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ABSTRACT

Drought occurs extensively over a long period and causes great socio-economic damage. Since drought risk consists of social,
environmental, physical, and economic factors along with meteorological and hydrological factors, it is important to quantitatively
identify their impacts on drought risk. This study investigated the relationship among drought hazard, vulnerability, response capacity,
and risk in Chungcheongbuk-do using a structural equation model and evaluated their impacts on drought risk using Bayesian
networks. We also performed sensitivity analysis to investigate how the factors change drought risk. Overall results showed that
Chungju-si had the highest risk of drought. The risk was calculated as the largest even when the hazard and response capacity were
changed. However, when the vulnerability was changed, Eumseong-gun had the greatest risk. The sensitivity analysis showed that
Jeungpyeong-gun had the highest sensitivity, and Jecheon-si, Eumseong-gun, and Okcheon-gun had highest individual sensitivities
with hazard, vulnerability, and response capacity, respectively. This study concluded that it is possible to identify impact factors on
drought risk using regional characteristics, and to prepare appropriate drought countermeasures considering regional drought risk.
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Table 1. Characteristics and Sources of Evaluation Factors

Code Factors Unit Sources
Drought hazard
hl Daily SPI-30 Korea Meteorological Administration
h2 Daily SPI-60 Korea Meteorological Administration
h3 Daily SPI-90 Korea Meteorological Administration
h4 Daily SPI-180 Korea Meteorological Administration
h5 Daily SPI-270 Korea Meteorological Administration
h6 Daily SPI-360 Korea Meteorological Administration
Drought vulnerability
vl Population Person National Statistical Office
v2 Number of solitary senior citizen Person National Statistical Office
v3 Number of recipient of basic living Person National Statistical Office
v4 Farm population Person National Statistical Office
v5 Population density Person/km? National Statistical Office
v6 District area km? National Statistical Office
v7 Agricultural land area ha National Statistical Office
v8 Area of industral complex 10° m? Industrial Land Information System
vo Water leakage ratio % Statistics of Waterworks
v10 Amount of domestic water usage 10° m?/year Statistics of Waterworks
vll Amount of industrial water usage 10° m?/year Statistics of Waterworks
vi2 Amount of agricultural water usage 10° m?/year Statistics of Waterworks
vl13 Amount of groundwater usage 10° m*/year Groundwater Annual Report
Drought response capacity
cl Storage of dam 10° m? National Statistical Office
c2 Storage of reservoir 10° m? Korea Rural Community Corporation
c3 Groundwater level El.m Groundwater Annual Report
c4 Volume of exploitable groundwater 10° m?/year Groundwater Annual Report
c5 Water intake 10° m?/year Statistics of Waterworks
c6 Water supply ratio % National Statistical Office
c7 Sewage ratio % National Statistical Office
c8 Daily water supply per capita L National Statistical Office
c9 Sewage reuse ratio % Statistics of Sewage
cl0 Annual amount of rainwater 10° m?/year Statistics of Sewage
cll Number of staff of water works part Person Statistics of Waterworks
Drought risk
rl Restrict/ Number of events Number
2 Transportation water Number of impacted population Person National Drought Information Portal
3 supply Number of damage days Day
r4 Number of damage articles Number National Drought Information Portal

TR, 3R, 8R0RA o] tigE A 7THEE 283
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CB-SEM)¥} FE-H Al T2 2 2 8 (partial least squares-
structural equation modelling, PLS-SEM)© & F-E-Et) o
= 2w 7)ol & WiRtslal 326 Qo BEFe] 7o AR
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Fig. 2. Concept of PLS-SEM

Table 2. List and Criteria of Evaluation for PLS-SEM

Model List of evaluation Criteria of evaluation
Internal .Cor.ls.lstency Cronbach’s alpha Cronbach’s alpha = 0.6
Reliability
Measurderll1ent Convergent Validity AVE AVE>0.5
Mode
L . Fornell-Larcker vV AVE >Max (Correlation coefficient)
Discriminant Validity
Cross loading Outer loading > Cross loading
Multi-collinearity Inner VIF Inner VIF <5.0
R High: £2>0.26 0.13< R2<0.26 Low: R*<0.13
Structural £ High: 2>0.26 0.13< 2<0.26 Low: /2<0.13
Model Model’s Goodness-of-fit e - S - ow- /=
Predictive relevance Predictive relevance = 0.6
Goodness-of-fit High: > 0.36 0.25~0.36 Low: 0.10~0.6

Vol.42 No.1 February 2022 15



— - ’
I
Vulnera- 4
are /’
bility Ny
Jl,

1
i
g Response
Capacity B
~

c11

Fig. 3. Model Structure for Drought Risk Assessment Using PLS-SEM

2T E9)0]e] SmartPLSE -8516] PLS-SEM]
TEREG el of2] o' B W FH%
33} o] ks A¥E W7h HEe TSIt e
T& SR Ak be] BAloIH, Al % 7]' 7EE

2 '3}7‘] Ste] W7t Bolrs Aleld dAkE 3] dAleH:
o] A A SARD TERY e R FEske] W7t
AT WA, SAHREF A= B BEES Grlsh] lsto]
WH LR AEs, ATEEE B WS ARSI A
S Tehs SARTE0] AR ddo] deAlE wdst
© WHLHA AlEes EL% 5 OLJJ(Cronbach’s alpha)i Jﬂ7]-

Z¥7}+ 0.76, 0.98, 0.69, 0.83°.F B 0.6 oS st w2}

7} AAHSE AR GRS 0] PSS TRE AL 80

ST 295} s e} Bee s ek 9%

Efd e HiiieS(average variance extracted, AVE)S %

3l ks, 4719 A= ZH2 0.54, 0.87, 0.41, 0.67=

AL o] T th8-s e TReAel oKt wEsslrk S

) Ok s} S A SR e S

%= Fornell-Larcker 7% 2 1224 %|(cross loading) S &

3] Hr)sh, A¥l= Tables 3 and 49} 2t} Fornell-Larcker
7K 7k ZhASe] AVES] Aol 2SS Tl ek

Z 71 & R B 21 ko 2 Ao, AR
16  KSCE Journal of Civil and Environmental Engineering Research

Table 3. Result of Fornell-Larcker Criteria

Hazard | Vulnerability |Response capacity| Risk
Hazard 0.73
Vulnerability | -0.05 0.93
':;‘;‘;?t;e -0.01 0.84 0.64
Risk 0.11 0.19 0.39 0.82
L a3 5] olre] wxEA xR} 2he 7R
Aol 2194} AORS) AN e 2 el
o} olHRt AdE FEl e SANTEe] FANTE &
Arfstan glovk thesee] SAsEe] ThE AR} ok
o] WIS 7= e HaL Slo] AT HEINR TIEAE
B35 Fa go ek
FO 8, ?&E o] Ag=E ke flste] vesild,
AT B RS RS RS 3 e g

FAF e =0 el oR2 3lolsly] 3k tlgaAe
U B33 Sx(variance inflation factor, VIF)E o]-&3}H,

Sz sk =24, FRd 2 U8 74 1.01, 3.34,
333019, 5= sk #okde 1.000.2 5 5.0 vy

el 3k H==2 AAFE
HAAGE 04602 wle-

e sHE: TR O3
ok 2be] A AR R AR



Table 4. Result of Cross Loading Criteria

Hazard | Vulnerability [:1;22?;? Risk
hl 0.878 -0.092 -0.011 0.122
h3 0.518 0.250 0.235 0.036
h4 0.673 -0.076 -0.075 0.017
h5 0.809 -0.084 -0.095 0.083
vl -0.062 0.989 0.828 0.167
v2 -0.017 0.989 0.890 0.228
v3 -0.021 0.981 0.885 0.261
v4 -0.092 0.949 0.848 0.018
v5 -0.06 0.853 0.648 0.106
v7 -0.075 0.795 0.694 0.147
v8 -0.031 0.968 0.725 0.126
v10 -0.052 0.967 0.731 0.115
vll -0.023 0.862 0.684 0.193
c3 -0.029 0.109 0.402 0.458
c4 -0.017 0.583 0.714 0.229
c6 -0.015 0.379 0.507 0.238
c7 0.060 0.295 0.525 0.259
clo 0.073 0.446 0.637 0.107
cll -0.052 0.955 0.918 0.321
rl 0.035 0.270 0.396 0911
2 0.054 0.087 0.256 0.883
3 0.120 0.109 0.277 0.637
r4 0.153 0.129 0.314 0.806
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(a) Converging (b) Diverging c) Linear
Fig. 4. Connection Types of Bayesian Networks
vl v2 v3 va v5 w7 ve vil
Mean Mean Mean Mean Mean Mean Mean Mean
Variance | variance Variance Variance Wariance Variance Variance | Variance
BEEE __EEE 171 W 7 Glairkile I & )
\ / a3
\ / Mean
A Variance
" &Vulns-r\a‘billly S ] ] (] (5]
Mean —
Mean s
variance AR Variance //“
~ EEE | Mean
R Variance
G B E e E
h3 N // g
Mean R 4 <6
Variance o Mean
AW F| [ Hazard Response Capacity — Variance
Mean Mean ) [ ) (5]
| variance Variance
ha 7 ElEICIE] L |
Mean / ™~ ~ ’ Mean
Variance /// \m\ - < Variance
) ) [ (5] yd - e 1) 8 (5]
o ~ -
P ‘~\‘\\ / -~ <10
~ P e Mean
hs =N & Variance
Mean i 1 W [
Variance Mean N
(4] [ [l Variance a1
Mean
P T~ Variance
-~ ~. [ i ) [
rn r2 5] “ra
Mean Mean Mean Mean
Variance Variance Variance Variance
IERE EEEE AERE HEEE

42 HIOXKIRH HIEYT BHS

Aol AHgE o] e V]

Famste] QIR B
O

sk vlol= HelS o e AR AF B MBS 01 Aol ghe 2
59l 54 SYusv BUS Qe Bale] Fapigel Ak Bolshes Sz (re-scaling) 7P
U} e T Bl 93 U BAS ko, 2 2N BEsRi SEd
2015). 2, 718 FLAA] Wl 7V Pt o e, & wlslo] Q4 ol 1F 01 Aol
ol olgt o FOIA stelelr] SItel hE w2, HeBd 53
3 s ghe WshAY Y Ugee R 4

£ apolde] BAe Aopd WA M JUES vl gl 09 7PHeS: Sk eree

2]

7he =24, F1oMd # sl wet vk Ve A1

18

225t niZis 2
920 mo) Sgcs)
E3le] 7P what-if) 498 43)

Fig. 5. Bayesian Network Model Using Bayes Server

5 7K RS YIRS W AR Rolth S,

sk
=

KSCE Journal of Civil and Environmental Engineering Research

7o 2 ol

o] At= A&

ougiey,

S UlES1= A4 BRIASS] 01 Alole] gk
Ko 71917} AR wie] 1 Asb) 9
gk b, kI 2 Al
2 o0 Mol =S
BrRIAe] )
5 9] ol EAfse
R o1, 71014} vl gk <a9lel wet s
Jo5 Q] =7 W)ar} 7FssHKim et al., 2019). Z} 21zx1E2]
]

:g

7]1:”.9_

oljgn, 16] ess

EASE



Hazard Vulnerability l:::‘s;;:?ts:
0.93 0.56 0.67
Risk
0.81
rl r2 r3 r4
0.73 0.90 0.45 0.52
(a) Drought risk of past
Hazard Vulnerability lz:?;)a:::'i‘:f
0.93 1.00 0.67
Risk
0.92
rl r2 r3 rd
0.75 0.86 0.45 0.51

(c) Sensitivity analysis for vulnerability

°
B - e
Hazard Vulnerability l}:%s'?;:ri\tsye
1.00 0.56 0.67
Risk
0.86
rl r2 r3 r4
0.74 0.88 0.45 0.52

(b) Sensitivity analysis for hazard

Hazard Vulnerability l}:?:;:?::
0.93 0.56 1.00
Risk
0.76
rl r2 r3 r4
0.92 0.93 0.45 0.52

(d) Sensitivity analysis for response capacity

Fig. 6. Drought Risk Assessment and Sensitivity Analysis for Cheongju-si
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(c) Drought risk of sensitivity analysis for vulnerability
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(d) Drought risk of sensitivity analysis for response capacity

Fig. 7. Sensitivity Analysis for Drought Risk of Impact Factors
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