
agronomy

Article

An Approach to Drought Vulnerability Assessment Focused on
Groundwater Wells in Upland Cultivation Areas of South Korea

Hyungjin Shin 1, Gyumin Lee 2, Jaenam Lee 1 , Jaeyoung Lee 3, Minji Park 4 and Changi Park 5,*

����������
�������

Citation: Shin, H.; Lee, G.; Lee, J.;

Lee, J.; Park, M.; Park, C.

An Approach to Drought

Vulnerability Assessment Focused

on Groundwater Wells in Upland

Cultivation Areas of South Korea.

Agronomy 2021, 11, 1783. https://

doi.org/10.3390/agronomy11091783

Academic Editor: Jongkwon Im

Received: 5 August 2021

Accepted: 2 September 2021

Published: 6 September 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Rural Research Institute, Korea Rural Community Corporation, 870 Haean-ro, Ansan-si 15634, Korea;
shjin@ekr.or.kr (H.S.); jnlee@ekr.or.kr (J.L.)

2 Construction and Environmental Research Center, Sungkyunkwan University, 2566 Sebu-ro,
Suwon-si 16419, Korea; greenbeing@skku.edu

3 Research Center, Contecheng Co., Ltd., 338 Ganggyojangang-ro, Yongin-si 16942, Korea;
tow893@contecheng.co.kr

4 Water Pollution Load Management Research Division, National Institute of Environmental Research,
42 Hwangyong-ro, Seogu, Incheon 22689, Korea; iamg79@korea.kr

5 Department of Rural Construction Engineering, Kongju National University, 54 Daehak-ro,
Yesan-gun 32439, Korea

* Correspondence: cgpark@kongju.ac.kr; Tel.: +82-41-330-1266

Abstract: This study aimed to present an approach that identifies priority management areas to
drought focused on field crops and groundwater wells using the MCDM method. Groundwater
wells are the primary source of water during drought for field crops. Nevertheless, the systematic
management of groundwater wells has not been achieved. Thus, this paper intends to establish a plan
that can manage groundwater wells through a vulnerability assessment. This study used TOPSIS,
a widely applied multi-criterion decision-making algorithm, to evaluate 158 cities and counties in
Korea. This study chose the assessment factors by focusing on drought and classifying the positive
and negative elements of the wells. Precipitation, groundwater level, and pumping capacity were
considered to have positive effects, while cultivated area, the number of consecutive days without
rain, and the proportion of private groundwater wells were considered as negative factors. As a result,
the pumping capacity per cultivation area is the major factor affecting management priorities and
groundwater well vulnerability. This study presents an approach to assess the drought vulnerability
of field crops focused on groundwater wells and select a priority management area, which facilitates
efficient well management and reduces damage to crops caused by local droughts.

Keywords: drought; vulnerability assessment; groundwater well; TOPSIS

1. Introduction

Drought is a phenomenon of water imbalance due to lack of rainfall and is a char-
acteristic of a climate that recurs normally and regularly [1]. In Korea, more than 60% of
annual rainfall is concentrated during the three-month rainy season, so Korea has a meteo-
rological environment that is very vulnerable to drought. The incidence and intensity of
droughts have recently increased due to rapid climate change. The frequency of droughts
has increased by 86% from 0.36 times/year (1904–2000) to 0.67 times/year (2000–2015) [2].

The damage from drought is concentrated in the agricultural field. The lack of water
reserve rates in most regions of the country due to the lack of precipitation has greatly
increased social interest in drought as paddy and field crops suffer from drying out, and
accordingly, countermeasures are urgent [3]. In the spring of 2015, the drought occurred at
7358 ha (2822 ha of rice paddies and 4536 ha of field per nationwide cultivation area) [3,4].
However, the current drought countermeasures tend to focus on post-treatment measures
and support after a drought rather than drought prevention.

Recent changes in the agricultural consumption structure due to economic growth and
income growth have highlighted the importance of field farming, and increased demand

Agronomy 2021, 11, 1783. https://doi.org/10.3390/agronomy11091783 https://www.mdpi.com/journal/agronomy

https://www.mdpi.com/journal/agronomy
https://www.mdpi.com
https://orcid.org/0000-0001-5096-6856
https://doi.org/10.3390/agronomy11091783
https://doi.org/10.3390/agronomy11091783
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/agronomy11091783
https://www.mdpi.com/journal/agronomy
https://www.mdpi.com/article/10.3390/agronomy11091783?type=check_update&version=1


Agronomy 2021, 11, 1783 2 of 13

for high-quality agricultural products [1], increasing demand for field irrigation water.
Therefore, research on the vulnerability assessment of facilities that can identify and predict
the condition of field irrigation facilities is needed for a stable water supply.

The amount of field water required is over 4,000,000,000 m3/year, of which about
60% are not supported by related facilities. About 40% of field-related water is used as
groundwater, which is analyzed to be highly utilized [5]. Most (80%) of the wells that are
installed and utilized are private, and the collection point is higher than the aquifer, which
has very low practical use in the event of drought. Therefore, it is difficult to secure enough
water to cope with the drought. The total beneficiary area of public groundwater wells
is over 70,000 ha, of which the collection volume of the Rural Community Corporation
is 413,668 m3/day, and the collection volume of local governments is 6,629,168 m3/day.
In the case of public groundwater wells, even water resources in aquifers can be utilized,
and unlike private groundwater wells, they can cope with drought in case of drought.
Therefore, it is necessary to review the utilization of public groundwater wells as a way
to actively manage them in response to the drought in the fields. However, in the case
of public groundwater wells, it is necessary to properly manage the necessary areas and
required amounts because installation and maintenance costs are high.

This study aims to present an approach to assess the vulnerability of groundwater
wells and select areas where public groundwater wells should be preferentially installed
and managed. Vulnerability assessment techniques have been widely applied to urban
disasters [6], floods [7,8], earthquakes [9], landslides [10], droughts [11,12], and various
social infrastructures [13]. In the agricultural sector, there is a study on vulnerability
assessment for agricultural production-based disasters [14], and in the case of vulnerability
assessment for groundwater management [15], groundwater management vulnerability
assessment [11].

These studies applied a multi-criteria decision-making technique to assess the risk
and vulnerability of disasters to prepare for natural disasters. However, agricultural
infrastructure, such as field irrigation facilities, have attracted little attention. Recently, the
Ministry of Agriculture, Food and Rural Affairs, the Rural Development Administration,
and the Korea Forest Service began to research the vulnerability of Korea to climate change.
To this end, Article 47-2 of the “Framework Act on Agriculture, Rural and Food Industry
(Impact Assessment on and Vulnerability of Rural Communities to Climate Change)”
was passed in 2014. “Notification No. 2016-16; Fact-finding, Impact, and Vulnerability
Assessment for Climate Change in Agriculture” of the Rural Development Administration
presented the results of research on climate change and vulnerability. Moreover, the Korea
Rural Community Corporation conducted a study entitled “Development of Stability
Evaluation and Management Technique for Agricultural Production Infrastructure Due to
Climate Change Impacts” In 2018. However, the vulnerability of field irrigation facilities,
such as groundwater wells, to drought remains poorly studied, even though many field
crops are watered from groundwater wells. Therefore, the study performed a groundwater
vulnerability assessment focused on groundwater well management.

Babaei et al. [16] evaluated drought vulnerability using a multi-criterion decision-
making algorithm. An analytical hierarchy process (AHP) was used to determine weights,
and then, the Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS) was
applied; the method is a recently widely used technique in research [17] where the factors
reflected in the evaluation address a variety of problems. This study intended to be utilized
a multi-criteria evaluation technique and apply the TOPSIS method for the assessment of
the drought vulnerability focused on groundwater well management, and the evaluation
results may be provided as information for the management of groundwater wells.

2. Research Procedures and Methodology

As shown in Figure 1, the study identified evaluation factors and provided a priority
management area. The assessment factors are determined in step 1. Factors were distin-
guished by positive and negative factors, depending on their effect on the vulnerability.
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Step 2 is construction of the database. This includes the standardization of data. Evaluation
is carried out in step 3, while vulnerable areas are selected in step 4, and key management
elements are derived.

Figure 1. The study procedure.

2.1. Current Status of Agricultural Groundwater Use

As a characteristic of groundwater in Korea, the groundwater yield characteristics by
aquifer can be divided into an alluvial aquifer and a bedrock aquifer. Alluvial aquifers
are widely distributed along the coast of large rivers, with 27,390 square kilometers, about
27% of the total land area, an aquifer thickness of 2 to 30 m, and a yield of 30–800 cubic
meters/day. A ‘bedrock aquifer’ is determined by the degree of development of the primary
pores produced at a rock formation and the secondary pores formed by the subsequent
tectonic variations, such as the joint, fault, and fracture zone. In the eastern highlands,
groundwater recharge prevails, and in the western lowlands, emissions prevail. The
average annual groundwater depth in the National Groundwater Observation Network
is distributed from the indicators at 1.48 to 13.51 m, and the bedrock groundwater well
is distributed from the indicators at 0.88 to 46.73 m. Alluvial groundwater wells have
developed in the stratigraphic structure from indicators to clay, sand, gravel, and pumpkin
stones; most of the alluvial groundwater wells are small in diameter (less than 3 inches in
diameter) and developed to supply groundwater to small-area farmland. According to the
Annual Report of Groundwater Survey [18], if most groundwater wells are under 20 m,
they are considered alluvial groundwater wells, and the discharge per groundwater well
facility is about 1000 tons/year. Bedrock groundwater wells were developed to use core
underground water that moves through cracks in rocks such as soft rock, ordinary rock,
and light rock below pumpkin stone. Among the agricultural groundwater in 2019, the
number of groundwater wells supplied with field water was 250,084, and the utilization
was 581,963,192 (m3/year) [19].

In public groundwater wells, a large pumping capacity is required, so the proportion
of bedrock groundwater wells is high for continuous water supply, and private ground-
water wells pump groundwater by installing individual small groundwater wells in farm
units [20]. Small groundwater wells often use alluvial aquifer underground water. There-
fore, the water supply may be difficult if drought has occurred and the ground level has
been lowered due to shallow depth and sensitivity to fluctuations in the underground
water level [21]. One of the solutions to these problems is the development of bedrock
groundwater wells that take in bedrock underground water. Bedrock groundwater wells
that are mostly grouped into large groundwater wells can be used to supply irrigation water
for fields, and the depth of bedrock groundwater wells is deeper than small groundwater
wells, allowing for stable quantities, while the initial installation cost is high [21].
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As of 2019, the installation cost of 20 m-deep groundwater wells that yield 30 t/day is
2,500,000 won, while the installation cost of 60 m-deep bedrock groundwater wells that
yield 150 t/day is 50,000,000 won, which is a 20-fold difference [22].

2.2. Evaluation Factors

This study chose the assessment factors by focusing on drought and classifying
the positive and negative elements of the wells. Precipitation, groundwater level, and
pumping capacity were considered to have positive effects on groundwater well capacity
and efficiency, while cultivated area, the number of consecutive days without rain, and the
proportion of private groundwater wells were considered as negative factors.

Regarding the factors for evaluating the positive impact, (1) precipitation was selected
because we judged that as the annual average precipitation increased, the amount of
groundwater increased, so that the irrigation capacity of the wells could be exerted. (2) The
groundwater level is a metric that can measure the abundance of groundwater resources,
and it means that the higher the groundwater level, the greater the amount of groundwater.
Thus, it would be possible to demonstrate the irrigation capability of the wells. (3) Pumping
capacity per cultivation area was selected because the greater the amount of water pumped
per well, the better the irrigation ability was considered.

Concerning the negative impact evaluation factor, (1) cultivated area was selected
because the capacity and efficiency of the wells would decrease if the cultivated land area
increased. (2) The number of consecutive days without rain was chosen because the water
level of the ground and the irrigation capacity of the wells would be lowered if the number
of consecutive days without rain increases. (3) The proportion of private groundwater
wells was selected because the higher the private well ratio, the weaker it would be in
terms of maintenance compared to the public wells. The evaluation factors are shown in
Table 1.

Table 1. The evaluation factors.

Factor Type Evaluation Factors Data Source

Positive Annual precipitation Weather data portal

Groundwater level National Ground Water Monitoring Network
in Korea Annual Report

Pumping capacity per
cultivation area Groundwater Annual Report

Negative Cultivation area Korean Statistical Information Service
Number of days without rain Agricultural Drought Management System

Proportion of private
groundwater wells

Groundwater Annual Report and Statistical
Yearbook of Land and Water Development

for Agriculture

2.3. Evaluation Data

In the second step, a database of the evaluation factors was constructed. The data
varied in quantitative and qualitative terms. As shown in Table 1, the study obtained
precipitation data from the open portal of the Korea Meteorological Administration
(https://data.kma.go.kr, accessed on 2 December 2018) and ADMS (http://adms.ekr.or.kr,
accessed on 2 December 2018) [23,24] and the groundwater annual reports of the Korea
Water Resources Corporation (which also provide data on groundwater well pumping
capacity) [25,26]. The study obtained data on cultivated acreage and the number of con-
secutive days without rain from the KOSIS National Statistical Portal site (http://kosis.kr,
accessed on 2 December 2018) [27] and the Agricultural Drought Management System
(ADMS; http://adms.ekr.or.kr, accessed on 2 December 2018) [28], respectively. Private
groundwater wells are listed in the groundwater annual reports and Statistical Yearbook of
Land and Water Development for Agriculture [29,30]. The survey period was 2007 to 2016.

https://data.kma.go.kr
http://adms.ekr.or.kr
http://kosis.kr
http://adms.ekr.or.kr
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Several methods can be used to standardize data (Table 2). While ranking has the
disadvantage that it does not provide much information, categorical scaling assigns all
data to categories. The Z-Score method is also the most commonly used method to make
the mean zero and the standard deviation one. Above or below the mean method considers
the upper and lower p-values by reference to an arbitrary threshold p-value similar to the
average. As the threshold is somewhat random, information on absolute values may be
lacking. Rescaling is based on the range data, rather than standard deviations, of indicator
variables; all indicator variables are standardized so that they fall within the same range.
Cyclical indicators are used principally to identify trends in the domain of business. The
distance to the reference country method uses the ratio of a measured indicator to a proxy
indicator as the reference. Natural breaks are how data values are grouped in a visually
intuitive way. When you determine the number of groups you want to distinguish, the
algorithms that group data with similar values minimize the variance within each group
and maximize the variance between groups [13].

Table 2. Data standardization methods [13].

Ranking Methods Categorical Methods

Z-score Indicators above or below the mean
Rescaling Cyclical indicators

Distance to reference country Natural break classification

In this study, we used the rescaling method to convert different units and distributions
into identical, unitless numbers; this simplified the calculation of vulnerability scores. This
study is part of a larger vulnerability assessment of agricultural production infrastructure
entitled Analysis of the Impact of Climate Change on the Survey of Rural Water District
and Agricultural Production Infrastructure—Survey for Vulnerability Assessment and
Establishment of a Management Plan [31].

2.4. TOPSIS

Scores were derived using TOPSIS, which is a multi-criterion decision-making ap-
proach [17,32]. TOPSIS determines the alternative with the shortest geometric distance
from the positive ideal solution (PIS) and the longest geometric distance from the negative
ideal solution (NIS) [8,33–35]. Euclidean distances are utilized to find the best alternative.
The results of all alternatives are easily calculated and can be viewed from a multi-attribute
perspective [36–39]. In this study, PIS and NIS reflect the areas most and least vulnerable
to drought, respectively. The TOPSIS procedure is as follows:

Construct a weighted decisions matrix (vij):

vij = wi × xij (1)

where wi is the weight of the ith criterion. The xij are derived from the alternatives
Aj (j = 1, · · · , n) evaluated against the criteria Ci (i = 1, · · · , m), which are the standard-
ized data of the assessment units.

Determine the PIS (A+) and NIS (A−) values of all unit areas:

A+ = v+
1 , · · · , v+

n (2)

A− = v−
1 , · · · , v−

n . (3)

Here, v+
i = max

(
vij
)
, v−

i = min
(
vij
)
.

Calculate the distance from PIS (d+
i ) and NIS (d−

i ) for each alternative:

d+
i =

{
n

∑
j=1

(
vij − v+

j

)2
}1/2

, i = 1, · · · , m (4)
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d−
i =

{
n

∑
j=1

(
vij − v−

j

)2
}1/2

, i = 1, · · · , m. (5)

Calculate the optimum membership degree (D+
i ):

D+
i =

d−
i

d+
i − d−

i
, (i = 1, · · · , m). (6)

The priority of area, in terms of agricultural drought, is ranked using groundwater
well vulnerability and mapped using a geographic information system (GIS).

3. Results and Discussion

Data collection was performed by the administrative units of cities and counties,
but some local governments were excluded from the evaluation, since their data were
not readily available. The data were organized in this study as shown in Figure 2, by
standardizing the data from 158 cities and counties. The closer the standardized score of
a positive impact survey item is to 1, the greater the positive impact (groundwater well
capability or efficiency). Similarly, the closer the standardized score of the negative impact
survey item is to 1, the greater the negative impact.

Figure 2. The study datasets (a) Positive factors and (b) Negative factors.
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As shown in Figure 3, for the positive evaluation factors, the difference between the
average and maximum and minimum values was the greatest for the groundwater level.
The average annual precipitation was relatively low compared to the maximum. The
pumping capacity per cultivation area varied more than the other factors. For the negative
factors, the number of days without rain had one of the lowest dispersions, while the
proportion of private groundwater wells had the highest maximum and average values.

Figure 3. Boxplots of the study datasets.

The data for large-scale cities, metropolitan cities with populations of more than
1 million, including Seoul (the largest city in Korea) and Sejong City (the administrative
capital), are summarized in Figure 4. The city with the most positive evaluation factors
was Ulsan, and that with the most negative factors was Seoul. In Seoul, water demand is
high, which reduces groundwater well efficiency. Table 3 shows the TOPSIS evaluations
performed as described in Section 2. Figure 5 shows the spatial distribution of TOPSIS
evaluation throughout the country.

In the results of the well vulnerability assessment in the target area, the top 20 (high
vulnerability; Table 4) and the bottom 20 (low vulnerability; Table 5) with vulnerability were
analyzed, indicating areas requiring efficient agricultural well management in the event
of drought and areas that do not require the further operation of the wells. Cheongsong,
Gunwi, and Cheorwon, highly vulnerable areas, are highly dependent on pumping capacity
per cultivation area and have relatively low cultivated areas. The low-vulnerability areas
are Gyeryong, Uiwang, and Uljin, where pumping capacity per cultivation area is very
low and the cultivated area is high. Analysis of the factors in the top areas with high
well efficiency vulnerabilities showed that the positive impact factor, pumping capacity
per cultivation area, was high, and the negative impact factor, private groundwater well
ratio, was low. Looking at the status of the bottom 20 areas with low well efficiency
vulnerabilities, the negative impact factor, the proportion of private groundwater wells,
was very high, and the positive impact factor, pumping capacity per cultivation area,
was low.
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Figure 4. Evaluation factor data for metropolitan cities (a) Positive effect and (b) Negative effect.

Thus, high-vulnerability area have high pumping capacity per cultivation area, while
low-vulnerability areas have very high cultivated area and low pumping capacity per culti-
vation area. It was difficult to confirm a direct connection between annual precipitation, the
number of days without rain, and the evaluation results. In terms of drought management,
vulnerability eventually relies heavily on the capacity of water resources supplied through
the stable operation of the wells.

As a result of the analysis, pumping capacity per cultivation area and cultivated area
are major factors in the screening of vulnerable areas; thus, these can be selected as key
elements of administrative management for drought. The scale of the cultivated area is
a private factor, so it is difficult to manage through policy. Therefore, in order to provide
adequate water to drought-prone fields, management policies need to be established to
consider pumping capacity per cultivation area. In particular, the water supply should be
stable during drought.

Typical private groundwater wells can have difficulties in providing stable water
during a drought. Public groundwater wells that can utilize aquifer groundwater can be
proposed as a more stable water supply method. Therefore, public groundwater wells can
be established in the vulnerable areas derived from this study to increase responsiveness
to drought.
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Table 3. Results of the TOPSIS analysis.

Administrative District d+ d− D+ Rank

Metropolitan cities

Seoul 4.643 2.977 0.291 134
Busan 4.061 3.559 0.434 82
Daegu 4.600 3.019 0.301 128

Incheon 3.524 4.096 0.575 31
Gwangju 4.357 3.263 0.359 107
Daejeon 4.855 2.765 0.245 146

Ulsan 4.026 3.594 0.444 77
Sejong 4.404 3.216 0.348 113

Gyeonggi

Suwon 3.398 4.222 0.607 19
Seongnam 4.125 3.495 0.418 88
Uijeongbu 3.773 3.847 0.510 51

Anyang 2.938 4.682 0.718 6
Bucheon 4.863 2.756 0.243 147

Gwangmyeong 4.026 3.593 0.443 78
Pyeongtaek 3.629 3.991 0.547 38

Dongducheon 3.681 3.938 0.534 42
Ansan 3.623 3.997 0.549 37

Goyang 3.933 3.687 0.468 68
Namyangju 3.641 3.979 0.544 39

Osan 3.706 3.914 0.527 44
Siheung 3.715 3.905 0.525 45
Gunpo 4.100 3.520 0.424 87
Uiwang 5.373 2.247 0.149 157
Hanam 3.366 4.254 0.615 17
Yongin 4.390 3.230 0.351 111

Paju 3.927 3.693 0.469 67
Icheon 3.833 3.786 0.494 56

Anseong 3.738 3.882 0.519 49
Gimpo 3.079 4.541 0.685 8

Hwaseong 4.046 3.573 0.438 81
d+: expression [4]; d−: expression [5]; D+: expression [6].

Figure 5. TOPSIS vulnerability assessment results.
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Table 4. Ranking of the 20 most vulnerable districts.

Rank Administrative
District

Positive Factors Negative Factors

Annual
Precipitation

Groundwater
Level

Pumping Capacity
per Cultivation Area

Cultivation
Area

Number of Days
without Rain

Proportion of Private
Groundwater Wells

1 Cheongsong 1.5824 0.9995 1.3831 0.7244 0.5818 0.9849
2 Gunwi 0.9891 1.6724 1.4401 0.6481 0.8863 0.9150
3 Cheorwon 1.2928 1.4698 1.2557 0.9463 0.6268 0.8527
4 Hongcheon 1.0903 1.0374 1.5957 0.7666 0.7291 0.6524
5 Hwacheon 2.0871 0.9136 1.0856 0.9614 0.6268 1.0106
6 Anyang 1.0134 1.2426 1.2476 0.7532 1.0862 0.5576
7 Pocheon 1.1057 1.0271 1.1706 0.8095 0.6331 0.7970
8 Gimpo 0.8539 1.1933 1.2967 0.6599 0.7232 0.9953
9 Hamyang 0.9973 0.9372 1.2122 0.6271 1.0376 0.5211
10 Cheongdo 1.0548 0.7074 1.5418 0.7014 0.8052 0.8371
11 Gokseong 1.6643 1.2498 0.7123 1.0773 0.9917 0.7307
12 Jeongseon 0.8734 1.4123 0.7812 0.7870 0.7494 0.7212
13 Hadong 1.0843 1.2250 1.2726 0.8114 1.0395 0.9324
14 Gyeongsan 0.9306 1.2050 1.3886 0.7273 0.8743 1.2019
15 Sunchang 1.4794 0.8471 1.3980 0.9806 1.0415 0.9831
16 Yeoncheon 1.2309 0.9337 1.3789 1.1489 0.9787 0.7247
17 Hanam 0.8205 1.1561 1.5138 0.7942 0.9787 1.0392
18 Boseong 1.2403 1.0032 1.4844 1.0019 0.9952 1.0720
19 Suwon 1.0559 1.3852 1.2599 0.7375 1.0862 1.2307
20 Yeonggwang 1.2166 1.2793 1.0285 0.8864 0.8541 1.1526

Table 5. Ranking of the 20 districts with the least vulnerability.

Rank Administrative
District

Positive Factors Negative Factors

Annual
Precipitation

Groundwater
Level

Pumping Capacity
per Cultivation Area

Cultivation
Area

Number of Days
without Rain

Private: Public
Groundwater Well Ratio

139 Jeungpyeong 0.8642 0.7558 0.8326 1.0149 0.9726 1.0875
140 Goseong- 0.7177 1.2495 0.4787 0.9613 0.9624 1.1678
141 Naju 0.7803 1.3096 0.6403 1.1987 0.8541 1.3424
142 Wanju 1.1225 1.6158 0.4754 1.3126 1.3998 1.1884
143 Damyan 1.4794 0.2096 0.6963 1.2833 0.8541 0.9485
144 Haenam 0.8508 0.7461 0.9657 1.1366 1.2617 0.9138
145 Yesan 0.8878 0.6117 0.8152 1.0780 1.0590 0.9852
146 Daejeon 0.8778 0.8885 0.6042 1.1511 0.9473 1.0829
147 Bucheon 1.0355 1.2084 0.9058 1.3423 0.8840 1.7426
148 Samcheok 0.6035 0.9161 0.6937 1.3384 1.1427 0.6113
149 Donghae 0.6035 1.1683 0.5595 1.0692 1.0646 1.1157
150 Gongju 0.8778 0.8288 0.5800 1.1479 1.1752 0.9250
151 Mokpo 0.7803 0.9810 0.5998 1.3416 0.9725 1.0572
152 Wando 1.1965 0.5240 0.6749 1.4124 1.0851 0.9118
153 Jindo 0.5934 0.8403 0.9544 1.0020 1.2617 1.2026
154 Pohang 0.7247 0.4266 0.7020 0.9647 0.9758 1.0272
155 Gangjin 1.1018 1.2066 0.3640 1.3531 1.2915 1.1449
156 Uljin 0.9486 0.7479 0.4995 1.2542 1.1550 0.9311
157 Uiwang 0.8886 0.7048 0.6181 1.3158 1.0862 1.1378
158 Gyeryong 0.8632 0.6823 0.4300 1.4580 0.8525 1.3307

4. Conclusions

This study presented a method to identify areas among 158 cities and counties in
Korea that must prioritize efficient well management during droughts. Precipitation,
the groundwater level, and pumping capacity per cultivation area were considered to
positively affect well efficiency, while the cultivated area, number of consecutive days
without rain, and proportion of private wells negatively affected efficiency.

This study used the TOPSIS multi-criterion decision-making algorithm, which has
been employed in several recent studies. TOPSIS was used to measure the Euclidean
distance between positive and negative evaluation factors to identify priority areas with
respect to efficient well management; the areas thus identified were Cheongsong, Gunwi,
Cheorwon, Hongcheon, and Hwacheon. Wells were used relatively efficiently in Gyery-
ong, Uiwan, Uljin, Gangjin, and Pohang. The pumping capacity per cultivation area had
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marked effects on management priorities and well vulnerability. According to the analysis,
pumping capacity per cultivation area and cultivated area are the main factors for selecting
vulnerable areas and can be judged as critical factors for managing field droughts. There-
fore, management policies using public groundwater wells are needed for a stable water
supply to drought-prone fields.

The drought vulnerability assessment approach based on groundwater wells estab-
lished in this study is applicable to field drought management as a way to select areas to
manage groundwater well. In particular, through a methodology that can reflect both posi-
tive and negative effects of groundwater wells, the results of high utilization in the efficient
management of groundwater wells in field drought can be presented. However, in the
case of fields, water supply sources exist in addition to wells, so the approach of this study,
which reflects only groundwater wells, makes it difficult to evaluate the drought of field
crops in an integrated manner. Therefore, the management of field crops drought requires
the application of an extended evaluation technique that reflects various factors related
to drought. In addition, it is necessary to reflect the efficiency of installed and operated
groundwater wells and the loss of supplied quantities for actual quantity management
during drought and to integrate water quality information regarding groundwater sources
into the evaluation factors.

The National Agricultural Research Institute of the Rural Development Administration
is utilizing the effective water rate for the evaluation of field crops drought, and the target
crop is soybeans. However, the damage caused by drought can vary greatly depending
on the target crop, suggesting the need to construct evaluation factors that reflect it. The
adoption of assessment factors for field crops drought management areas considering the
diversity of crop characteristics and management methods is difficult, requiring complex
and detailed information and requiring continuous management. However, in order to
efficiently manage agricultural water while responding to drought in the long run, such
information-based assessment methods are needed. The assessment approach in this study
is easy to expand into assessment methods using various pieces of information. In other
words, assessment factors can be selected and evaluated according to the assessment target.
Therefore, the following study aims to examine assessment factors that can reflect crop-
specific characteristics to perform assessments that reflect various drought characteristics
and to devise MCDM-based assessment methods for managing fields toward drought,
including non-groundwater well water sources. In addition, this work failed to address
the weights that could measure the effect of the evaluation elements, and we would like to
introduce a technique that can reflect them.
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