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Abstract A national groundwater-monitoring network
consisting of 320 stations has been operated by the
Ministry of Construction and Transportation and the Korea
Water Resources Corporation since 1995. The network was
established as a result of the Groundwater Act of Korea,
and a supplementary local groundwater monitoring net-
work containing 10,000 stations will be established
throughout the country by the year 2011. A method of
allocating stations and organizing the local monitoring
network has been developed, based on the analytic
hierarchy process (AHP), using pairwise comparison.
Several evaluation criteria were selected for determining
the required number of the monitoring stations at specific
local districts. Weights of the selected criteria were
assigned by the pairwise comparison, reflecting hydro-
geological conditions and supported by pertinent questions
to 93 groundwater experts. To evaluate appropriateness of
this method, an example city, Jeonju, was selected where
groundwater levels were monitored; seven stations were
determined as to be required for the supplementary
groundwater-monitoring network. The study demonstrated

the usefulness of the AHP. The concepts of the develop-
ment and the structure of the AHP model can be applied to
site or well selections within a particular district.

Résumé Un réseau national de surveillance des eaux
souterraines comprenant 320 stations a été mis en place en
Corée par le Ministère de la Construction et du Transport
et la Corporation des Ressources en Eau de Corée depuis
1995. L’implémentation du réseau est le résultat du Décret
Eaux Souterraines de Corée, et un réseau local supplé-
mentaire de 10,000 stations sera installé sur tout le pays
d’ici 2011. Une méthode de placement des stations et
d’organisation du réseau local de surveillance a été
développée sur base d’un processus de hiérarchie analy-
tique (AHP en anglais) utilisant la comparaison par paire.
Plusieurs critères d’évaluation ont été sélectionnés pour
déterminer le nombre requis de stations de surveillance
par districts locaux et spécifiques. Les poids des critères
sélectionnés ont été déterminés par la comparaison par
paire, reflétant les conditions hydrogéologiques et sup-
portés par des questions pertinentes adressées à 93 experts
en eau souterraine. Pour évaluer si cette méthode est
appropriée ou non, l’exemple d’une ville où les niveaux
des eaux souterraines sont surveillés, Jeonju, a été
sélectionné; il a été déterminé que sept stations seraient
nécessaires pour le réseau de surveillance supplémentaire.
L’étude a démontré l’utilité de l’AHP. Les concepts du
développement et de la structure du modèle AHP peuvent
être appliqués pour la sélection de sites ou de puits à
l’intérieur d’un district particulier.

Resumen El Ministerio de Construcción y transportes y la
Corporación de Recursos hídricos de Corea han mantenido
desde 1995 una red de control de aguas subterráneas
nacional consistente en 320 puntos de agua. La red se
estableció como resultado de la Ley de Aguas subterráneas
de Corea y sobre el año 2011 se establecerá una red
suplementaria local con 10,000 puntos de agua. El método
para localizar los puntos de agua y organizar la red de
control local se ha basado en los Procesos Analíticos
Jerarquizados (AHP) usando comparaciones por pares. Se
seleccionaron varios criterios de evaluación para determi-
nar el números de puntos de agua monitorizados necesarios
en distritos locales específicos. Los pesos de los criterios
seleccionados se asignaron mediante comparaciones
por pares, reflejando condiciones hidrogeológicas y sopo-
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rtados por preguntas pertinentes a 93 expertos en aguas
subterráneas. Para evaluar lo apropiado de este método se
seleccionó una ciudad de ejemplo, Jeonju, en la que los
niveles de agua subterránea fueron monitorizados;
se determinó que se necesitaban siete puntos de agua para
la red de control suplementaria. El estudio demostró la
utilidad de AHP. Los conceptos del desarrollo y la
estructura del modelo AHP puede ser aplicado para situar
o seleccionar pozos dentro de un distrito particular.

Keywords Groundwater monitoring . Analytic hierarchy
process . Kriging . Contamination . Pairwise comparison

Introduction

Groundwater levels and quality are regularly monitored at
groundwater-monitoring stations throughout South Korea.
Results of the groundwater monitoring are used to evaluate
the spatial and temporal changes in the hydrology, and
monitoring of climate and other hydrologic factors are
used to sustain the quantity and quality of the groundwater
resources in South Korea (Bender et al. 2001). The
Ministry of Construction and Transportation (MOCT)
and the Korea Water Resources Corporation (KOWACO)
have organized and managed the national groundwater-
monitoring network since 1995 (Lee et al. 2005).

The Korean national groundwater-monitoring network
consists of 320 monitoring stations. Both a shallow
monitoring well installed in alluvial deposits and a deep
monitoring well installed in the bedrock aquifer are
present at most monitoring stations. An integrated multi-
sensor installed in each monitoring well automatically
measures groundwater level, water temperature, and
electrical conductivity four times per day. The hydrologic
data are automatically transmitted to a host computer in
the KOWACO through a modem or a wireless connection.
In addition, a full suite of groundwater chemical analyses
reflecting hydrochemical conditions are completed two
times every year in all the national groundwater-monitoring
wells (Lee et al. 2006).

Many countries have water-management and water-
policy problems. These problems include multiple deci-
sion criteria related to water supply, water quality, and
groundwater monitoring (Bella et al. 1996; Makowski
et al. 1996; Ballestero et al. 2002). Management of

groundwater resources has been more poorly organized
when compared to surface-water resources with respect to
quantity and quality in South Korea. Although various
authorities including MOCT, KOWACO, the Ministry of
Environment (MOE), the Korea Agricultural & Rural
Infrastructure Corporation (KARICO), and other govern-
mental institutions have been performing groundwater
resources management, a better designed and unified
management plan is required.

The national groundwater-monitoring network may not
fully represent the hydrologic conditions at a local basis. The
geology of the country varies greatly by regions (Won et al.
2006). Consequently, the central government decided to
implement a supplementary local groundwater-monitoring
network reflecting hydrologic conditions of specific dis-
tricts. The local monitoring network will provide essential
information of local groundwater conditions along with the
national groundwater-monitoring network. The objective of
the local groundwater-monitoring network is to assist in
maintaining groundwater resources by preventing ground-
water declines resulting from overpumping and monitoring
changes in groundwater quality on a local basis. The local
network will contain 10,000 monitoring stations through-
out the country. The monitoring network will be composed
primarily of existing groundwater wells and a small
numbers of newly installed wells. These 10,000 stations
would not be equally distributed in 165 districts (cities and
counties) throughout the country because each district has
different groundwater use patterns, hydrogeology charac-
teristics, amount of water use, and environmental and
societal conditions. Therefore, a method for allocating the
monitoring stations to specific administrative districts
considering hydrogeologic, environmental, and societal
factors for a specific district is needed.

In this study, a method for allocating supplementary
local groundwater-monitoring stations in each administra-
tive district was used. To establish the method reflecting
the local hydrogeologic and environmental characteristics,
a limited number of evaluation criteria were selected and
organized into levels. Because relative importance of the
evaluation criteria influencing the required number of
monitoring stations would be different with each criterion,
the analytic hierarchy process (AHP; Saaty 1992) was
used. In the AHP, the pairwise comparison was conducted
with the evaluation criteria for the purpose of determining
the relative importance. The method used in this study

Table 1 Primary evaluation criteria and assigned objectives

Primary evaluation criteria Assigned objectives

Degree of development and
amount of groundwater use

To prevent groundwater
overpumpage

To secure the water resources
Necessity of monitoring whether
groundwater is contaminated or
not and the contamination is
progressing

To understand situation of
contamination

To divide into contaminated
zones and uncontaminated
zones

Degree of dependency on
groundwater for households

To guarantee water resources in
the area not supplied by water
service

Table 2 Prerequisites for the secondary evaluation criteria

Prerequisites Explanation

Representative Items that can show overall or general
conditions of groundwater wells

Objectivity Items that can exclude the subjectivity of the
assessors

Convenience for data
collection

Items that can be collected with equal quality

Simplicity Items where the pre-treatment process or
data manipulation is simple

Independency Items that can avoid overlapping with other
items
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was applied to allocate monitoring wells to districts (every
city and county) in South Korea. The city of Jeonju was
selected as an example to demonstrate that the suggested
number of the monitoring stations is appropriate and
reasonable for maintaining the groundwater network. The
same concept and method was applied to each “dong (an
administrative unit)” belonging to Jeonju. For this study,
the groundwater levels at the area of interest were
estimated by kriging from the seven stations selected
using the method. Differences between the estimated and
the measured water levels were evaluated.

Because management of groundwater resources contains
a unique set of features such as site-specific hydrogeologic
and socio-environmental conditions not found in other AHP
application areas (e.g., business, marketing, transportation),
this study utilizes management and decision analysis for
groundwater resources. The ultimate goal of this study is to
allocate the required number of groundwater stations for the
supplementary local groundwater-monitoring network
throughout the country using the AHP.

Methodology

The AHP has been effective in structuring many types of
complex multi-criterion problems (Jaber and Mohsen
2001) and has been successfully applied to many complex
planning, resource allocation, and priority setting problems
in business, energy, transportation, water policy, site
selection, and suitability analysis (Banai-Kashani 1989;
Bantayan and Bishop 1998; Ballestero et al. 2002). Design
of water resources systems is generally complex in nature
as the design involves a large number of criteria that are
tangible and intangible, as well as qualitative and quanti-
tative (Raju and Pillai 1999). Decision-making involves
preferential selection among competing alternatives. Often,
such alternatives are difficult because of the complexity of
the decision context. More applications of the AHP in
natural resources and environmental sciences are appearing
(Jandric and Srdjevic 2000; Hartman and Goltz 2002;
Luria and Aspinall 2003) and a spatial decision support
system for natural resource planning and management was

Table 3 Secondary evaluation criteria and assigned objectives

Secondary criteria Explanation Assigned objectives

Number of groundwater
wells

Number of the permitted and reported facilities
including other groundwater facilities

To show the degree of groundwater development and use

Density of groundwater
wells

Dividing the number of the permitted and reported
facilities, including other groundwater facilities by
area

To assign more weight in the urban areas than in
mountainous (non- urban) areas

Amount of groundwater
use

Total amount of groundwater used per year To compenate for the increased use at 1 well that is, i.e.,
permitted as opposed to 10 other wells that are not

Number of wells used
for drinking-water
supply

Number of wells used for drinking-water supply except
those wells considered incongruous

To classify uncontaminated areas

Number of
contamination sources

Number of potential contamination sources from an
annual statistics report

To assign more weight in areas that have the possibility
of contamination

Number of contaminated
wells

Number of the contaminated groundwater wells To monitor groundwater contamination and the
contamination process

Number of households
using only
groundwater

Rate of households not supplied by water service
according to an annual statistics report

To guarantee water resources in areas not supplied by
water service

Amount of groundwater
used for drinking

Amount of groundwater used for drinking-water supply To guarantee drinking-water resources

Fig. 1 The evaluation structure of the primary and secondary criteria
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developed that uses a multiple attribute decision-making
model (Marttunen and Hämäläinen 1995; Prato and
Hajkowicz 1999; Ríos Insua et al. 2000).

The AHP is based on three main features (Forman
1990; Luria and Aspinall 2003):

1. A hierarchy that orders the evaluation criteria in
structure

2. A comparison technique for determining the relative
importance of each criterion

3. A judgment scale for the pairwise comparison phase
determining the relative importance of each criterion

The process structures a problem from an overall
objective to various primary criteria, secondary criteria
(sub-criteria), and so on down to the lowest level (Saaty
2000). The objective or the overall goal of the decision is
represented at the top level of the hierarchy. The primary
and the secondary criteria contributing to the decision are
represented at the lower levels. Finally, the decision
alternatives or evaluation items are at the last level of
the hierarchy. Once these hierarchies of relevant factors or
criteria have been established, a pairwise comparison
matrix of each criterion within each level is constructed
(Jaber and Mohsen 2001). Each criterion can be weighted
against other criterion within the same level. Each level is
related to the levels above and below it and the entire
scheme is tied together mathematically (Saaty 1983). The
method applied in this study is based on the AHP. The
AHP generally includes several evaluating criteria. Each
criterion was structured into three levels in this study: the
goal to be achieved, the primary criteria, and the
secondary criteria.

Primary evaluation criteria
Proper evaluating criteria contributing to the decision
consist of primary and secondary criterion. These criteria
were identified from an extensive literature review (MOCT
and KOWACO 2002; MAF and KARICO 2003) and from
responses to a questionnaire sent to groundwater experts
during the study period. The primary criteria usually are
represented by the main goal (Luria and Aspinall 2003).
Therefore, the criteria were carefully selected considering
the purposes of the supplementary local groundwater-
monitoring network, where water-level and quality
changes are regularly monitored to protect groundwater
resources from overpumpage and potential contamination.
Primary evaluation criteria selected in this study were (1)
the degree of the groundwater development and amount of
the groundwater use, (2) the administrative necessity for

monitoring whether groundwater contamination is present
or not present, and (3) the degree of dependency on ground-
water for household use (Table 1).

The change of groundwater levels may occur due to
increasing groundwater use. Increasing groundwater use
may cause unregulated groundwater pumping that lowers
groundwater levels. Basically, the administrative district,
where there is substantial groundwater use, defines the
need for groundwater-monitoring stations. Groundwater is
very important as a secondary source in South Korea.
Therefore, it is necessary to define and delineate the extent
of groundwater contamination and to divide the area of
interest into contaminated and clean zones. Also, an area
where groundwater is used for drinking should be
designated as the groundwater conservation area accord-
ing to the Groundwater Act. These areas require much
intensive monitoring for protection from contamination.

Water service is not available for all South Korean
residents. Residents without water service may secure
their household water from groundwater or surface-water
sources. In this study, groundwater is considered to be a
unique water source for household uses in areas where
water service is not available. In areas without water
service, where residents drink groundwater, the number of
monitoring stations should be increased.

Secondary evaluation criteria
There are various kinds of secondary evaluation criteria
reflecting the hydrogeologic, environmental, and societal
conditions for certain districts. Many reports issued from
MOCT, KOWACO, MOE, and KARICO were collected
and reviewed to find items applicable to the secondary
evaluation criteria and, consequently, 31 items were
selected. It appeared not to be feasible to use all the 31
items as the secondary criteria in the evaluation. Even
though the literature survey reveals that there are a large
number of secondary criteria affecting the evaluation,
empirical evidence indicates that not every criterion
improves the usefulness and applicability of the AHP

Table 4 An example of a pairwise comparison process

Evaluation criteria A B C Geometric mean Weights

A 1 V12 V13
3
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V13 � V23 � 1ð Þp ¼ GM1 GM1/SumGM

B 1/V12 1 V23 3
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1=V12 � 1� V23ð Þp ¼ GM2 GM2/SumGM

C 1/V13 1/V23 1 3
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1=V12 � 1=V23 � 1ð Þp ¼ GM3

GM3/SumGM
Sum GM1+ GM2+ GM3= SumGM

Table 5 Fundamental judgment scale for pairwise comparisons
(adapted from Hafeez et al. 2002)

Relative importance between two
criteria

Intensity of relative
importance

Equal importance or indifference 1
Weak importance 3
Strong importance 5
Demonstrated importance 7
Absolute importance 9
Intermediate values 2, 4, 6, 8
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model (Atthirawang and MacCarthy 2001). In order to
improve the usefulness and applicability, prerequisites
extracting proper secondary criteria from the collection of
31 items were used (Table 2). Based on the prerequisites,
eight items were selected as the secondary evaluation
criteria: (1) number of groundwater wells, (2) density of
groundwater wells, (3) amount of groundwater use, (4)
number of wells suitable for drinking-water supply, (5)
number of contamination sources, (6) number of wells
with contaminated water, (7) number of households using
only groundwater as their water source, and (8) amount of
groundwater use for drinking-water supply.

The secondary evaluation criteria for each objective are
explained in Table 3. After detailed examination of the
primary and the secondary evaluation criteria, the second-
ary criteria were grouped into one of the categories of the
primary evaluation criteria that are closely related. Thus,
the evaluation structure was organized as shown in Fig. 1.

Determination of the weights of evaluation criteria
Because the relative importance of the evaluation criteria
determining the optimal number of the monitoring stations
is different with each criterion, the AHP was used. The
AHP was developed to solve a specific kind of problems
that involves the relative importance of evaluation criteria.
This solution is achieved by evaluating a set of the
relevant criteria and sub-evaluation criteria through a
series of pairwise comparisons (Jandric and Srdjevic
2000; Srdjevic et al. 2000). There are many different
methods of pairwise comparison. The distribution method
is one of the most commonly used. This method allows
the decision maker to derive geometric means as weights
(Luria and Aspinall 2003). An example pairwise compar-
ison process is presented in Table 4. The geometric mean
is an appropriate measure for combining individual judg-
ments to obtain the group judgment for each pairwise
comparison. In order to conduct the pairwise comparison,
the relative importance associated with the comparative
judgments should be numerically determined according to
the relative importance between two evaluation criteria
(Table 5).

The relative importance of the criteria in this study was
decided by consulting many experienced experts in
groundwater hydrology to enhance the reliability of the
subjective judgments. Several relevant questions in a
questionnaire were asked of 93 university professors and
researchers of groundwater science from various institutes
who attended the 2002 Fall Meeting of the Korea Society
of Soil and Groundwater Environment. Prior to dissemi-
nation of the questionnaire, the background and objectives
of the supplementary local groundwater-monitoring net-
work were explained to the experts. For the primary
evaluating criteria, the questions, “Between two criteria,
which is the more important one?” and “How much more
important?” were asked with respect to the three already
selected primary criteria. Because experts are not readily
able to express absolute judgment, the judgment was
derived from the index of the judgment scale in Table 5.
In addition, for the secondary evaluation criteria, the
question, “What is the score of the criterion according to
relative importance?” was also asked with respect to the
eight already selected secondary criteria. In this way, the
analyst of the questionnaire did not need to have an
overview of all the criteria and adjust all the judgments at
the end of the method. Responses to the questions were
used to decide the relative importance of the criteria.

Table 6 List of symbols Fij

Symbol Explanation

Fi The ith primary evaluation criterion
F1 Degree of groundwater development and groundwater use
F2 Necessity of monitoring whether groundwater is

contaminated or uncontaminated and the progress of any
contamination

F3 Degree of dependency on groundwater for household use
Fij The jth secondary evaluation criterion constituting the ith

primary evaluation criterion
F11 Number of groundwater wells
F12 Density of groundwater wells
F13 Amount of groundwater use
F21 Number of wells suitable for drinking-water supply
F22 Number of contamination sources
F23 Number of contaminated wells
F31 Number of households using only groundwater
F32 Amount of groundwater use for drinking-water supply
FWi Weight of the ith primary criterion
FWij Weight of the jth secondary criterion of the ith primary

criterion
SFij Total score of the jth secondary criterion of the ith primary

criterion
MFij Mean value of SFij
IVij Relative importance between Fi and Fj
IV i

jk Relative importance between Fij and Fik
Xk

ij Property of Fij at the estimation district k city or county
xkij Standard value of Fij at the estimation district (k; city or

county)
TSk Total evaluation score at the evaluation district (k; city or

county)

Table 7 Weights of Fi, and Fij through SFij, and MFij

Fi Weights (FWi) Fij No. of experts answering questionnaire Total score (SFij) Mean of total score (MFij) Weights (FWij)

F1 0.38 F11 92 785 8.53 0.46
F12 92 752 8.17 0.36
F13 92 657 7.14 0.18

F2 0.34 F21 93 674 7.25 0.16
F22 93 771 8.29 0.30
F23 93 862 9.27 0.54

F3 0.28 F31 93 779 8.38 0.66
F32 93 692 7.44 0.34
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Establishing the evaluation method

Weights of the secondary evaluation criteria
As previously described, a question, “How much Fij (the
jth secondary criterion of the ith primary criterion) is
important?” was asked of 93 experts (see Table 6 for the
abbreviations and symbols used in this section). One
expert inadvertently omitted the answer for Fij with 10 full
marks (Table 7). Assuming that each Fij is independent,
the score of each criterion obtained from the 92 experts
can be added. The SFij (total score of the jth secondary
criterion of the ith primary criterion) is presented in
Table 7. In addition, the MFij (mean of the total score) can
be calculated from SFij. Prior to the pairwise comparison,
IVi

jk (relative importance between Fij and Fik) should be
calculated as follows: between Fij and Fik, if MFij−
MFik>0, then IVi

jk ¼ MFij �MFik þ 1. Fij is more impor-
tant than Fik as much as IVi

jk, and if MFij−MFik<0, then
IVi

jk ¼ 1
�
MFij �MFik þ 1. Therefore, Fij is less important

than Fik, as much as , where i, j, k=1, 2, 3, respectively.
Based on the above discussion, the pairwise-comparison

matrix for these secondary criteria with their relative
importance can be constructed. Then, FWij (weight of the
jth secondary criterion of the ith primary criterion) can be
calculated as shown in Table 8. The results of FWij are
also presented in Table 7. It can be seen that the “number
of groundwater wells (F11)” is the most important criterion
because it has the highest weights (0.46) among the three
secondary criteria. These criteria consist of “the number of
groundwater wells (F11)”, “density of groundwater wells
(F12)”, and the “amount of groundwater use (F13)”
grouped into “degree of the development and use of the
groundwater (F1)”. The “number of contaminated wells
(F23)” and “number of households using only groundwa-
ter (F31)” ranked first in each primary criterion (F2, F3).

Weights of primary evaluation criteria
As previously described, two questions, “Which do you
feel is more important between the two criteria (factors)?”

Table 8 Calculation of weights for each secondary criterion

Fij F11 F12 F13 Geometric mean Weights

F11 1 1.36 2.39 1.48 0.46
F12 1/1.36 1 2.03 1.14 0.36
F13 1/2.39 1/2.03 1 0.59 0.18

Sum 3.21 1.00
Fij F21 F22 F23 Geometric mean Weights
F21 1 1/2.04 1/3.02 0.56 0.16
F22 2.04 1 1/1.98 1.01 0.30
F23 3.02 1.98 1 1.81 0.54

Sum 3.38 1.00
Fij F31 F32 – Geometric mean Weights
F31 1 1.94 – 1.39 0.66
F32 1/1.94 1 – 0.72 0.34

Sum 2.11 1.00

Fig. 2 Distribution of the primary criteria weights from 93 ground-
water experts. a Distribution of FW1 (weights of F1), b distribution
of FW2 (weights of F2), and c distribution of FW3 (weights of F3)

�
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and “To what degree?” were asked of the 93 groundwater
experts. Their answers can be applied directly to deter-
mine the relative importance (IVij) between Fi and Fj.
Unlike the secondary evaluation criteria, the weights of
the primary criteria can be calculated without the
calculation of IVij from every answer obtained from
the questionnaire. Distribution of the 93 weights of the
primary criteria obtained is shown in Fig. 2. The
distributed weights in the figure were taken as an average
to obtain a single weight of the primary criteria (FWi;
Table 7). Consequently, the F1 will have the most effect
(weight 0.38) on the optimal number of monitoring wells,
whereas the F3 will have the least effect (weight 0.28).

Evaluating consistency of judgment
Central to the AHP is the method of pairwise compar-
isons and the consistency index (CI) and consistency ratio
(CR) are a means in the AHP of measuring consistency of
judgment (Golden and Wang 1989; Donnegan and Dodd
1991; Robins 1997). Consistency ratios were calculated
to measure appropriateness of the relative weights for the
secondary evaluation factors used in this study. As a
general rule, a CR of 0.10 or less is considered
acceptable. The CI and CR are calculated using weighted
sum vector ¼ P

IVi
jk � FWij

�� �
and consistency vector

¼ weighted sum vector
�
FWij

� �
. Table 9 shows consisten-

cy evaluation results of the relative weights. The
consistency ratios of 0.002 and 0.008 for the F1 and
F2, respectively, indicated that the levels of consistency
were acceptable. In addition, for F3, the levels of
consistency were also considered acceptable based on
only two secondary evaluation factors.

Allocating the number of the monitoring stations
To allocate the number of the monitoring stations for the
165 districts (counties or cities) throughout South Korea,
the total evaluation score for each district should be
calculated. The number of the monitoring stations in the
district is in proportion to the total evaluation score for each
district. Multi-criterion evaluation was used to combine a
set of criteria to form the total evaluation score. Criteria
were combined in weighted linear combination by applying

a weight to each one. With a weighted linear combination,
and a summation of the results to yield, the total evaluation
score was determined (Eastman et al. 1995).

The standardized values (xkij) from the property of
secondary criterion (Xk

ij) are multiplied by the weights
(FWij) of the criterion, and then are added in one level. The
added values are multiplied by weights of their primary
criterion in the level above. Consequently, the total score is
the summation in each primary criterion determined by
using the weighted summation. The total score of the
evaluation district k (TSk) can be calculated as follows:

TSk ¼
XN1

i

FWi �
XN1j

j

FWij � xkij
� �" #

ð1Þ

where

FWi Weight of the ith primary criterion
FWij Weight of the jth secondary criterion for the ith

primary criterion
xkij standard value of Fij (the jth secondary criterion

for the ith primary criterion) or Fi (the ith primary
criterion) at the evaluation district k

N1 Number of primary evaluation criteria (=1, 2, 3),
N1j Number of the jth secondary evaluation criterion

Fij for Fi, i, j=1, 2, 3 (if i=3, then j=1, 2), k=1, 2, 3,
... 165.

The standard value (xkij) of the jth secondary evaluation
criterion Fij for the ith primary evaluation criterion Fi at the
evaluation district k is standardized using the property (Xk

ij)
of the jth secondary evaluation criterion Fij for the ith
primary criterion Fi. To standardize Xk

ij , the mean (Xk
ij ) and

standard deviation (σ) of are taken with respect to all the
165 districts. The standard value (Xk

ij) can be calculated as
follows:

xkij ¼
X k
ij

s
; ð2Þ

where � ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

Xk
ij�Xk

ij

� �2

N

r
;

N number of the evaluation districts (=165).

Table 9 Consistency ratios for the evaluation factors

Factor Weight Weighted vector Weighted sum vector Consistency vector λa CIb CRc

F11 0.46 0.460 0.490 0.430 1.380 3.000 3.003 0.001 0.002
F12 0.36 0.338 0.360 0.365 1.064 2.955
F13 0.18 0.192 0.177 0.180 0.550 3.054
F21 0.16 0.160 0.147 0.179 0.486 3.037 3.010 0.005 0.008
F22 0.30 0.326 0.300 0.273 0.899 2.997
F23 0.54 0.483 0.594 0.540 1.617 2.995
F31 0.66 0.660 0.660 – 1.320 1.999 2.000 0.000 0.000
F32 0.34 0.340 0.340 – 0.680 2.001

aMean of consistency vector
b Consistency index (CI ¼ �� n=n� 1, n = number of evaluation factors)
c Consistency ratio (CR ¼ CI=RI, RI = random index, 0.58 when matrix size is 3)
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Table 10 The results from the properties of Fij at each city or county/district
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Application results of the method

The supplementary local groundwater-monitoring stations
are under consideration and a total of 10,000 monitoring
stations will be established throughout the country by 2011.
Not all the 10,000 monitoring stations will be newly
installed. For most stations, existing wells will be used.
Only if the monitoring well is not available at the proper
location for the station, a new well will be installed. The

method described above was applied to allocate the
required number of the monitoring stations for each district.

Prior to applying the method, the data listed in Table 3
were obtained from the relevant reports of each district.
The properties of the evaluation criteria (number of
groundwater wells, density of groundwater wells, amount
of groundwater use, number of contamination sources,
number of contaminated wells, number or proportion of
households not serviced by a water supply, and amount of
groundwater used for drinking) were evaluated and
summarized for data manipulation. Because the data
should have the same quality and integrity for each
district, the data were obtained from the same sources
and for the same time period. The evaluation criterion F31

was used to determine the number of households
dependent only on groundwater for water supply, although
it was not possible to investigate all the households.
Therefore, the proportion of households not serviced by

Table 11 Mean and standard deviation of the each evaluation
property

Evaluation property Mean Xk
ij

� �
Standard
deviation (σ)

Number of groundwater wells
(each)

5,997.97 6,266.88

Density of groundwater well
(each/km2)

12.50 12.15

Amount of groundwater use
(m3/year)

23,968,174.66 59,113,679.76

Number of wells used for drinking-
water supply (each)

8.60 27.84

Number of contamination sources
(each)

301.36 647.09

Number of contaminated wells
(each)

14.21 62.72

Proportion of household not
serviced by water supply (%)

37.54 24.98

Amount of groundwater use for
drinking-water supply (m3/year)

1,237,611.04 3,780,037.30

Table 12 Full process of the calculation for Seoul, South Korea

Fi Fij Xk
ij xkij FWij � xkij PN1j

j
FWij � xkij

� �
FWi � PN1j

j
FWij � xkij

� �
TSk

F1 F11 14,957 2.389 1.099 2.434 0.925 2.954
F12 41.22 3.393 1.222
F13 37,403,019 0.633 0.114

F2 F21 4 0.144 0.023 5.968 2.029
F22 6,954 10.747 3.224
F23 322 5.134 2.772

F3 F31 0.0 0.000 0 0.0 0.0
F32 71 0.000 0
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water supply was used instead of F31 in this study. The
collected data for the evaluation are summarized in
Table 10.

Standardization of the property
Because evaluation criteria have different dimensions, the
method used in this study was established based on the

comparison between each evaluation criterion and the sum
of the total evaluation score times the weighting value. For
example, a district was assumed to contain 2,400
groundwater wells, a well density of 0.2 each/km2, and a
total groundwater use of 1,000,000 m3. The values, 2,400
wells, 0.2 each/km2, and 1,000,000 m3 neither can be
compared nor can be made a sum. If the three values,
2,400 wells, 0.2 each/km2, and 1,000,000 m3, can be

Fig. 3 Geographical distribution of the determined optimal number of the local groundwater-monitoring stations throughout South Korea
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computed as a sum, the amount of groundwater use will
have much greatest effect due to its largest magnitude.
This results in masking the influences of the other factors.
Therefore, the standardization process, equalizing the
influence of the properties, makes it possible to compare
and sum the properties (Lee et al. 2001). The property
(Xk

ij ) can be converted to the standard value (xkij) using Eq.
2. Mean and standard deviation of each evaluation
property are presented in Table 11.

Total evaluation score (TSk)
The optimal number of monitoring stations is calculated in
proportion to the total evaluation score (TSk) for each
district. Equation 1 determines the total evaluation score.
The standard value () obtained from Eq. 2 was multiplied
by each weight (FWij) and the value was summed up for

the same ith primary evaluation criterion category and
then multiplied again by the weight (FWi) again. Finally,
through the summation, the total evaluation score was
calculated. Example of a calculation procedure for the
capital of South Korea (Seoul) is presented in Table 12.

Number of the monitoring stations
The number of the groundwater-monitoring stations
calculated from the total evaluation scores is also shown
in Table 10. For geographical representation, a nine-
interval classification between the minimum and maxi-
mum values is used in Fig. 3; for example, assigning the
nine ranges in an increasing order to 0~20, 21~40, 41~60,
61~80, 81~100, 101~120, 121~140, 141~160, and over
161 stations, respectively. In Fig. 3, it can be seen that a

Fig. 4 Locations of Seoul, Kyeonggi, and Kangwon provinces in South Korea

Fig. 5 Map of South Korea showing the location of the study area in the city of Jeonju
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large number of monitoring stations is concentrated in the
western part of the country.

Seoul has a large population (over 10.5 million in
2000; see Table 10; Lee et al. 2005). There also are many
satellite cities around Seoul that are mainly located in
the western part of the country. Although the area of the
Kyeonggi province is smaller than other provinces in the
country (Fig. 4), many industrial complexes have been built
there and a large number of wells have been installed;
therefore, Kyeonggi province contains many more ground-
water-monitoring stations than other provinces (see Fig. 3).
The number of wells being installed in the province is still
gradually increasing because of the amount of groundwa-
ter pumpage. The Kangwon province is the largest in size
(see Fig. 4), but the required number of the monitoring
station is the lowest of all the provinces (see Fig. 3). This
is because most of the Kangwon province comprises the
mountainous areas and the population is much smaller
than other provinces, which means that the amount of
groundwater use is small compared to other provinces.
Therefore, the Kangwon province requires fewer ground-
water-monitoring stations than other provinces. This result

reasonably reflects the actual hydrogeologic and societal
conditions in the provinces.

Validation of the method
The city of Jeonju was chosen to evaluate the validity of
this method and groundwater levels were monitored in the
city. The required number of local groundwater-monitoring
stations at Jeonju (No. 139 in Table 10) is 39. These 39
stations are distributed throughout the entire city. There-
fore, the same approach and methodology previously
applied to entire districts (cities and counties) was also
applied to each “dong (an administrative unit)” in the city.
The dong is an administrative unit one-step lower than a
city. There are 40 dongs in the city. According to the
results of the method application, the studied area in the
city of Jeonju requires seven stations for the supplemen-
tary groundwater-monitoring network (Fig. 5). Ground-
water levels in the study area were measured at a total of
19 existing groundwater wells including the seven wells
designated as the supplementary local groundwater-
monitoring stations in May and October of 2000.

Fig. 6 The inferred groundwater elevation (EL), in meters above sea level, determined by kriging. a May 2000, and b October 2000

Table 13 Results of comparison between inferred groundwater levels and measured groundwater levels

Statistics May 2000 residual October 2000 residual Residual of groundwater-level change from May to October

Minimum −1.09 −1.23 −0.09
Maximum 1.21 1.16 0.22
Mean 0.04 0.05 0.04
Standard deviation 0.62 0.63 0.09
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The groundwater levels and their distribution in the
study area were delineated by a kriging method using
water-level data collected at the seven stations selected
through the AHP method and the residuals between the
inferred and the measured groundwater levels were
calculated. The distribution of inferred groundwater levels
is shown in Fig. 6. In the figure, � means that the
monitoring stations were selected as the supplementary
local groundwater-monitoring wells and ‘×’ means the
wells where water levels were measured for this verifica-
tion. The mean of residuals between inferred groundwater
levels determined by kriging and measured water levels
was low.

Furthermore, the mean and standard deviation of
residuals between temporal changes in inferred ground-
water levels and actual groundwater levels at the 19
monitoring wells from May to October was much lower
(Table 13). Therefore, it is concluded that the seven local
groundwater-monitoring stations reasonably and econom-
ically represent the water-level distribution and its
temporal variation for the demonstration district (dong)
without losing significant overall hydrologic information.

Summary and conclusions

Construction of a supplementary local groundwater-
monitoring network consisting of 10,000 stations through-
out South Korea is under way to supplement the national
groundwater-monitoring network. This report presented a
method for allocating the local groundwater-monitoring
network using an analytic hierarchy process (AHP). An
important goal of this study is to provide assistance to
policy makers, planners, and decision makers to determine
the optimal location or to allocate the monitoring stations
for their city or county.

Based on an extensive literature review and question-
naires distributed to 93 groundwater experts, the primary
and secondary evaluation criteria were selected to reflect
each district’s hydrogeologic and relevant societal con-
ditions. The primary evaluation criteria were represented
by the main goal of the supplementary groundwater-
monitoring network. The monitoring network was
explained in detail by the secondary evaluation criteria
that were placed on a third level. In addition, weights of
the criteria were assigned by pairwise comparison and
pertinent questions to the experts.

The required number of the groundwater-monitoring
stations was calculated in proportion to the total evaluation
score. Consistency ratios for the evaluation criteria indicat-
ed that the levels of consistency were acceptable. To verify
that the suggested number of monitoring stations calculated
from this study is reasonable, the city of Jeonju was
selected as an example for analysis. For the demonstration
area in Jeonju, the mean of residuals between inferred water
levels using seven local groundwater-monitoring stations
determined by the developed method with AHP and
measured water levels was low and its temporal change
was much lower. Therefore, the proposed seven stations for

the local monitoring network appeared reasonable. The
developed method appears to be a valid aid for allocating
the supplementary local groundwater-monitoring stations
in each administrative district in South Korea.
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