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Abstract. This study aimed to develop a risk-based approach
for determining control areas to manage non-point source
pollution, developing a framework to prioritize catchments
by considering the characteristics of polluted runoff from
non-point sources. The best management, decision-making,
and scientific approaches, such as the technique for order of
preference by similarity to ideal solution (TOPSIS) and the
Delphi technique, are required for the designation of control
areas and the application of the best management practices to
the control areas. Multi-criteria decision-making (MCDM)
methods can handle the diversity and complexity of non-
point source pollution. The Delphi technique was employed
for selecting the assessment criteria/sub-criteria and deter-
mining their weights. Sub-criteria for each catchment unit
were scored with either a quantitative or qualitative scale.
All non-point pollution sources in mainland Republic of Ko-
rea were included, with the exception of a few islands, with
catchment prioritization and pollution vulnerability evalua-
tions shown as thematic maps. This study contributes to the
field by developing a new risk-based approach for ranking
and prioritizing catchments; this provides valuable informa-
tion for the Ministry of Environment to use to identify control
areas and manage non-point source pollution.

1 Introduction

Diffuse pollution (non-point source pollution) is a major is-
sue in water quality management and catchment manage-
ment (Hoppe et al., 2004; Huang and Xia, 2001; Lee and
Bae, 2002; Orr et al., 2007). Pollutants accumulated from di-
verse diffuse sources generally move by runoff and make wa-
ter quality problems worse. Water quality problems caused
from diffuse pollution are influenced by meteorological, hy-
drologic, and demographic characteristics of catchments. In-
sights and tools addressing complexity and uncertainty of the
problems are required to solve the problems.

The diversity and complexity of diffuse pollution can be
described by catchment-based risk assessments (Candela et
al., 2009; Wang and Yang, 2008) and the assessments can be
undertaken by multi-criteria analysis (Huang et al., 2013).
The multi-criteria analysis is suitable to develop consul-
tation for management on a complicated system. The ap-
proach is practical to deal with many decision problems in
environmental management which involve multiple conflict-
ing evaluation criteria as well as a large number of spa-
tial units (Zhang and Huang, 2011). Diverse methods were
applied broadly in water-related matter because catchment-
based water management is complex and interactive due
to the inherent trade-offs between social, political, ecolog-
ical, and economic factors (Kiker et al., 2005). Giupponi
and Rosato (1999) developed a multi-criteria analysis sys-
tem for producing risk maps of agricultural pollution. Mu-
nafo et al. (2005) developed a potential non-point pollution
index (PNPI) to assess the global pressure on surface wa-
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ter bodies. Zhang and Huang (2011) developed a GIS-based
multi-criteria analysis method to assess the potential contri-
butions of different land areas in diffuse nutrient export at the
basin scale. Chun et al. (2012) took a risk-based approach
to prioritize catchments for diffuse metal pollution manage-
ment. Huang et al. (2013) employed multi-angle indicators
of non-point source pollution, deficient waste treatment, and
public awareness of environmental risk to identify key envi-
ronmental risk sources contributing to water eutrophication
and to suggest certain risk management strategies for rural
areas.

The Ministry of Environment (MOE) of the Republic of
Korea has tried to deal with diffuse pollution issue after
the 2000s. The MOE currently enforces programs for the
control of diffuse pollution under the Water Quality and
Ecosystem Conservation Act (WQECA): the reporting on fa-
cility installation to reduce diffuse pollutants from new de-
velopment sites or industrial sites, the designation and man-
agement of control areas to be required to manage diffuse
pollution, and so on. The programs have been implemented
under insufficient data, tools, information, and knowledge for
diffuse pollution. It makes it difficult to assess existing dif-
fuse pollution, to establish the measures including selection
and spatial allocation of management practices, or to eval-
uate the measures. Recently, the lack of a sound decision-
making system and efficient resource allocation have been
significant issues in South Korean diffuse pollution manage-
ment. The current decision-making support system should be
reorganized based on expert advice and a scientific basis for
more efficient policy implementation.

We were interested in the development of a decision-
aiding tool for the selection/designation of control areas. This
study aimed to develop a framework to evaluate and to priori-
tize South Korean watersheds in terms of the need for diffuse
source management. Moreover, the Delphi method to obtain
the most reliable consensus of a group of experts (Dalkey and
Helmer-Hirschberg, 1962; Linstone and Turoff, 1975; Okoli
and Pawlowski, 2004) was employed to reflect experts’ opin-
ions in the framework development.

2 Methodology
2.1 Background and study procedure

The Ministry of Environment in the Republic of Korea has
a plan to continuously expand diffuse pollution management
areas until 2020. In 2009, the candidate management areas
for industrial sites and small watersheds had been addition-
ally determined for conducting a feasibility study and prepar-
ing selection criteria. Relevant authorities also established
the Second Comprehensive Plan for Diffuse Pollution Man-
agement (from 2012 to 2020) in a collaborative project. As a
part of this plan, an (draft) improvement scheme for the crite-
ria of determining and assessing management areas has been
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prepared and implemented in order to expand diffuse pollu-
tion management areas and improve the related systems. Ac-
cordingly, the order of priority needs to be set on a scientific
basis so that areas which require diffuse pollution manage-
ment most urgently will receive be systematic preference.
For diffuse pollution policy, a vulnerability analysis and a
map of vulnerable areas are required.

Some studies (Bang et al., 1997; Yoon et al., 2007; Choi
et al., 2009; Park et al., 2014) by the Ministry of Environ-
ment and the Korea Environment Corporation have been con-
ducted so far on the nomination of diffuse pollution manage-
ment areas. However, most of these studies assumed scenar-
ios after considering significant factors and merely analyzed
the scenarios to predict the results of assumptions. Conse-
quently, determining, allocating, and scoring the evaluation
items and weights have become key research issues for the
identification of areas vulnerable to non-point source pollu-
tion. To identify and prioritize vulnerable areas for diffuse
pollution management, the items to be evaluated as well as
the weighting and scoring methods for each item should be
importantly considered and determined. In this regard, many
experts have constantly expressed the opinion that research
and surveys are needed to propose specific indexes quanti-
fying the contribution rates and weights, and to determine
a selection method for vulnerability assessment (Park et al.,
2013).

The degradation of water quality and aquatic ecosystem
due to diffuse pollution sources is related to uncertain fac-
tors such as emission characteristics of various pollutants,
and climate and soil properties. Naturally, diverse solutions
are being proposed by experts and interested parties, which
prevents clear policies from being firmly implemented. For
efficient policy implementation, a quantitative, objective, and
scientific analysis needs to be conducted for factors causing
diffuse pollution, and then the management areas should be
expanded. This will result in not only systematic policy im-
plementation but also highly efficient, low-cost investment.

The process of the study to prioritize watersheds for dif-
fuse pollution management in South Korea is presented in
Fig. 1.

— Step 1 sets an evaluation framework and performs a Del-
phi survey for experts to determine evaluation items and
weights.

— Step 2 collects and quantifies data of each evalua-
tion item for each watershed. The technique for or-
der of preference by similarity to ideal solution (TOP-
SIS), which is one of multi-criteria decision-making
(MCDM) techniques, is applied for evaluation.

— Step 3 prepares the vulnerable area map by using eval-
uation results, and selects major vulnerable areas.
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Figure 1. Study procedure.

2.2 Determining criteria with modified Delphi method

The Delphi method was developed by the RAND Corpo-
ration in the 1950s aiming to reduce the range of group
responses and to strive for expert consensus. The Delphi
method as a method for structuring a group communica-
tion process is accomplished by feedback of individual con-
tributions of information and knowledge, assessment of the
group judgment or view, an opportunity for individuals to
revise views, and a degree of anonymity in individual re-
sponses (Linstone and Turoff, 1975). A series of question-
naires with controlled opinion feedback is typically used for
collecting and distilling knowledge from a group of experts
(Rowe et al., 1991; Adler and Ziglio, 1996; Angus et al.,
1996). The process by which experts reply to questionnaires,
subsequently receive feedback, and modify their opinion is
repeated until arriving at the most reliable consensus.

The Delphi method is effective in allowing a group of in-
dividuals, as a whole, to deal with a complex problem (Mo-
horjy and Aburizaiza, 1997) and has been applied in vari-
ous fields such as information systems, planning, environ-
mental impact assessments, social policy, and public health
(Angus et al., 1996; Linstone and Turoff, 1975; Okoli and
Pawlowski, 2004). Also, there have been several applica-
tions in studies on water resource use and management, water
quality assessment, and so on (Cude, 2001; Kim and Chung,
2013; Lee et al., 2013; Parparov et al., 2006; Parparov and
Hambright, 2007).

For successful progress, there are two important consider-
ations. The first is to select experts participating in our sur-
vey. We considered that the respondents should be experts
with plenty of experience and with a high level of responsi-
bility. The next important consideration is to reach an agree-
ment involving experts. Obtaining consensus will take a long
time because every expert has their own opinion, and these
are sometimes extremely different.

We have simplified the Delphi process. The nub of modi-
fied Delphi procedure is that experts were provided detailed
and concrete information for candidate criterion by organiz-
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Figure 2. Delphi survey procedure.

ing group. Figure 2 explains the procedure of our modified
Delphi.

Firstly, we selected a group of experts in diffuse pollution
management of South Korea. The experts are ones who have
extensive experiences with a high level of responsibility or
have carried out a lot of research on diffuse pollution. Then
we created an evaluation framework with the candidates of
criteria and sub-criteria after examining literature and brain-
storming. This is because it is time-consuming and inefficient
to reach an agreement after every expert suggests an eval-
uation framework. A questionnaire was prepared to obtain
expert opinions for the framework’s structure, and the candi-
date criteria and sub-criteria. After collecting and analyzing
the judgments of a group of experts, the evaluation frame-
work consisting of criteria and their weights was determined
if the consensus of the group emerged.

2.3 Assessing potential risk with TOPSIS

In this study, the criteria scores were estimated by the
TOPSIS method of multi-criteria decision analysis meth-
ods (Fishburn, 1967; Hwang and Yoon, 1981). The TOP-
SIS chooses the alternative of the shortest geometric distance
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from the positive ideal solution and the longest geometric
distance from the negative ideal solution (Lai et al., 1994,
Chu, 2002; Jun et al., 2011; Lee et al., 2013).

In addition, assessment results for all alternatives can be
easily calculated and presented from a multi-attribute per-
spective (Kim et al., 1997; Shih et al., 2007; Lee and Chung,
2007; Chung and Lee, 2009).

Here the positive ideal solution (PIS) is the most vulner-
able area and the negative ideal solution (NIS) is the least
vulnerable area. The TOPSIS procedure is as follows:

Construct the weighted decisions matrix (v;;):

Vij = Wi X Xij, ey

where w; is the weight of ith criterion, x;; are built by alter-

native A;(j =1, ..., n), which are evaluated against criteria
Ci(i=1, ..., m), the standardized data of each assessment
unit area.

Determine the PIS(A™) and NIS(A ™) of unit area:

A+=vr,..., v;f, 2
AT =], (3)
Here vl.+ = max(v;;), v; = min(v;;)

Calculate the distance from the positive ideal (di+) and the
negative ideal (d; ) solution for each alternative

; 12

dj:IZ(vij—vj) ] ci=1..,n )
=1
; 172

di_ZIZ(Vl’j—vj_) ] , i:l...,n. (5)
j=l1

Calculate the optimum membership degree (Dl.Jr ):

+_ 4 .
D d-f—di_’(l I, ..., m). ©6)
The priority of watersheds in terms of the need for diffuse
pollution management was decided according to the crite-
ria scores aggregated for watersheds. The priority of diffuse
pollution management was represented in a map with a geo-
graphic information system (GIS).

3 Application
3.1 Study area

The MOE shall regularly survey the kinds of sources of pol-
lution in order to ascertain the current status of water quality
and aquatic ecosystems by river-system spheres of influence
and shall develop the basic plan for preserving water quality
and aquatic ecosystems (WQECA, 1997, Article 22 and Ar-
ticle 23). The spatial extent of the investigation is the whole
country of South Korea.
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The river-system spheres of influence are classified as
small, medium, and large areas of influence. In the study, the
potential risk of diffuse pollution was evaluated for 814 wa-
tersheds which are the small areas of influence and the sub-
jects of the pollution survey.

3.2 Determination of the evaluation framework by the
Delphi survey

The evaluation framework, criteria, and their weights were
determined by the experts’ agreement through the Delphi
survey. The weights of multi-criteria were decided by the
ranking method.

A nonpartisan expert pool was asked whether they would
participate or not. A total of 12 experts gave us a posi-
tive answer. They worked in the following different sec-
tors: government-funded research institutes (8 %), private
engineering companies (17 %), public services (17 %), and
university (58 %). All had doctoral-level training and most
(80 %) have been researching diffuse source pollution man-
agement for over 10 years.

Candidates of criteria and sub-criteria were organized
based on brainstorming with literature research. Then, the
draft questionnaire including candidate criteria was dis-
tributed for experts. This was the start of the first round. Af-
ter we collected and analyzed the raw data from the ques-
tionnaires, we then revised the questionnaire. The modified
questionnaire included the analysis result of previous survey.
The round proceeds in the same way, continued until consen-
sus emerges.

A draft framework to prioritize the watersheds by evalu-
ating the potential risk of diffuse pollution was developed
in consideration of the availability of data related to dif-
fuse pollution in South Korea and the characteristics of dif-
fuse pollution discussed in other studies (Chun et al., 2012;
Novotny, 2002; Jang et al., 2012; Jung et al., 2011; Park et al.
2010). Although the diffuse pollution is irregular, variable,
and indefinable and its risk varies depending on the water-
shed (Candela et al., 2009; EA, 2007; US EPA, 1997), the
“source—pathway-receptor” concept is applicable and use-
ful for the evaluation. Chun et al. (2012) defined criteria of
activities and land-use representing pollution sources, rain-
fall, and runoff characteristics, and physical, chemical, and
ecological status of the receptor adopting the concept. Simi-
larly, Jang et al. (2012) used the characteristics related to the
process of generation, discharge, and delivery to the receiv-
ing waters of agricultural areas. In this study, the pollution
sources, hydrologic processes, and status of receiving water
were employed as the groups used to classify the criteria.

The criteria of land use, activities in urban areas and agri-
cultural areas, and the sub-criteria such as population den-
sity, livestock numbers, fertilizer use, and area of different
land use were selected for the pollution source; the criteria
of rainfall and runoff and sub-criteria such as annual rainfall,
rainy days, drainage area, and runoff ratio for the hydrologic
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processes; the criteria of water resources, water quality, and
aquatic ecosystems and the sub-criteria such as river flow,
water quality based on biochemical oxygen demand (BOD),
suspended solids (SS), and the indicator of aquatic ecosys-
tem health were selected for the status of the receiving wa-
ter. The criteria and the sub-criteria of the draft of evaluation
framework are as shown in Table 1.

The Delphi survey was carried out to get the approval of
experts for the evaluation framework. We selected a total of
13 experts who showed interest in participating in the sur-
vey. The experts, with experience, education, and training at
the doctoral-level, work for government-funded research in-
stitutes, government-affiliated organizations, or universities,
and most of them have been involved in diffuse source pollu-
tion management for over 10 years. The experts were asked
to check the structure of the evaluation framework, to ex-
clude/add the criteria and the sub-criteria, and to decide their
weight. At the first round, they supported the group and the
criteria of the draft of evaluation framework but requested to
modify some of the sub-criteria. The sub-criteria were clas-
sified with “Acceptance”, “Rejection”, and “Addition” and
were revised for the second round. The feedback on the mod-
ified questionnaires was positive and the experts’ consensus
was built as shown in Table 2.

In this study, two types of the weight sets selected by
the expert panels are used. The first type is the ranking
sets (w{‘mk). For a given set of variables, each participant de-
termines the ranking in the order of its highest value for each
of the factors in a manner that determines and quantifies its
importance. Thus, the most important factor becomes rank 1,
and the next most important one is rank 2. At this point,
the component may be ranked in the same order. The con-
structed ranks are aggregated through the conversion, with
Rank 1 being converted into m — 1 and Rank 2 being con-
verted into m — 2, where m is the total number of factors.
Calculate the order of these conversions by Eqgs. (5) and (6).

n
Ri =) Rij. )
j=1

m
wi™ =R/ > Ri, ®)

i=1

where R; is the sum of transformed ranks, R;; is the rank that
was selected by the jth panel of experts, and m is the total
number of criteria, n is the total number of expert panels.

The weights of the group, the criteria, and the sub-criteria
were determined by the ranks suggested by the experts. The
experts judged that the pollution source (0.4853) is more im-
portant than the hydrologic process or the receiving water in
the group.

The second type of weights set is the rating sets (w}*°).
It is a way to compare importance of criteria to distribute
weights. The survey respondents will determine the weights
for each criteria, but will then select values within the range
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given. The range of weights is a continuous section, gener-
ally ranging from 0.0 to 1.0 or up to 100.0. In addition, the
sum of the weights given to all variables under comparison
is equal to the maximum range given. A factor equivalent
to 0.0, the lowest limit of the section, is of no importance to
the assessment, whereas a maximum value means that a max-
imum number of possible values of significance are applied.

The weights may be calculated from Eqgs. (7) and (8). It is
also possible to set the same value by allocating the relative
importance of each factor.

wi; =Pij/ZPij, 9

i=1

n n o m
w£atezzwij/zzwijv (10)
j=1

j=li=1

where p;; is the weight of criteria i, as determined by
panel j. Established weights are shown in Table 3.

The evaluation framework thus established can be applied
flexibly in various conditions including securing of relevant
data. In other words, if data are insufficient or uncertain, eval-
uations are conducted either by removing or applying such
insufficiency or uncertainty, and the evaluation results are
analyzed to improve the framework. This “adaptive manage-
ment” method is an iterative approach (Holling, 1978; Wal-
ters, 1986) that enhances management ability by accumulat-
ing an accurate understanding and knowledge of response for
a target system.

3.3 Collection, quantification, and standardization of
evaluation data

3.3.1 Data collection and quantification for each
evaluation item

Data such as population density, urbanization level, and fer-
tilizer use were collected from the source of either the statis-
tics of local governments or Statistics Korea (Republic of
Korea), and the precipitation data including annual rain-
fall were provided by the Korea Meteorological Administra-
tion. In addition, a land use map, industrial conditions, com-
bined/sanitary sewer systems, livestock numbers, livestock
barn area, a watershed map, water resources, and water qual-
ity were derived from the data surveyed by the Ministry of
Environment (Table 4).

When values of each evaluation item for 814 small water-
sheds were determined, some data items were not measured
or missed. As for the water quality data, if there was a water
quality observatory in a watershed, the data were obtained
from it, and if there was no such observatory and thus no
measurement was available, data from an adjacent watershed
or lake were analyzed and utilized. As for flow rate, if a small
watershed consists of a single basin, the measurement of flow
rate is attributable to the watershed. On the other hand, if
there was another upstream small watershed, the data mea-
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Table 1. A set of criteria and sub-criteria for the draft of evaluation framework.

Group Pollution source Hydrologic process Receiving water
Criterion  Activities Activities in  Land use Rainfall Runoff Water Water Aquatic
in urban agricultural resource quality ecosystem
areas areas
Sub- — Population — Total area  — Ratio of — Annual — Drainage —River flow - General — Aquatic
criterion  density of fish impervious rainfall area — River items ecosystem
— Urbanization  farm area — Rainy — Runoff ratio improvement  (BOD, health
level —Livestock  —Road area days — Soil TN, T-P)
— Industrial numbers — Farming —Maximum permeability — Items for
condition —Livestock  area rainfall muddy
barn area — Forest area water
— Fertilizer (SS,
use turbidity)
— Other
items

Table 2. Determination of the evaluation framework by the Delphi survey.

Group Criterion First round Second round
Sub-criterion Judgment Sub-criterion Judgment
Pollution source Activities Population density Acceptance Population density Acceptance
in urban areas Urbanization level Acceptance Urbanization level Acceptance
Industrial conditions Acceptance Industrial conditions Acceptance
- Addition Combined/sanitary sewer system  Acceptance
Activities Total area of fish farms Rejection - -
in agricultural areas  Livestock numbers Acceptance Livestock numbers Acceptance
Livestock barn area Acceptance Livestock barn area Acceptance
Fertilizer use Acceptance Fertilizer use Acceptance
Land use Ratio of impervious area ~ Modification Urban area (impervious area)™ Acceptance
Road area Modification Acceptance
. Modification Paddy area™ Acceptance
Farming area e . *
Modification Farming area Acceptance
Forest area Modification Forest area* Acceptance
- - Other areas™ Acceptance
Hydrologic process ~ Rainfall Annual rainfall Acceptance Annual rainfall Acceptance
Rainy days Acceptance Rainy days Acceptance
Maximum rainfall Rejection - -
- Addition Average rainfall intensity Acceptance
- Addition Average rainfall duration Rejection
Runoff Watershed area Acceptance Watershed area Acceptance
Runoff ratio Modification Land cover . .
. .. . . Modification (curve number)
Soil permeability Acceptance Soil permeability
- Addition Watershed Shape Acceptance
- Addition Average slope of a watershed Acceptance
Receiving water Water resource River flow Acceptance River flow Acceptance
River improvement Acceptance River improvement Acceptance
Water quality BOD, TN, T-P Acceptance BOD, TN, T-P Acceptance
SS, turbidity Acceptance SS, turbidity Modification (SS)
Other items Acceptance Other items Acceptance
Aquatic ecosystem  Aquatic ecosystem health ~ Acceptance Aquatic ecosystem health Acceptance
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Table 3. Determination of the weights by the Delphi survey.

Group Weights Criterion Weights Sub-criterion Weights

WRank WRate WRank WRate WRank WRate

Pollution 0.4853  0.5077  Activities in urban area 0.3333  0.3300 Population density 0.0479  0.2597

source Urbanization level 0.0336  0.2338

Industrial conditions 0.0427  0.2687

Combined/sanitary sewer system  0.0375 0.2378

Activities in agricultural areas  0.3611  0.3500  Livestock numbers 0.0696  0.3850

Livestock barn area 0.0361 0.2350

Fertilizer use 0.0696  0.3800

Land use 0.3056 0.3200 Urban area 0.0452  0.3380

Paddy area 0.0349  0.2200

Farming area 0.0392  0.2400

Forest area 0.0179  0.1060

Other areas 0.0111  0.0960

Hydrologic  0.2206 0.2218 Rainfall 0.3714  0.3960  Annual rainfall 0.0361 0.3767

process Rainy days 0.0229  0.2867

Average rainfall intensity 0.0229  0.3366

Runoff 0.6286  0.6040  Watershed area 0.0319  0.2269

Curve number 0.0540 0.3594

Watershed shape 0.0196 0.1718

Average slope of a watershed 0.0331 0.2419

Receiving 0.2941 0.2705  Water resource 0.2985 0.3000 River flow 0.0585 0.7200

water River improvement 0.0293  0.2800

Water quality 0.4925 0.4850 BOD, TN, T-P 0.0476  0.3000

SS 0.0692  0.4900

Other items 0.0281 0.2100

Aquatic ecosystem 0.2090 0.2150  Aquatic ecosystem health 0.0615  1.0000

sured in a downstream small watershed cannot represent the
characteristics of all small watersheds. In order to respond
to this problem, the flow rate, rainfall, and areas of the up-
stream basin and small watershed were used to calculate a
specific discharge and determine the flow rate of each small
watershed.

1)

where Q is flow rate, P is rainfall, and A is the basin area
at the calculation point of flow rate. The subscript 1 means
the reference point, and subscript 2 indicates the calculation
point of flow rate.

Since many small watersheds including estuaries do not
have any measurements, even at the middle watershed level,
such watersheds were left unmeasured and a low score was
given without using the data of adjacent small watersheds.
In addition, if necessary, the flow rate data of a dam were
also utilized to represent runoff characteristics of small wa-
tersheds.

Collected data were spatially distributed as Fig. 3.
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3.3.2 Standardization of evaluation items

Because each data set for evaluation items has different units
and properties, standardization is required to use data sets
for evaluation. The re-scaling method was adopted in the
standardization process. The overall range of data was nor-
malized to assign values between O and 1, as described in
Eq. (10).

Xi — Xmin

Xi=—"T—,

Xmax — Xmin

12)

where X; is the ith standardized value, x; is the ith data
value, xmax 1S the maximum value, and X, 1S the minimum
value.

However, in case the data collected are used to standard-
ize evaluation items without modification, the standardized
scores are often either biased or equalized in their range and
distribution according to characteristics and types of data.

Accordingly, since it seemed to be unreasonable to apply
the above equation without modification, the data collected
were prioritized and the consequential order of priority was
scored before the equation was used for standardization. The
detailed modification process is shown in Table 4.
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Figure 3. Sample of collected data sets.

3.4 Assessing vulnerability

The vulnerability of every small watershed to diffuse pollu-
tion was evaluated by using data and weights for each factor,
and the vulnerable areas were determined based on this as-
sessment (Fig. 4). In addition, the small watersheds were pri-
oritized again as part of each of four large watersheds, and
top (more vulnerable) 30 small watersheds (of these large
watersheds) are illustrated in Fig. 5. This was because the
pollution source management and relevant policies were or-
ganized based on the large watersheds. Both ranking and ra-
tio methods were applied to calculate weights.

Among top 50 small watersheds in the order of priority
in each large watershed, main rivers and small watersheds,
which required diffuse pollution source management, were
derived in each river system.

The Han River basin has three priority control target rivers:
downstream of Namhan River, middle of the Han River, and
Anseong Stream. The Geum River basin has four priority
control target rivers: midstream of the Geum River, Dongjin
River, Mankyeng River, and Sapgyo Stream.

Youngsan River basin has two priority control target
rivers: Youngsan River and Sumjin River. The most vulner-
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able area of the Nakdong River basin is in main stream of
Nakdong River.

The evaluation results were analyzed in terms of effects
of each evaluation factor. It turned out that if a large number
of livestock are reared and much fertilizer is used in a basin,
the land area is wide, and the public water has much soil
and a high SS concentration, such a watershed needs to be
preferentially managed.

4 Conclusion

There are few studies to assess watersheds in respect of dif-
fuse pollution management in South Korea. This study has
suggested a scientific analysis method for selecting priority
areas in the current diffuse pollution management system.
As various uncertain factors are included in assessing vul-
nerable areas to diffuse pollution sources, such factors need
to be quantified and analyzed objectively and scientifically.
The Delphi method was used to determine the vulnerabil-
ity of the evaluation items, which included basin character-
istics, pollution source, and water quality, and weights for
diffuse pollution, on the basis of expert opinions. Criteria
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Table 4. Methods of collection and quantification for the criteria.

Group Criterion Sub-criterion Methods of collection and quantification
Population density ~ Population per unit area (person per kmz)
Urbanization level ~ Percentage of the total population living in urban areas
Estimation with the business scalel, the emission of
specific/specified substance harmful to water qualityz, and the
tolerance area of the quality standard?
Activities Industrial (1) Level 1: 5 points, level 2: 4 points, level 3: 3 points, level 4: 2
in urban condition points, level 5: 1 point
area (2) Emissions: 2 points, none: 1 point
(3) Exceptional area: 4 points, clean area: 3 points, area type 1: 2 points,
type 2: 1 point
Estimation of the sum of values with the weights! using the ratio of the
Combined/sanitary ~ sewage system, combined sewer system, the area without public sewage
sewer system system
(1) Ratio of the sewage system: 0.25, ratio of combined sewer system: 0.5,
ratio of the area without public sewage system: 1.0
Pollution Estimation of livestock numbers weighted! by the type of
source livestock!
Livestock numbers (1) The type of livestock in total maximum daily loads system parts
Activities in (2) Wastewater unit discharge flow and loading rates by the type of livestock
agricultural (dairy cow 0.5673, native Korean cow 0.1816, horse 0.1207, pig 0.1070, sheep
areas and deer 0.0087, dog 0.0137, poultry 0.0010)
Livestock barn Estimate the sum of farm area on the type of livestock
area
Fertilizer use Total consumption of nitrogen (TN), phosphorous (TP), and fertilizer per year
Urban area Calculation of the sum of urban area in land use
Paddy area Calculation of the sum of paddy area in land use
Land use Farming area Calculation of the sum of farming area in land use
Forest area Calculation of the sum of forest area in land use
Other areas Calculation of the sum of other area in land use
Annual rainfall Calculation of the sum of rainfall per year
Rainfall Rainy days Calculation of the sum of rainy days per year
Average rainfall Mean value of hourly rainfall intensity of the rainfall event per year
intensity
Watershed area Area of watershed
Hydrologic Curve number Calculation of the average curve number using land cover area and hydrologic
process soil group
Runoff Watershed shape Shape factor!
(1) Basin shape factor is the ratio of basin length to effective basin width
Average slope of a  Calculating mean slope aspect each cell in DEM (digital elevation
watershed model)
Receiving River flow Average discharge of measuring points
water
Water Assessment score of inhabitation/waterside environment!
resource (1) natural longitudinal and transverse shoal of river, width of Riverside,
River sediment quality, river-crossing structures, channel characteristics, embankment
improvement material, land use in inner and outer land, treatment Facilities, and etc.
BOD, TN, T-P Calculation of the sum of standardized! BOD, TN, TP on measuring points
(1) the ratio of each water watershed to total watershed of average resource
Water SS Standardized SS of water quality measurement site
quality Other items Calculation of the sum of standardized COD, Chlorophyll a, water
(COD, Chlorophyll  temperature on measuring points
a, water
temperature)
Total score of aquatic ecosystem health!
Aquatic Aquatic ecosystem (1) Mean of trophic diatom index of attached algae, Korea biotic purity index
ecosystem health (KPT) using benthic macroinvertebrates, and Index of Biological Integrity (IBI)

of fish
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and sub-criteria were allocated into three groups of pollu-
tion source, hydrologic process, and receiving water. Based
on the weights and evaluation items thus obtained, data from
each item were applied, and the vulnerability to diffuse pol-
lution was assessed by the TOPSIS method. The proposed
evaluation process will promote efficient policy implementa-
tion and set a foundation for scientific/clear diffuse pollution
management.

In addition, this study attempted a small watershed-based
analysis for more selective/intensive policy enforcement.
However, it was difficult to standardize quantitatively each
evaluation item, in the determination of management areas,
at the level of small watersheds.

Accordingly, a runoff model needs to be applied to im-
prove the estimations for unmeasured areas. A vulnerabil-
ity assessment system for diffuse pollution is also to be es-
tablished in order to promote efficient policy enforcement.
Such a system should update relevant data and enable cyclic
reevaluation.

Finally, this study has not reflected the current diffuse pol-
lution management policy in the list of evaluation items. This
was because the effect of the policy could not be accurately
quantified. A further study will solve this problem and in-
clude the current policy in its assessment.

Data availability. The data were obtained from Decision of Prior-
itization of Catchments and Determination of Control Target for
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