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Vulnerability and hazard are terms that are generally applied to drought risk assessment.
Vulnerability can be defined as the capacity of a region to cope with and resist the impacts of
natural hazards, while hazard can be defined as the likelihood of a natural or human-induced
physical event. In this study, principal component analysis (PCA) was used to generate an
aggregate drought vulnerability index (DVI) using multiple socio-economic indicators and
copula-based drought frequency analysis was performed to calculate a drought hazard index
(DHI) considering meteorological drought occurrence patterns. Finally, regional drought risk
was evaluated by combining the DVI and DHI among cities within the Chungcheong
province, South Korea. Based on the drought risk index (DRI), Jecheon-si (DRI = 0.50) and
Gongju-si (DRI = 0.65) were identified as the most hazardous cities in Chungcheongbuk-do
and Chungcheongnam-do, respectively. The overall process of drought risk assessment
developed in this study is useful for planning drought management and mitigation at the local

Occurrence probability level

1. Introduction

Droughts are generally classified into four categories: meteorological,
hydrological, agricultural, and socioeconomic (Wilhite and Glantz,
1985). Amongst drought categories, meteorological drought
induced by insufficient precipitation is the trigger of all others,
which propagates the damage into the local community. However,
the process from rainfall deficit to its economic and social
consequences is not instantaneous and easily understood. Since
the drought risk should be understood in the context of the
vulnerability of a region and the hazard of a natural extreme
event (Singh et al., 2019), it is necessary to develop a drought
risk assessment framework to provide the relationship between
the vulnerability and hazard in a region.

Therefore, the drought risk analysis using representative
indicators of drought vulnerability and hazard is often used. It
should be noted that while the vulnerability and hazard have
been used in numerous studies, they do not always imply the
same meaning. However, the generally accepted concept of

vulnerability is the capacity of a person or group to cope with
and resist the impacts of a natural hazard, while hazard is the
likelihood of a natural or human-induced physical event
(Intergovernmental Panel on Climate Change, 2012). The risk
described by vulnerability and hazard can be defined depending
on the purpose: 1) a social measure of resilience; 2) exposure that
makes people or place dangerous; and 3) interactions between
social and environmental systems (Cutter, 1996; Rezaee et al.,
2018).

In the social sciences, where risk reduction is major concern,
risk is focused on vulnerability and is defined in cultural, political,
and economic terms (Adger, 1999; Pelling and Uitto, 2001;
Salvati et al., 2009; Abson et al., 2012). In the physical sciences,
risk is defined by threatening events or the probability of specific
phenomenon occurring within a given time and area (Mirakbari
et al., 2010; Li et al., 2015; Yoo et al., 2016). From a socio-
physical point of view, risk is derived from interactions between
human and natural conditions, and risk becomes a function of
both vulnerability and hazard (Shahid and Behrawan, 2008;
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Shiau and Hsiao, 2012; Zhang et al., 2013; Kim et al., 2015;
Carrdo et al., 2016).

Developing a comprehensive drought risk assessment framework
is challenging due to the dynamic nature of environmental and
socio-economic indicators (Hinkel, 2011). Numerous studies
have achieved this goal by composing drought vulnerability
index (DVI) and drought hazard index (DHI). In general, DVI
and DHI were estimated by aggregating relevant variables
through deductive approach such as expert judgment or normative
approach such as equal weighting (Shahid and Behrawan, 2008;
Lin et al., 2011; Belal et al., 2014; Rajsekhar et al., 2015; Pei et
al., 2016; Dabanli, 2018).

The main concern in building vulnerability and hazard index
is selecting the major indicators and the weighting schemes to
avoid subjectivity (Saisana et al., 2005; Cherchye et al., 2008).
This study employed probabilistic approaches to deal with those
issues. First, when estimating the DVI, dominant social indicators
were chosen based on the regional socioeconomic conditions
and the weights were estimated depending on the explained
variance in the dataset. Second, when estimating the DHI, the
occurrence probabilities of specific drought conditions were
estimated by bivariate drought frequency analysis.

2. Study Area and Data

Two provinces in South Korea, Chungcheongnam-do (CCN)
and Chungcheongbuk-do (CCB) (Fig. 1), were considered as the
study area, which are neighboring provinces with distinct climates.
CCB has an average annual temperature and precipitation of
10.9°C and 1350 mm, and the comparable values in CCN are
12.2°C and 1270 mm, respectively. The average temperature and
precipitation in overall South Korea, meanwhile, are 12.8°C and
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1,360 mm, respectively.

These two provinces are indeed the most drought-prone areas
in South Korea. During the extreme drought of 2014-15 summer
precipitation of the Chungcheong area was 50 — 60% lesser of
normal, and its residents suffered from the limited water supply.
In particular, the water level at the Boryeong Dam in CCN
reached a record low of 57.98 m (25.5% of reserved water rate)
in November 2015. The water level was about 55% of the
previous year’s, making the drought more severe than any past
events.

The drought is provoked by the lack of precipitation, however,

Table 1. The Administrative District Codes of Study Area

CCB CCN

Code Name Code Name

CB1 Cheongju-si CNI1 Cheonan-si

CB2 Chungju-si CN2 Gongju-si

CB3 Jecheon-si CN3 Boryeong-si

CB4 Boeun-gun CN4 Asan-si

CB5 Okcheon-gun CN5 Seosan-si

CB6 Yeongdong-gun CN6 Nonsan-si

CB7 Jeungpyeong-gun CN7 Gyeryong-si

CB8 Jincheon-gun CN8 Dangjin-si

CB9 Goesan-gun CN9 Geumsan-gun

CBI10 Eumseong-gun CN10 Buyeo-gun

CBI11 Danyang-gun CNI11 Seocheon-gun
CNI12 Cheongyang-gun
CN13 Hongseong-gun
CN14 Yesan-gun
CN15 Taean-gun

/ L SRS VN % \ A
(b)

Fig. 1. Study Areas — Chungcheongbuk-do (CCB) and Chungcheongnam-do (CCN) in South Korea: (a) Map of South Korea, (b) Administrative Districts in
Chungcheong Province (The triangular points indicate the rainfall stations, the texts in Fig. 1(b) represent the code of administrative districts.)
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Table 2. Socioeconomic Drought Vulnerability Indicators and Data Source

Categories Indicator Unit Source

Census Cl Population persons KOSIS (2015)

Land use L1 Paddy area ha KOSIS (2017)
L2 Cultivated area ha

Agricultural water Al Water use for paddy area 10°m’/year WAMIS (2014)
A2 Water use for cultivated area 10°m*/year
A3 Water use for livestock 10°m*/year

Industrial water 11 Industrial water use 10°m®/year WAMIS (2014)

Domestic water D1 Water use of service area 10°m’/year WAMIS (2014)
D2 Water use of non-service area 10°m’/year

Water supply system Wi Penetration rate % WAMIS (2014)
w2 Water consumption per capita m*/day

*KOSIS (Korean Statistical Information Service, 2019): www.kosis.kr

**WAMIS (Water Resources Management Information System, 2019): www.wamis.go.kr

the drought damages of the local community are not derived only
from the social dimension, but also the local economic conditions.
In other words, even though two districts that have the different
social-economic conditions have experienced the similar drought
magnitude for the same period, the consequences maybe
considerably different. Hence, the first step for quantifying the
social vulnerability to drought is to identify the relevant indicators
that address the attributes of drought damage (Smit et al., 1999).

Numerous indicators have been designed to capture a regional
vulnerability to natural disasters, for example, population, number of
civic organizations, income, employment, hazard mitigation
plan, and infrastructure. Based on the previous studies (Cutter et
al., 2008; Sherrieb et al., 2010), eleven indicators that capture a
regional vulnerability to drought have been selected, which were
reliable and easily accessible using the Korean information
services, as summarized in Table 2.

Vulnerability indicators used in the study can be classified
into six categories: census, land use, agricultural, industrial,
and domestic water use, and water supply system. The social
indicators should be re-scaled to dimensionless values
because they have different units. The observed datasets with
eleven indicators Q, = {0,,0,,**,0:},k = 11 were transformed
into X, = {x,x,, -+, x;},k = 11 through Eq. (1).

¥ - O,—min(0O,)
" max(0)-min(0O,)

M

3. Methodology

3.1 Drought Definition

Before identifying the drought risk, drought events and their
characteristics should be clearly identified. Many studies have
been undertaken for drought analysis using various indices,
however, Standardized Precipitation Index (SPI) is commonly
used in South Korea (Kim et al., 2015; Yoo et al., 2016). SPI can
be used to identify the start and the end of a drought event and

quantify its magnitude. The six-month SPI (SPI-6) was especially
estimated to consider drought severity in the study, since Korea
Meteorological Administration provides the general drought
information based on the SPI-6. The areal average precipitation
data (1973 — 2016) that were calculated by the Thiessen polygon
method using 15 stations in the study area were used to calculate
the SPI-6.

Drought characteristics were calculated based on the SPI-6,
which represent different attributes of droughts in terms of
duration, severity, intensity, and consequently manifest the hazard.
A drought begins when the SPI-6 is less than -1.0, which is the
commonly used threshold level. Drought duration indicates the
number of consecutive months for that the SPI-6 lies below -1
until it becomes greater than -1, and the sum of the SPI-6 during
the period is defined as drought severity. Drought intensity
represents the average strength of an event per unit time (month),
simply defined as the ratio of the total magnitude to duration.

3.2 Development of the Drought Vulnerability Index
Using PCA

PCA is a multivariate statistical technique to choose a sub-set of
variables that contain as much information as possible about the
original data. In particular, PCA efficiently recognizes data patterns,
reducing the high dimensionality of datasets while minimizing
information loss (Liu and Schisterman, 2004). The choice of
vulnerable indicators is the primary determinant of drought
vulnerability indices. Indicators should be easily accessible and
reflect the socioeconomic conditions of cities.

Dominant vulnerable indicators and their weights were
determined using principal component (PC) loadings, as described
in Eq. (2):

Wi @

i,j -
Z?ZIZZZ&M’
m

where 37 57 w;; = 1. m is the number of selected principal
components and » is the number of selected indicators in j th
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principal component. Thus, w;; indicates the weight of i th
indicator of the j th principal component. ¢; and v; are the loading
of the i th indicator and the explained variation of the j th
principal component, respectively.

The factor score of each principal components (£5;) can be
estimated by Eq. (3), and the DVI was calculated as the sum of
factor scores as Eq. (4).

FS;=Sx,W,, 3
i=1

DVI= S Fs, “

j=1

3.3 Development of Drought Hazard Index Using
Drought Frequency

DHI is defined based on the drought characteristics of duration,
intensity, and frequency in this study. The frequency implies the
occurrence probability of the event that has the specific values of
duration and intensity. The joint probability distribution of
drought duration and intensity is established using copula (Shiau,
2006; Ganguli and Reddy, 2012; Chen et al., 2013), as expressed
in Eq. (5). Where Fy(x) = u and Fy()) = v are the marginal
probability distribution functions of duration and intensity,
respectively.

F(x, ) = C(u,v) = C(Fx(x), Fy(»)) ©)

Eight candidate probability distribution functions were considered
to fit the marginal distributions of durations and intensities:
Gaussian, log-normal, exponential, Gumbel, Gamma, Weibull,
generalized Pareto, and generalized extreme value. As determined
by a Kolmogorov-Smirnov test, the fittest distribution functions
were Gamma for the duration and exponential for the intensity.
After estimating marginal distributions, three Archimedean
copulas, Clayton, Frank and Gumbel were used to derive a joint
probability distribution. Based on the maximum likelihood,
Frank was determined as the optimal copula function for both
CCB and CCN.

In order to generalize the drought occurrence patterns of each

Table 3. Description of Drought Classes and Their Weights Corresponding

to the Rank
Rank Duration (dy) Intensity (my) Weight (1)
1 1 1.0 0.1
2 3 (moderate) 02
3 6 0.3
4 1 1.5 0.4
5 3 (severe) 0.6
6 6 0.7
7 1 2.0 0.8
8 3 (extreme) 0.9
9 6 1.0

district, we distinguished the droughts into nine classes corresponding
to the durations of 1-, 3-, and 6-month and the intensities under
moderate, severe, and extreme conditions. The nine classes of
drought events were ranked and their weights were simply
decided by the rank that ranges from zero to unity, as described
in Table 3. The average drought duration of the study area was
less than 6 months (refer to Table 5), and even the durations of
maximum events were rarely maintained one year. It is much
appropriate to consider the usual droughts which are not persisted 6
months than extreme events in order to establish drought preparation
and mitigation plan.

DHI was calculated as the weighted sum of occurrence
probabilities of each drought classes as expressed in Eq. (6):

rank

DHI = zrk.f(dkamk)o (6)
k=1
where 7, is a weight of & th drought class and f(d}, m,) represents
an occurrence probability of a drought event that has a duration
(d,) and an intensity ().

3.4 Drought Risk Assessment

Various frameworks that have been proposed for risk assessment
are in correspondence with the different definitions for risk.
Bogardi and Birkmann (2004) developed a holistic framework
for disaster risk evaluation. In their framework, vulnerability
consists of the environmental, physical, social and economic
conditions of the region, while hazard is provoked by natural
phenomena. Wisner et al. (1994) presented the risk as the sum of
vulnerability and hazard and Intergovernmental Panel on Climate
Change (2012) proposed risk as probability of occurrence of events
multiplied by the impacts. More recently, the risk has been
defined as the product of vulnerability and hazard (Zhang et al.,
2014; Kim et al., 2015; Rajsekhar et al., 2015).

Downing et al. (2005) insisted that what is needed is not a
dynamic concept of risk, but simple, clearly defined the terms
that are easily understandable. The DVI and DHI defined in this
study showed how much community is exposed to drought from
both hydro-meteorological and socio-economic perspectives. We
cannot determine which perspective constitutes the larger portion
of the total risk, thus the DVI and DHI should be considered
equally when risk assessments are performed. The risk can be
evaluated by multiplying DVI and DHI as Eq. (7).

Risk = DVIx DHI 7)
4. Results and Discussions

4.1 Socioeconomic Drought Vulnerable Indicators

PCA was conducted with eleven indicators (Table 2), and the
dominant indicators were identified. In CCB, three principal
components explained 83% of the total variation in the dataset
(PC1: 36%, PC2: 28%, PC3: 19%). Indicators with positive PC
loadings were chosen as listed in Table 4. Of the three significant
PCs in CCN among the total variation of 86%, the first PC
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Table 4. Selected Drought Vulnerability Indicators and Their PC Loadings

Table 5. Drought Occurrence Characteristics of the Study Area

CCB CCN Average Maximum event
Indicator City  #ofoccur.
PC1 PC2 PC3 PC1 PC2 PC3 Duration Intensity Startyr. Duration Intensity
Cl 0.46 0.53 CCB
L1 0.41 0.81 CB1 21 3.24 1.44 2015 7 1.71
L2 0.29 0.38 CB2 17 3.76 1.48 2015 6 1.69
Al 0.51 0.41 CB3 19 3.95 1.52 1994 10 1.96
A2 0.52 0.41 CB4 17 3.76 1.37 1994 8 2.09
A3 0.52 0.41 CB5 15 4.67 1.46 1982 10 1.47
11 0.45 0.54 CB6 23 3.45 1.55 2015 7 2.05
D1 0.47 0.42 CB7 19 3.37 1.45 2015 7 1.69
D2 0.57 0.41 CB8 21 3.48 1.45 2015 8 1.85
Wi 0.33 0.49 CB9 16 4.06 1.52 1994 7 2.31
w2 0.23 0.32 CB10 19 4.05 1.49 1994 7 2.15
CB11 19 3.63 1.55 2015 7 2.16
CCN
explained most of the variation (46%), and the second and third N1 15 4.40 137 2015 9 1.78
PCs e.xplained 27% ar'ld 1?%, respectively. The results of the o g 37 1.50 2015 3 2.04
PCA in CCN are described in Table 4. . CoN3 20 330 155 2015 6 223
Slp?e water usage was .closely retlat(.ed to the socio-economic ¢y 5 433 136 2015 9 176
conditions (?f a province, it can be indicators to descr1b§ which N5 21 376 1.40 1995 6 186
are the ma[;n1 a;t;vmej [g r‘egllonil.‘ The al.veglgeBd fgg;ultulrgi CN6 18 417 154 2015 6 215
W‘;‘/ter use ( o th) n 511 S_t“t:_tst“? CCIé anqe O 19 an s 205 7 178
m3/year) Wafl,l N arset an,“; tr'lsl ¢ i n Ig Coon O 19 374 144 1995 6 1.78
e e e s e e (DR 0 % a1
) Y was o greater thafl Ny . CNI10 21 3.90 1.48 2015 6 2.11
year). Consequently, we can assume that the major economic CNll 22 3.41 145 2015 6 511
activities of CCB is agriculture and that of CCN is industrial ' ' '
e CNI2 19 4.00 1.52 2015 6 2.16
facilities. CNI13 20 3.65 1.50 1982 12 1.57
The choice of drought vulnerability factors by PCA effectively ’ ’ ’
. . . . CN14 20 4.05 1.31 2015 9 1.67
explained the socio-economic environments. The selected
CNI5 22 3.47 1.42 1982 12 1.51

dominant indicators of each PC were different in CCB and CCN.
It was observed in CCB that the six indicators in the first PC
were C1, L1, I1, D1, W1 and W2, which are more related to
industrial and domestic water use. In contrast, the significant
PC1 factors in CCN were Al, A2, A3, D1, D2, and W2, which
are related to agricultural and domestic water use.

The DVI indicators can be aggregated as an average sum,
generally with each indicator given the same weight in previous
researches (Lin et al., 2011; Belal et al., 2014; Rajsekhar et al.,
2015; Pei et al., 2016; Dabanli, 2018). However, the proposed
method using PCA in the study can identify the dominant
indicators responsible for drought damage, also the weights were
decided based on how much each indicator had an influence on
the districts. The PC loadings in Table 3 described the governing
vulnerability indicators and their portion.

4.2 Drought Occurrence Probability

DHI can be defined as the likelihood of specific or overall
drought events (Shiau and Hsiao, 2012; Rajsekhar et al., 2015).
Establishing a link between drought occurrence and its risk
remains a challenge. To solve this problem, the copula function
derived from the marginal distributions of drought duration and

intensity was used to quantify occurrence probability.

Table 5 shows the drought occurrence characteristics during
44 years (1973 — 2016) defined using the SPI-6. Among 26
districts of the study area, Yeongdong-gun had been experienced
the most frequent droughts, while the average duration and
intensity were estimated not so severe, which were 3.45 months
and 1.55, respectively. On the other hand, Okcheon-gun,
Cheonan-si, and Asan-si were experienced less droughts than
other cities. However, there were no significant differences
among districts for the mean of durations and intensities.

The maximum events were defined that the one had the least
occurrence probability (the longest return period). Their occurrence
probabilities were generally less than 1%, so the recurrence
intervals were longer than 100 years. We can specify the most
extreme dry years as 1982, 1994, and 2015 in CCB, while 1973,
1982, 1995, and 2015 in CCN, respectively. The intensities of
maximum events were larger than 1.5 (severe condition) and the
sustained periods were over than a half year, however, not exceed
one year.
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4.3 Drought Risk Analysis Based on Vulnerability and
Hazard

DVIs and DHIs were estimated using the social vulnerable
factors and drought occurrence probabilities as represented in
Figs. 2 and 3, respectively. In CCB, the average DVI was 0.28,
with a maximum value in Cheongju-si (0.66) and a minimum in
Jeungpyeong-gun (0.11). Similarly, the average DVI in CCN
was 0.22, with a maximum in Gongju-si of 0.76 and a minimum
in Gyeryong-si of 0.10. Because the PCA was conducted
separately in each province, the social dominant indicators
reflected the characteristics of the provinces rather than those of
each district. This makes the comparison between districts
significant, while the comparison between the two provinces was
less so.

The drought hazard analysis was carried out using the design
droughts for each district, making the regional DHI comparison
more useful. The mean of the DHI values for CCB was 0.75,
whereas the maximum and minimum values were 0.94 in CB3
(Jecheon-si) and 0.57 in CB1 (Cheongju-si). The mean DHI in
CCN was estimated to be bit lower than the CCB estimate of
0.71, the maximum value was 0.98 in CN6 (Nonsan-si), and the
minimum value of 0.48 was found in CN14 (Yesan-gun). The
DHI was therefore skewed to an upper side than the DVL

D No data

] 0.00-0.20
[ 0.20-0.40

= 0.40-0.60

[ 0.60-0.80

B 0.80-1.00
Fig. 2. Drought Vulnerability Index (DVI) in Chungcheong Province

[ No data
] 0.00-0.60
1 0.60-0.70
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Fig. 3. Drought Hazard Index (DHI) in Chungcheong Province
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Fig. 4. Drought Risk Index (DRI) in Chungcheong Province

= 030040
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Because the DHI was related to rainfall patterns, its distribution
is less controlled.

Considering the need for identifying the drought-prone region,
DVI and DHI were overlaid and then generated a drought risk
map as shown in Fig. 4. In the drought research, DVI described
the infrastructural and socioeconomic ability to anticipate and
copes with the droughts, while DHI detected the potential risk of
occurrence and the specific characteristics of a drought.
Therefore, based on the drought risk map, decision makers can
visualize the hazard and appreciate the potential loss of society.

The mean values of DRI in CCB and CCN were 0.25 and
0.17, respectively. Five of eleven districts in CCB (45.5%) were
assessed under {DRI<0.20} and nine (81.2%) were under {DRI
<0.30}. The most drought-prone area in CCB was CB3 (Jecheon-
si), which had the highest values of the DHI (0.94) among
districts in the study area and the second-highest value of DVI
(0.53) in CCB. On the other hand, nine of fifteen districts
(60.0%) in CCN were under {DRI <0.15} and fourteen districts
(93.3%) were under {DRI < 0.25}. CN2 (Gongju-si) had the
highest values for both DHI (0.85) and DVI (0.76) in CN.

5. Conclusions

Evaluation and quantification of drought risk have played
important roles in water resources planning and management. In
this study, a regional drought risk was assessed as a function of
drought vulnerability and hazard. The DVI and DHI independently
captured the socioeconomic vulnerability and the drought
occurrence pattern, respectively. According to the DVI analysis,
the dominant PCs were distinct in CCB and CCN, and the most
drought-exposed cities were CB1 (Cheongju-si) in CCB and
CN2 (Gongju-si) in CCN. On the other hand, the DHI quantified
the drought occurrence probability considering specific durations
and intensities that would induce the critical impacts. According
to the DHI analysis, the most drought-prone district in the study
area was CN6 (Nonsan-si) located in CCN.

Because the mean DRI in CCB was higher than that in CCN,
we may conclude that CCB is more vulnerable to drought than
CCN. However, the PCA determined different DVI indicators
for two provinces (i.e., CCB and CCN) and the estimated weights
were relative among selected indicators within the province, it
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would be beneficial for extending the spatial scale from districts
to regions to compare the province drought risks in South Korea.
Nevertheless, the overall process of drought risk assessment
developed in this study is useful for planning drought management
and mitigation at the local level.
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