).

SDD (Stream
Depletion Days)

• Acting as a natural disturbance of the river system.
• Degree of restorability of the river’s original function.

FSR is a method used to assess river flow management and environmental flow rate that can
minimize the environmental impact of optimal water distribution and future development plans
required for the utilization of water resources and the management of rivers’ health. FSR is an indexed
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method that defines water stress by identifying the difference in flow rate changes between the current
flow and unimpacted flow caused by the extraction amount and impoundment amount in the basin [32].
The current flow rate and unimpacted flow rate in this study were calculated using the river’s current
flow rate data and the unimpacted flow rate data simulated by the tank model. “Current flow” refers
to a river’s current water flow rate while “unimpacted flow” refers to the flow rate of a river that has
caused artificial disturbances in that river’s current flow rate, combining the amount of required water
and the amount of water movement in and out of the basin. If there is a large difference between the
current flow rate and the unimpacted flow rate, then water stress in the basin is high. In contrast,
if there is a small difference, then the water stress is low. The methods for calculating using FSR based
on data by indicators in Table 2 are as follows.

FSR is a method used to assess river flow management and environmental flow rate that can
minimize the environmental impact of optimal water distribution and future development plans
required for the utilization of water resources and the management of rivers’ health. FSR is an indexed
method that defines water stress by identifying the difference in flow rate changes between the current
flow and unimpacted flow caused by the extraction amount and impoundment amount in the basin [32].
The current flow rate and unimpacted flow rate in this study were calculated using the river’s current
flow rate data and the unimpacted flow rate data simulated by the tank model. “Current Flow” refers
to a river’s current water flow rate while “Unimpacted Flow” refers to the flow rate of a river that
has caused artificial disturbances in that river’s current flow rate, combining the amount of required
water and the amount of water movement in and out of the basin. If there is a large difference between
the current flow rate and the unimpacted flow rate, then water stress in the basin is high. In contrast,
if there is a small difference, then the water stress is low. The methods for calculating using FSR based
on data by indicators in Table 2 are as follows.

1. High flow (HF(Q10)) A high flow rate acts as a natural disturbance of the river system, eliminating
vegetation and organic matter, and relocating the sequential process of river circulation [32].
The index in this study measures the degree of high flow rate using actual measurements (current
flow) and simulated measurements (unimpacted flow). Flow size is measured by calculating
the high flow index, which is similar to the one used to calculate the low-flow index. The index
of high flow by day is calculated based on excess flow rates of 8.3%, as Equation (3) shows,
and 16.7%, as Equation (4) shows. However, in this study, rather than setting an index based on a
single value, two intervals were used to deal with the high flow range.

HF8.3 = 1− 2·
∣∣∣Pile(Q8.3u) − Pile(Q8.3c)

∣∣∣ (3)

Here, HF8.3 means the standardized index of high flow rate based on excess flow rate 8.3%,
Q8.3c is the excess flow rate of 8.3% of the actual measurement, Q8.3u is the excess flow rate
of 8.3% of the simulated measurement, Pile(Q8.3c) is the probability of excess flow rate of 8.3%
of the actual measurement, and Pile(Q8.3u) is the probability of excess flow rate of 8.3% of the
simulated measurement. The high flow rate index is calculated as the average of the number
of modified changes on which the excess flow rate of 8.3% is based as well as the number of
modified changes on which the excess flow rate of 16.7% is based [33].

HF(Q10) =
HF8.3 + HF16.7

2
(4)

Here, HF(Q10) means the standardized index of low-flow rate, HF8.3 is the standardized index
of low-flow rate based on an excess flow rate of 8.3%, and HF16.7 is the standardized index of
low-flow rate based on an excess flow rate of 16.7%.

2. Low flow (LF(Q90)) Changing the low-flow rate may change the availability of river habitats and
thus reduce the long-term viability of flora and fauna clusters [32]. The index herein represents
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a measure of the change in low-flow rates based on actual measurements and simulated
measurements. The index is calculated using two flow thresholds, given that the low-flow rate is
occasionally over 90% of the daily flow rate, and the low-flow rate is used every month. Based on
that flow rate, one case exceeded 91.7% for one year (or 11 out of 12 months), as Equation (5)
shows. Another case exceeded 83.3% for one year (or 10 out of 12 months), as Equation (6) shows.

LF91.7 = 1− 2·
∣∣∣Pile(Q91.7u) − Pile(Q91.7c)

∣∣∣ (5)

Here, LF91.7 means the index of low flow rate for excess flow rate of 91.7%, Q91.7c is the excess
flow rate of 91.7% of the actual measurement, Q91.7u is the excess flow rate of 91.7% of the
simulated measurement, Pile(Q91.7u) is the probability of excess flow rate of 91.7% of the
actual measurement, and Pile(Q91.7c) is the probability of excess flow rate of 91.7% of the
simulated measurement. The low-flow rate index is calculated as the average of the number
of modified changes on which the excess flow rate of 91.7% is based as well as the number of
modified changes on which the excess flow rate of 83.3% is based.

LF(Q90) =
LF91.7 + LF83.3

2
(6)

Here, LF(Q90) is the standardized index of low-flow rate, LF91.7 is the standardized index of
low-flow rate based on excess flow rate of 91.7%, and LF83.3 means the standardized index of
low-flow rate based on excess flow rate of 83.3%.

3. Zero flow The zero-flow rate is a natural feature of temporary rivers and small rivers. However,
the longer the period between the drought season and the zero-flow rate period, the more damage
is done to the aquatic ecosystem [32]. The proportion of the zero-flow rate index simply reflects
the difference in the proportion of the zero-flow rate that occurs under simulated and actual
measurement conditions. Based on FSR, the zero-flow rate is defined as a period of little flow
exceeding 99.5%, as Equation (7) of that period shows.

PZ(Q99.5) = 1− 2·
∣∣∣MAX(PZu; PZc) −MIN(PZu; PZc)

∣∣∣ (7)

Here, PZ(Q99.5) means the index of zero-flow rate (flow rate exceeding 99.5%), PZu is the ratio
of zero-flow rate under simulated measurement conditions, (flow rate exceeding 99.5%), and PZc

is the ratio of zero-flow rate under actual measurement conditions, (flow rate exceeding 99.5%).
4. Variability This index is similar to the seasonal amplitude index in that it reflects the one-year

flow rate variability. The main difference is that, for a variation index, all day-to-day variability is
measured instead of measuring a simple difference in the minimum and maximum daily flow
rates. This index compares the coefficient of variation between actual measurements and the
daily flow rate of the simulated measurements, as Equation (8) shows.

CV =
MIN(CVu; CVc)

MAN(CVu; CVc)
(8)

Here, CV means the index of daily variability, CVc is the daily coefficient of variation of the actual
measurements, and CVu is the daily coefficient of variation of the simulated measurements.

5. Seasonality The flood period and the low-water period are important indices for assessing how
flood-inundated zones and river ecosystems react [32]. This index provides a measure of period
changes in the maximum/minimum monthly flow rate for both the simulated and actual flow
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rate. The index indicates what percentage of the annual maximum and minimum of the actual
and simulated flow rates is based on the frequency distribution, as Equation (9) shows.

SP =
1

200
·

{∑
i=1[MIN(PHCi; PHUi)] +

∑
i=1[MIN(PLCi; PLUi)]

}
(9)

Here, SP means the seasonality index, PHCi is the percentage of annual basis in ith with
maximum annual flow rate from actual measurements, PHUi is the percentage of annual basis
in ith with maximum annual flow rate simulated measurements, PLCi is the percentage of
annual basis in ith with minimum annual flow rate from actual measurements, and PLUi is the
percentage of annual basis in ith with minimum annual flow rate from actual measurements.

6. Stream Depletion Days (SDD) SDD reflects the daily flow rate at each monitoring station and the
flow rate of reported river maintenance. This indicator evaluates a river’s soundness according
to the number of SDD. The evaluation methods for this indicator are as follows.

• The selected rivers’ representative observation stations will be evaluated by grade, and the
criteria presented in
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[34] will be reflected.
• The standard flow rate of the representative observation stations will be selected as the

mean droughty flow rate of the natural state to calculate the actual number of days of the
occurrence of the river flow rate.

• The mean droughty flow rate of the natural state per river basin will be calculated as the
ratio of the basin area by river based on the mean droughty flow rate per river calculated in
the long-term comprehensive plan for water resources [35].

3.2.2. Selection and Evaluation Criteria for Water Quality Evaluation

The water quality sector indicator is used to maintain a sound water ecosystem and to preserve
water quality suitable for water use purposes. Therefore, this study selected the water quality sector
as an indicator based on the distinction between natural and artificial elements. Detailed reasons for
selecting specific indicators by sector are outlined in Table 3.

Table 3. Detailed reasons for selecting specific indicators by sector.

Indicators Reasons for Selection

BOD

• Physicochemical water pollution indicator; factors influencing organic pollution.
• Organic carbon, which is very important in the pollution of surface water, can be expressed

through BOD. Organic carbon not only produces an unpleasant taste but also causes toxic
chemical reactions that affect the medium and spread of waterborne diseases. It also causes
oxygen deficiency in the aquatic ecosystem, threatening individual inhabitants of
that ecosystem.

COD • Physicochemical water pollution indicator, factors influencing organic pollution.

T-N • Pollution factor of nutrient salts, factor of riverside nutrition.

T-P • Pollution factor of nutrient salts, factor of riverside nutrition.

DO • Indicator of the review of dissolved oxygen content in water.

SS • Representative of particulate solids in water; an indicator of pollution level review.

TOC • Indicator used to examine the total amount of dissolved organic carbon in water and to
review unknowns and contained factors in COD and BOD tests.

Natural factors are defined as the characteristics of water distribution by region based on measured
water quality at actual observation spots. BOD, T-P, T-N, DO, and SS were selected as representative
indicators. Artificial factors are defined as rivers’ marginal capacity due to the increase in pollutants
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caused by urban expansion, reckless development, etc. This indicator is used to assess whether the
target water quality standards set at the terminal spot of the representative mid-watershed announced
by the Ministry of Environment have been achieved.

The Ministry of Environment of Korea evaluates the achievement rate of the target standards for
the representative spots of the medium-scale area by region on an annual basis. One of the purposes of
this study was to examine the average water quality of each selected river by calculating whether the
Ministry of Environment achieved the target water quality for each mid-watershed. Table 4 presents
the target water quality standards for each mid-watershed 4. The water quality assessment methods
used herein are as follows.

• For each mid-watershed, conduct monthly water quality assessment based on the target water
quality standards [35] set by the ministry of environment of the rep. of Korea.

• Every month, calculate the number of months where the target water quality was achieved
(months achieved/12).

Table 4. The target water quality standard by mid-watershed.

Large-Scale Region Mid-Watershed
Goal Criteria

Biosafety Level (BSL)

Han river
Bukhan River Very good Ia Very good∼Good

Namhan River Good Ib Very good∼Good

Gyeongan River Ordinary III Good∼Ordinary

3.3. Reviewing and Standardizing the Suitability of Collected Data

In processing the collected data, the data’s scope must be matched through normalization—
or the data distribution should be transformed as needed—along with the data from different units
to enable a comparative analysis of the statistical analysis results. It is essential to review raw data
before performing statistical analysis using a frequency-based statistical methodology because the
data are assumed to have a normal distribution. In this study, the normalization was conducted to
determine the degree of bias and skewness of the data. A natural logarithm was used when the data’s
skewness was greater than 1 and a common logarithm was used when the skewness was less than −1
to ensure normality.

Additionally, most collected raw data tend to be standardized before they are used for
statistical analysis because they have different dimensions or scales. Thus, it is difficult to perform
statistical analyses between data without standardization. Common standardization methods include
Z-Score, rebalancing, category scale, baseline difference, mean upper and lower indicators, opinion
balance, annual difference percentages, and circulation indicators [36]. As this study aims to
develop a rating system through the calculation of an index, all indicators’ values should have
unidirectional characteristics. However, some indicators may exhibit inverse relationships; therefore,
a minimum-to-maximum standardization method was selected to standardize the data for statistical
analysis (Figure 4).

Figure 4. Minimum-to-maximum standardization method.
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3.4. Reviewing the Conformity of Indicators and Screening of Indicators

Based on the established data regarding water quantity and water quality, the validity and
reliability of indicator selection for this study’s assessment were reviewed. FA was conducted for this
purpose. Based on the analysis results, indicators suitable for integrated river health assessment were
selected. Unreliable indicators and indicators that could not be interpreted by each factor were excluded.
Before conducting FA, it is necessary to determine whether the data are suitable for such analysis.
The suitability of the data is determined by using Kaiser–Meyer–Olkin’s (KMO) measure of sample
conformity, Bartlett test, and communality. Generally, KMO values of >0.5 and the Bartlett test are
considered appropriate for performing factor analyses with p < 0.1 and a communality of 0.5 or higher.
Otherwise, the selection of variables for FA is considered to be poor [37–40]. In this study, the data’s
suitability for FA was determined based on KMO adequacy, the Bartlett test, and communality prior to
conducting said analysis.

Factors must then be extracted to perform FA. In this study, the PCA method was used to determine
the number of factors. As an extraction method for determining the number of factors, only factors
with an eigenvalue greater than 1 were extracted and analyzed. Factor rotation assumes that there is
no correlation between factors; thus, the analysis was performed by selecting the varimax method out
of possible orthogonal rotation methods.

3.5. Index Calculation and Weight Value Calculation Methods

3.5.1. Index Equation

An additive function can be used as a suitable methodology to evaluate integrated river health.
The additive function is the simplest form of the summative function. In this study, indicators’ indices
by sector can be proposed as the sum of the indices. However, if the individual sector indices are all
combined, the aggregated indices may be overvalued, which can be counteracted by appropriately
weighing each index per sector. The weighted general form of the additive integration function is
equal to Equation (10), where the sum of the weights is given as 1.

I =
∑

n
i=1Wi·Ii (10)

where
∑ n

i=1Wi = 1, Ii is the index of each indicator by sector and Wi refers to the weight of each
indicator by sector.

3.5.2. Weighted Value Calculation Methods

The weight required for Equation (10) should take into account the effect of the factors between
the indicators. For this purpose, the PCA and entropy weighted methods (EWM) were implemented
for each sector in this study. Additionally, the geometric mean method was applied as an aggregation
method to prevent compensation problems caused by the offset effect (i.e., when the low indicator
value is diluted by the high index value).

Subsequently, to equalize each indicator’s effect on the integrated index, the weighted value of
the PCA and EWM with the least weight deviation for each indicator was selected as the weight to
calculate the integrated index.

1. Principal Component Analysis (PCA) PCA is an analytical method that reduces the dimensions of
several variables associated with each other and can generate a small number of new variables. It is
critical to employ data processing techniques that can distinguish important variables, simplify
calculations, and reduce dimensions for data visualization. To efficiently identify the correlations,
present in the data, eigenvalue decomposition is applied to the components’ correlation matrix to
obtain eigenvectors. Eigenvectors refer to the axes with the greatest correlation defined by the
linear combination of components; i.e., a process of loading the principal component. Multiplying
the data matrix by the eigenvector transforms the data of the main component axes and produces
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the PCA score. The equation for the first principal component can be defined as Equation (11)
when the matrix of m × n data with m samples and n variable values is labeled X. The mean of
each variable is 0 and the standard deviation is 1.

w1 =
argmax

{
||, Xw||

2
}
= argmax

{
ωTXTXw

}
||w|| = 1 ||w|| = 1

(11)

where argmax means a value of 1, w in length that makes the function the maximum value.
2. Entropy Weighted Method (EWM) The EWM [41] is used to determine each property’s weight.

In other words, this is a process of applying an information theory that is easy for decision-makers
to understand so they can navigate complex decision-making issues with many alternatives.
EWM is a method of weighting through the attribute information of the assessment items that are
being used. This method is often employed to weight vulnerability assessments. The entropy
method has the advantage of objectivity because it calculates weights by considering the
distribution of secured data without relying on subjective judgment. Four basic methods used
to measure information based on entropy include maximum entropy, joint entropy, conditional
entropy, and trans-information. Maximum entropy is derived from statistical physics research and
it is a technique that excludes assumptions about unknown facts and sees only known partial facts
as a source of knowledge acquisition. This technique can function as a probability model with a
uniform distribution for other values if the predefined constraints are met. Maximum entropy
is defined as the entropy amount of the probability p(xn) distribution of the discrete random
variable X = {xn}. Maximum entropy H(X) refers to the uncertainty or information capacity of X,
and limit entropy for hydrological random discrete variables is defined as Equation (12).

H(X) = −
∑

N
n=1p(x)·lnp(x) (12)

Generally, if the discrete probability variable X follows a uniform distribution, there is maximum
entropy. Thus, having a uniform distribution of the maximum entropy model for unknown facts
means that the model has maximum entropy for unknown content. This is considered to be the
same probability for two events when there is no information to clearly distinguish a given event;
in other words, this means that uncertainty is maximized, resulting in maximum entropy.

3.6. Evaluation Method of Rating by Index

This study intended to perform integrated river evaluation through the sum of the index values
by sector. In general, the data range in a normal distribution is represented by the mean (µ) and the
standard deviation (σ). When the standard deviation is 1σ in the normal distribution, the data range
is 34.1% to the left and right, accounting for 68.27% of the total. When the standard deviation is 2σ,
the data range is 47.7% to the left and right, accounting for 95.45% of the total.

In this study, the rating classification was based on the assumption that the calculated ‘index
value’ was defined as variable X and that variable X followed a normal distribution; i.e., a Gaussian
distribution. Standard deviation (1σ) 1 was classified into the highest and lowest grade sections,
and 16% of the left and right classes were divided into the top 1 and bottom 5 classes, respectively.
The remaining 68% were classified by selecting 0.5σ standard deviation as the classification criteria.
Therefore, 84.0% to 100% of sections were evaluated by class 1 (µ + 1.0σ), 67.5% to 84.0% of sections as
class 2 (µ + 0.5σ), 32.5% to 67.5% of sections as class 3 (µ ± 50.5σ), 16.0% to 32.5% of sections as class
4 (µ − 0.5σ), and the remaining sections as class 5 (µ − 1.0σ) (Table 5).
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Table 5. The rating section by the standard deviation.

Rating Section Rating Key Processing Function

µ + 1.0σ 100.0%∼84.0% 1 Very good (High)
µ + 0.5σ 84.0%∼67.5% 2 Good (Medium High)

- 67.5%∼32.5% 3 Acceptable (Medium)
µ − 0.5σ 32.5%∼16.0% 4 Poor (Medium Low)
µ − 1.0σ 16.0%∼0.0% 5 Very poor (Low)

4. Result and Discussion

4.1. Result of Data Construction

4.1.1. Water Quantity Data

To calculate water quantity (unimpacted flow) via the SMS-TANK model, the first step is to
estimate the parameters. For this purpose, dam inflow data and river flow rate data located around
the target rivers were used. Rainfall data were collected from the observations of 21 rain stations such
as Figure 1 surrounding the target area, calculated using the Thiessen Method, and reflected in the
model. There were 10 dams and 5 rivers, as Table 6 shows. Data on these 15 total spots were used to
estimate the spots’ parameters.

Table 6. The estimated spots’ parameters using the data on a total of 15 spots.

No. Target Basin Area (km2) Remark Abbreviation

1 Soyang 2703 Dam inflow rate SY

2 Chungju 6648 Dam inflow rate CJ

3 Chungju
regulation area 1713 Dam inflow rate CJC

4 Hoengseong 208 Dam inflow rate HS

5 Guangdong 121 Dam inflow rate KD

6 Goesan 677 Dam inflow rate GS

7 Hwacheon 4085 Dam inflow rate HC

8 Chuncheon 775 Dam inflow rate CC

9 Uiam 281 Dam inflow rate UA

10 Cheongpyeong 2268 Dam inflow rate CP

11 Yeongwol 1 1524 River flow rate YW1

12 Yeongwol 2 2283 River flow rate YW2

13 Youngchun 4690 River flow rate YC

14 Dalcheon 721 River flow rate DC

15 Wontong 526 River flow rate WT

For parameter estimation, the initial low-flow height of the SMS-TANK was set to 240.
The first-stage tank and the second-stage tank were set to 0, the third-stage tank was set to 10,
and the fourth-stage tank was set to 500. The SCE-UA algorithm was employed [25]. As an analysis of
the estimated parameters’ adequacy, Table 7 presents the NSE and ROV between predicted and actual
amounts for the same spots as in Table 6. When determining a model’s quality via NSE, the threshold
is set at 0.50 < NSE < 0.65. Then, models within this range are recommended [42]. If the value is 0.65
or higher, the model is judged to have excellent performance [43]. The NSEs for each spot in Table 7
were found to exceed 0; moreover, nine of these had values of 0.65 or higher. In addition, the ROV
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value was within the range of 0.73–1.09 and the minimum simulated amount was over 73% consistent
with the actual amount. Thus, based on the NSE and ROV results, the estimated parameters were
judged to be suitable for the amount simulation in this study.

Table 7. Nash–Sutcliffe Efficiency (NSE) and Ratio of Volume (ROV) between the predicted and actual
amounts for the same spots as in Table 6.

Target
Parameters of SMS-TANK

NSE ROV
A2 A1 A0 B1 B0 C1 C0 D1 HA2 HA1 HB HC

SY 0.3959 0.1702 0.0838 0.0836 0.0502 0.0168 0.0283 0.0005 400 150 0.0 0.0 0.84 0.86

CJ 0.3793 0.0800 0.1225 0.0995 0.0503 0.0122 0.0179 0.0005 400 150 0.0 0.0 0.71 0.80

CJC 0.5000 0.3000 0.1580 0.0300 0.1000 0.0050 0.0500 0.0005 400 150 0.0 0.0 0.73 0.95

HS 0.4822 0.0960 0.0356 0.0743 0.0834 0.0051 0.0497 0.0005 400 150 0.0 0.0 0.90 1.09

KD 0.3173 0.1222 0.1104 0.0987 0.0369 0.0051 0.0492 0.0005 400 150 0.0 0.0 0.82 0.79

GS 0.5000 0.0974 0.2384 0.0784 0.0828 0.0050 0.0191 0.0005 400 150 0.0 0.0 0.80 0.82

HC 0.2783 0.0866 0.2031 0.0324 0.1000 0.0050 0.0500 0.0005 400 150 0.0 0.0 0.67 0.89

CC 0.4164 0.1808 0.1192 0.0890 0.0302 0.0050 0.0328 0.0005 400 150 0.0 0.0 0.80 0.78

UA 0.4979 0.2992 0.0947 0.0300 0.0999 0.0051 0.0479 0.0005 400 150 0.0 0.0 0.58 0.83

CP 0.5000 0.1972 0.0001 0.0416 0.0784 0.0050 0.0500 0.0005 400 150 0.0 0.0 0.59 0.91

YW1 0.5000 0.0300 0.1945 0.0811 0.0633 0.0062 0.0225 0.0005 400 150 0.0 0.0 0.62 0.85

YW2 0.2796 0.0300 0.1502 0.0964 0.1000 0.0107 0.0287 0.0005 400 150 0.0 0.0 0.40 0.76

YC 0.4312 0.0300 0.1386 0.0821 0.0408 0.0071 0.0050 0.0005 400 150 0.0 0.0 0.59 0.74

DC 0.4995 0.2283 0.2171 0.1000 0.0551 0.0054 0.0178 0.0005 400 150 0.0 0.0 0.55 0.92

WT 0.3910 0.0311 0.2997 0.0992 0.0830 0.0092 0.0471 0.0005 400 150 0.0 0.0 0.69 0.73

The unimpacted flow data for the study’s 18 rivers in Figure 1 were estimated by reflecting the
parameters derived earlier through SMS-TANK. Figure 5 shows changes in water quantity data by
estimated spots. The largest simulated amount appeared in JJ in 2011 with 534.97 m3/day, while the
smallest was predicted to be 0.02 m3/day in SD in 2009. Overall, the simulated unimpacted flow
data pattern was mostly high in summer (between June and August) and low in winter (between
November and February). The simulated unimpacted flow data were used as data for six water
quantity indicators—High flow, Low flow, Zero flow, Variability, Seasonality, and SDD—employing
the SDD evaluation criteria of Equations (1)–(7).

The largest simulated amount appeared in JJ in 2011 with 534.97 m3/day, while the smallest
was predicted to be 0.02 m3/day in SD in 2009. Overall, the simulated amount pattern was
mostly high in summer (between June and August) and low in winter (between November and
February). The simulated amount data were used as data for six water quality indicators—High flow,
Low flow, Zero flow, Variability, Seasonality, and SDD—employing the SDD evaluation criteria of
Equations (1)–(7).

4.1.2. Water Quality Data

Water quality data were simulated by converting collected raw data into annual average data.
Figure 6 illustrates the changes in water quality data of 18 rivers. Most rivers DOs are distributed on a
10.0 mg/L basis, and most BODs are found to be below 2.0 mg/L. Meanwhile, rivers such as GU, MH,
and OS are above 2.0 mg/L. Most CODs range from 2.0 to 3.0 mg/L, but OS ranges from 5.0 to 6.0 mg/L,
which is the highest value compared to other rivers. SS is at a higher level than other rivers, given that
GS showed the highest value of 173.9 mg/L in 2015 but, after 2017, SS in all rivers was below 20.0 mg/L.
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Figure 5. Simulated unimpacted flow by SMS-Tank model.

Figure 6. Variation of annual water quality during the study period.
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In the case of TN, MH was found to be in the range of 7.9 to 9.1 mg/L, higher than other rivers.
The TN of other rivers was found to be emitted at an average level of 3.3 mg/L. TP was found to be
below 0.06 mg/L in most rivers; however, in the case of GS, YH, and OS, the variation was shown
to fluctuate significantly in the range below 0.38 mg/L. The TOC of OS showed the highest value
compared to other rivers with an average of 6.0 mg/L, and the lowest TOC of OC with an average of
1.15 mg/L.

4.2. Determining the Data’s Suitability

A statistical analysis of the data was conducted to ensure that the data were normal and properly
standardized. Any data showing skewed distribution were transformed through a logarithm to ensure
maximum normality. A normality review was performed based on skewness, and the data were
transformed by natural logarithm if the skewness value was 1 or higher or by common logarithm
if it was −1 or lower. Table 8 shows variations in the skewness of water quantity data based on the
normality review, while Table 9 presents variations in the skewness of water quality data. Among the
amount indicators, the skewness of Low Flow, Variability, Seasonality, and SDD were determined
to have a normal distribution with values within the range of −1 and less than 1. High flow and
Zero flow were found to be less than −1 and were determined to be non-normal; thus, the data
were converted by common logarithm to ensure normality. Among the water quality indicators,
only DO skewness was found to be within the range of −1 and 1 and therefore determined to have a
normal distribution. All other indicators exhibited skewness greater than 1, which was judged to be a
non-normal distribution. Thus, the data were converted by natural logarithm to ensure normality. In the
subsequent process, all data were determined to be normally distributed, enabling standardization.

Table 8. Variation in the skewness of water quantity data based on the normality review.

Classification High Flow Low Flow Zero Flow Variability Seasonality SDD

Before conversion −2.526 −0.734 −2.998 −0.821 0.202 0.988

After conversion 1.216 −0.734 1.511 −0.821 0.202 −0.455

Table 9. Variation in the skewness of water quality data based on the normality review.

Classification DO BOD COD SS T-N T-P TOC

Before conversion −0.194 1.991 1.165 7.332 1.856 2.097 1.564

After conversion −0.194 0.966 0.585 0.905 0.695 0.500 0.629

4.3. Conformity of Indicators and Results of Indicator Screening

KMO, the Bartlett test, and communality were assessed for all standardized data to determine
whether the data were suitable for FA. The results showed that the KMO values of both water quantity
and water quality were all above 0.5 and the Bartlett test results were all below 0.1, satisfying each
criterion (see Table 10). Additionally, communality values for all indicators of water quantity and
water quality were 0.5 or higher (Table 11). On that basis, all collected data intended to be used in this
study were available for FA.

Table 12 presents the varimax results for factor extraction. A review of the total variance of
the water quantity sector showed that two main components, High flow and Low flow, accounted
for 54.60% of the total. In the water quality sector, the two main components were DO and BOD,
which accounted for 81.51% of the total.
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Table 10. The results of Kaiser–Meyer–Olkin’s (KMO) values and Bartlett’s test by water quantity and
water quality.

Contents Water Quantity Water Quality

KMO measure 0.617 0.839

Bartlett’s unit matrix test
Chi-squared approximation 221.636 1263.082

p (probability) <0.001 <0.001

Table 11. The results of the communality values by all indicators of water quantity and water quality.

Contents Indicator Extraction

Water quantity

High flow 0.830

Low flow 0.734

Zero flow 0.717

Variability 0.744

Seasonality 0.715

SDD 0.732

Water quality

DO 0.998

BOD 0.893

COD 0.946

SS 0.973

T-N 0.846

T-P 0.869

TOC 0.893
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Table 12. The Varimax results for factor extraction.

Indicator
Initial Eigenvalue Extraction Sum of Squares Load Rotational Sum of Squares Load

Total Distributed% Cumulative% Total Distributed% Cumulative% Total Distributed% Cumulative%

Water quantity

High flow 2.35 39.18 39.18 2.35 39.18 39.18 1.74 29.06 29.06

Low flow 1.31 21.80 60.97 1.31 21.80 60.98 1.53 25.54 54.60

Zero flow 0.81 13.56 74.54 - - - - - -

Variability 0.693 11.54 86.08 - - - - - -

Seasonality 0.52 8.66 94.74 - - - - - -

SDD 0.32 5.26 100.00 - - - - - -

Water quality

DO 4.66 66.54 66.54 4.66 66.55 66.55 4.65 66.42 66.42

BOD 1.05 14.96 81.50 1.05 14.96 81.51 1.06 15.09 81.51

COD 0.74 10.50 92.00 - - - - - -

SS 0.24 3.44 95.45 - - - - - -

T-N 0.16 2.30 97.74 - - - - - -

T-P 0.11 1.52 99.26 - - - - - -

TOC 0.05 0.74 100.00 - - - - - -
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The reference value of the rotated component matrix, which correlates with the indicators and the
factor components, is ±0.4 or higher. Table 13 presents the results of the rotated component matrix of
water quantity and water quality. Based on the characteristics of the main components in the water
quantity sector, the first components were High flow, Variability, and Seasonality while the second
components were Low Flow, Zero Flow, and SDD. Based on the characteristics of the main components
in the water quality sector, the first components were BOD, COD, T-N, T-P, and TOC while the second
components were DO and SS.

Table 13. The results of the rotated component matrix of water quantity and water quality.

Contents Indicators
Components

1 2

Water quantity

High flow 0.910 −0.002

Low flow 0.069 0.676

Zero flow 0.204 0.764

Variability 0.815 0.104

Seasonality 0.591 0.300

SDD 0.070 0.790

Water quality

DO 0.007 0.981

BOD 0.935 −0.058

COD 0.971 0.002

SS −0.123 0.646

T-N 0.821 0.246

T-P 0.928 0.122

TOC 0.937 −0.011

Accordingly, in this study, the first and second main components with two or more indicators
were selected and analyzed as the final assessment indicators for integrated river evaluation.

4.4. Weighted Result of Indicators

The weight value was calculated through the PCA and EWM to select the final index. Table 14
presents the results. The findings of the detailed weighted index for the water quantity sector calculated
via the PCA reveal that High flow was the largest value at 0.1180 while Seasonality was the lowest at
0.0498. For the water quality sector, DO was the largest value at 0.0858 while SS was the lowest at
0.0372. The findings of the detailed weighted index for the water quantity sector calculated via the
EWM reveal that SDD was the highest value at 0.1755 while Low flow was the lowest at 0.0238. For the
water quality sector, COD was the highest value at 0.1070 while DO was the lowest at 0.0228 (Table 14).

Among the principal components and entropy weights discussed earlier, weights matching the
study’s purpose were required. Thus, the geometric mean method was applied as an aggregation
method to avoid compensatory problems caused by the offset effect in which low indicator values are
diluted by high indicator values. In calculating indicators to assess river soundness, the determination
of weights should have an even impact on each index on the integrated index. Therefore, the weight
of the principal components—which features less deviation from the weight of each indicator—was
selected as the weight to calculate the integrated index.
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Table 14. Weighted results of indicators.

Contents Weight Indicators Weighted Value Index Rank

Principal Component
Analysis

Water Quantity 0.5

High flow 0.1180 1

Low flow 0.0652 10

Zero Flow 0.0833 6

Variability 0.0946 2

Seasonality 0.0498 12

SDD 0.0891 3

Water Quality 0.5

DO 0.0858 4

BOD 0.0779 8

COD 0.0840 5

SS 0.0372 13

T-N 0.0601 11

T-P 0.0768 9

TOC 0.0783 7

Entropy Weighted
Method

Water Amount 0.5

High flow 0.0649 9

Low flow 0.0238 12

Zero flow 0.0498 10

Variability 0.0652 8

Seasonality 0.1207 2

SDD 0.1755 1

Water Quality 0.5

DO 0.0228 13

BOD 0.0738 7

COD 0.1070 3

SS 0.0342 11

T-N 0.0763 6

T-P 0.0976 4

TOC 0.0882 5

4.5. Integrated Evaluation Equation and Evaluation of Index by River

4.5.1. Integrated Evaluation Equation

Bulleted For this study’s purpose, an integrated evaluation formula was developed Equation (13)
using additive functions, as described in the study’s methodology in Section 3.5.

Integrated evaluation index = H + W (13)

H = wH1x′H1 + wH2x′H2 + wH3x′H3 + wH4x′H4 + wH5x′H5 + wH6x′H6

W = wW1x′W1 + wW2x′W2 + wW3x′W3 + wW4x′W4 + wW5x′W5 + wW6x′W6 + wW7x′W7

Here, H stands for water quantity soundness, W stands for water quality soundness, x′i stands
for sector-specific standardized index values, and wi stands for the weight of each indicator by sector.
This equation enabled the calculation of each sector’s index for each year. The final integrated river
evaluation was carried out through the grading of the index.
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4.5.2. Results of Index Calculation by River

Table 15 presents the water quantity, water quality, and integrated index of each river over a period
of 10 years. Here, the spatial distribution was the same as in Figure 7 and the annual index change was
the same as in Figure 8. The index by the river for the water quantity sector was evenly distributed
based on the average value of 0.2916. Moreover, the index’s highest values were, in descending order,
BH (0.3165), YH (0.3142), and GS (0.3067), which were better than other rivers. On the other hand,
SD (0.2742), MO (0.2759), and MH (0.2784) were lower, indicating worse values than other rivers.

Table 15. Integrated index of water quantity and water quality by the river for 10 years.

Contents
Index

Water Quantity Water Quality Integrated

JJ 0.2918 0.3813 0.6731

GU 0.3027 0.3490 0.6517

MH 0.2784 0.1593 0.4377

BK 0.2894 0.3760 0.6654

MO 0.2759 0.3690 0.6449

GJ 0.2899 0.3580 0.6479

ST 0.2896 0.3424 0.6320

OC 0.2974 0.3468 0.6442

GS 0.3067 0.2352 0.5419

SD 0.2742 0.3644 0.6386

YD 0.2948 0.3712 0.6661

KS 0.3018 0.3728 0.6746

BH 0.3165 0.2525 0.5690

YH 0.3142 0.1787 0.4929

OS 0.2836 0.1409 0.4245

MY 0.2976 0.2329 0.5305

GJA 0.2963 0.2515 0.5479

MK 0.2486 0.2901 0.5387

Mean 0.2916 0.2984 0.5900

 
 
 
Figure 7. Spatial variation of mean indices during the study period. (a) Water amount index, (b) Water 
quality index, (c) Integrated measurement index. 

Figure 7. Spatial variation of mean indices during the study period. (a) Water amount index, (b) Water
quality index, (c) Integrated measurement index.
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Figure 8. Variation of the annual index during the study period.

The index by the river for the water quality sector was similar to that of the water quantity sector.
It was distributed based on the average value of 0.2984. However, the water quality sector exhibited
better values than other rivers. These values were, in descending order: JJ (0.3813), BK (0.3760),
and KS (0.3728) followed by OS (0.1409), MH (0.1593), and YH (0.1787). Overall, the integrated river
evaluation index was found to be good with an average value of 0.5900. In particular, the index
exhibited the highest values for KS (0.6746), JJ (0.6731), and YD (0.6661), which were better than other
rivers. However, OS (0.4245), MK (0.4377), and YH (0.4929) were rated lower than other rivers because
the water quality indices for OS, MH, and YH were very low.
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4.5.3. Evaluation of Water Quantity, Water Quality, and Integrated River Rating by Rivers

To evaluate the rank of calculated index results, classification criteria by standard deviation were
applied (as Table 5 shows). The results were classified into five classes so that each river’s status could
be easily identified, as Figure 9 illustrates.

Figure 9. Variations in annual rank during the study period.

Overall, the rating for the water quantity sector was found to be distributed across a few categories
ranging from 1 to 5 (where 1 = very good condition and 5 = very poor condition). All rivers had a
good quality rank; however, in 2018, all rivers had very poor quality and were classified into the fifth
category. In terms of water quality, rivers such as JJ, BK, and YD were in continuously very good
condition and were classified into the first category; however, MH and OS were in very poor condition
and were classified into the fifth category.
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The integrated evaluation grade above can serve as a reference or basis to establish future
management plans and to evaluate the conditions of rivers in SCA. For example, in the case of
Figure 8’s BK, water quality remained in the first category through the study period except for 2009.
In 2018, however, the integrated river evaluation rating was very poor, falling into the fifth category.
This is due to the constant deterioration of the quality sector rating, suggesting that water quantity
policies are necessary to improve the integrity of the river in BK. In the case of OS, water quality
was very poor (fifth category) throughout most research period except in 2011 and 2014. The water
quality of OS became very good (first category) in 2011 and 2014. Meanwhile, the integrated evaluation
method in 2018 was very poor (fifth category) due to the gradually deteriorating in water quality of
the fourth to fifth categories since 2015. This reveals that OS needs a policy that can improve both
water quantity and water quality simultaneously. This reveals that OS needs a policy that can improve
both water quantity and water quality simultaneously.

Assessing all the research subjects overall, the water quantity sector rating for most rivers is
deteriorating. The water quality sector rating is mostly poor or very poor—except for JJ, BK, SD,
and YD. Therefore, an integrated policy that can improve water quantity and water quality is required
to restore the integrity of rivers in the SCA. Ultimately, the evaluation of the soundness of rivers in the
Republic of Korea, which was limited by the existing water quantity, was incomplete.

4.5.4. Evaluation of Water Quantity, Water Quality, and Integrated River Rating by Rivers

Because there were few prior studies of similar conditions to this study, it is not easy to compare
them with other studies. However, although the river integrated evaluation index cannot produce
exact result values, such as the model for watershed management planning, it has the advantage
of a clear and concise representation of the river’s condition with an integer in the range of 1 to 5.
In particular, the integrated river evaluation index provides information on river conditions intuitively,
such as Figure 9, so that it is easy to understand the trends of river conditions from the past to the
present, provide policymakers or decision-makers with guidelines for rational judgment in the process
of determining water management policy directions, and help them make quick decisions. Since the
integrated river evaluation index is intuitive, that can drive the comprehension of ordinary citizens
adequately, not experts, the government can expect the justifiability of environmental regulation
and understanding of residents by providing and sharing the integrated river evaluation index to
citizens in the area of intense conflict due to due to environmental regulations, such as this study site.
Besides, because this index provides the status information of water quantity and water quality for
each river, it can help establish flexible water management plans and implement policies depending
on the conditions of each river to the government. In addition, if the results of the basin model using
the IPCC scenario are reflected in the river integrated assessment index, the government can make
immediate policy direction for responding to climate change at the national level and provide the
general public with easy-to-understand information for climate change.

5. Conclusions

An integrated evaluation system for assessing water quantity and water quality can identify the
current conditions of rivers, reveal vulnerable sectors, and help policy-makers formulate plans for
them. This might be referred to as a basic river management plan. This study proposed a methodology
for integrated river and water quality assessment reflecting an integrated water management paradigm
to improve existing river assessment methods, which are biased towards the water quantity sector.
The present study conducted an integrated assessment and a rating-based evaluation of rivers in
SCA in the Republic of Korea. The evaluation’s results showed that rivers in the SCA are gradually
deteriorating in quality, that the water quality sector was mostly poor or very poor (with some
exceptions), and that most rivers had a grade of 4 or 5 (poor to very poor) in terms of water quantity
and water quality. Thus, it is clear that there is an urgent need for an integrated and organic river
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management policy that can simultaneously consider water quantity and water quality to restore the
soundness of rivers within the SCA.

This study proposed a methodology that enables an integrated evaluation of water quantity
and water quality for rivers and rivers. In particular, this methodology can be used to identify
changes in river conditions over time. Thus, we expect that this methodology will be useful in
establishing a comprehensive river management plan. Additionally, we would like to propose the
study’s integrated evaluation method as a decision-making tool. This method has been demonstrated
to be very intuitive and efficient for understanding rivers’ current conditions; thus, we believe that
countries with environments similar to those of Korea can use this method to implement integrated
water management policies. In addition, this study can be used as educational material to resolve
conflicts between governments and local residents by presenting objective indicators and indices.
Therefore, by presenting objective indicators and indices based on research conducted in Korea,
this study will make it possible to establish river management plans agreed upon by both the public
and private sectors.
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