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ABSTRACT

Climate change has a significant impact on the occurrence of landslides, and as it intensifies, abnormal weather such as cold
waves, heavy snowfall, torrential rains, and typhoons will become more frequent, leading to an increase in disasters. This study
constructed a maximum entropy (MaxEnt) model using geospatial information and meteorological factors (using representative
concentration pathways (RCP) 8.5 and RCP 4.5 scenarios) from landslide occurrence locations from 2010 to 2020 and simulated
the national probability of landslide occurrence per year from 2021 to 2085. A vulnerability assessment was performed considering
the government’s policy and budget, and the possible damage caused by landslides was quantitatively evaluated. The results of the
impact assessment showed that the probability of landslide occurrence based on the RCP 8.5 scenario was 1.8 times higher in the
2030s, 1.7 times higher in the 2050s, and 7.2 times higher in the 2080s than that based on the RCP 4.5 scenario. In addition,
passive and active mitigation, assuming a constant increasing rate of policy budget, showed a difference in reduction of landslide
risk. Applying passive mitigation in the impact and vulnerability assessments reduced the risk of landslides by a minimum of 47.7%
to a maximum of 52.6%. Active mitigation reduced the risk of landslide occurrence from a minimum of 63.6% to a maximum
of 68.4%. The results of this study provide basic data for local governments to determine the priorities of landslide prevention
projects. However, future research should consider landslide damage intensity and the physical limitations in spatialization of the

adaptive capacity considered in the vulnerability evaluation.
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(KFS, 2021). o]47]%-2] thEAQl Fei7t 2ot o
Eoln, JSATE AT AHoM 9 A 1d 5
Shbel AbAbe Aol 3718 SRIsHAtHCha et al.
2018).

A eyt AE 201282 202187k 107
& 2,603 ha®] ARAE}Z} DAYSIAIEHKES, 2021). dE=
L 89(1,271 ha, 48.8%)3} 9Y(644 ha, 24.7%)°] &
Astlon, AFEE= FEAHO12 ha, 35.0%)7 S5
A|¥(677 ha, 26.0%)°l 3|57} HS=H A oA LA
St tiFR] AAtEl= o 5E 9ol o sk A4
Fol At LU At = o EAchHE JSeS
(Heavy rain)t Z3==2] 2= (Intensity)7} AbAFE] TAJof g
< FFS F1 Stk A g A1E B9l 7] gl
E H} QItH(Cha et al., 2018). L 7|FHS}e] o=z
AS27F st on, At 50 mm o HFELH
7} 1990 t] 1123]0f| A4 2000t 1473], 2010 1683]
2 J7FetiTh 2020t FRAHY HE, 71E S4UE
7138S ol AR Awdled, Aukd d= A5
(686.9 mm)Z A 29|, A= F4Ap283Y)= A 1
9] 71553t 3], 201990 g Hoiel 7749] &
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Hwang, 2014; Oh and Park, 2014; Kim et al., 2019). 1o}
7 HAled geld 59 7142 Festel AN of
7 A2 4 Y oA 7 24 2SS Helsie
cjokst A7 R g=o|th(Alidoost and Arefi, 2017,
Ghorbanzadeh et al.,, 2019; Bui et al., 2020). Chen et
al.(2017)2 AbAFE] A 9] AFAA Q] E= AFSIE Q] 2719
3t JEHS EA517] 98] MaxEnt, SVM, ANN 5 37}4]
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grg5fo] moJslint. 3hg AT} Q17to] whe B0
] A B9 7o) &so] AbAtEo] Hif- =2 F
S 7|X= AL ERI519}. Convertino et al.(2013)2
BES] T, AR BAA FFE oF7Iste= AbAHEIof o
S MaxEnto] 7|23t 9 A& &3 FE-31HHAIA
a3 Ajbetqitt. B2 wrgo] Q3 w7, &
EQA 52 At dARE Bd BT FEd Akl
A5 A, A 13 AR 5= 7HA AL BEASEL
o, 45 ISAo] it nS skt 200095
2100704 HE|RE PFE] ol FF ARAE diES
diEsteion, g 2 A4UBAE sk
o] A= HElyg HIHAo] FH} AIZHe] ARALE A&
9] BEE FIAHLEHN 7T {9 ALE] AJH|EH A
A”IO] Al FHAE & U2 AARI

2 AFolA= 2010 FE 2020 7FA] 9] ARAFE EHAY
ARG E A A FFIHHE, ASOS A=, RCP 85
(Business as usual (BAU)) & RCP 4.5(BAU tjH] 4+ &
2HIE A4S AlUE L HolBE 2-85t] 2030 (2026
~2035), 20501 tH(2046 ~2055), 2080 TH(2076 ~ 2085)
o] A F7F 9 FHIBIHE ST AR F7F
Frlo s At(Hazard) 0.2 AALE] AL, =24t
(Exposure) 0.2 YA HA9] AHH-E, TIZH/J(Sensitivity)
o I, FAY, Q4L Bellole} 2L XY W FHH
2 B5}o] MaxEnt RRE 53] Abje) SRR 7
ofsteit. FHeMIHAlE AR Ao 2010dRE
2020W7] SAEE 05 Akl WAL Teiste] Ak
ol QRS ARe AlE B WAL 2Hele
), AHS]-AAA FFo] WgE ARAME 9] siglo] 48
AakS F7sto] Aoz BEASITE EEE AR
FF X FoHdB7F A Sl FF AR ol At
-3 SARIA ] ¢4 23 5 FHH TIE AAlst
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Fig. 2. Climate indices used in this study

2.2.1. 7|1=QIxt
£ AT Sofubete] A B 5

TS A B4 ‘ﬂ#_‘% omo}@‘orﬂ J T 33t
7138 thESH= W49l 71473 E(SDINY 5-9-U452(R80)
£ 7|5 E 43 oPﬁE} TEAeE A F - HS

1 mm oJ39] A& 7=
A= B3 &

e g2 ol Agstl, £
97 7128 do] S AF 80 mm o}k
B7b R o] S AEst A 9 SR g st
2010¥ ~ 2020991 2L TEfste] $Y 717k9] 7| FelRE
REelSchFig, 2). AeARE AT 102480N 45 5
9] HRE ATk SIVAITE4(Automated synoptic
observing system; ASOS)E 539l FE592.™, 1km x 1
kmo] & T'OH”’EE H7F5to] &-2519tH(Tomezak, 1998).
v AR E 1 km x 1 kmQ) F7FAMES] RCP 8.59}F
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Fig. 3. Geospatial indices used in this study

(Down-scaling) SFT} At g WLz = YA Ha)
ol Ax7t S/EU= dFY AR 52 1=
Adorom, MAsd, &9, 859, vAHeE &

sto] &85k ThH(Fig. 3).
2.3. MaxEnt 2%

MaxEnt 282 A& %,] %i bl y_q‘}% o] &3sto] =23
5L ASste 4 do] d5E =3
o]th(Phillips et al., 2006; Elith et al., 2011). S|AEAS

7ldtog o QIE=Zn FHITH(Maximum entropy
approachyS B8 &9 ERE d&siy, @Rt 2F
& dlolHo] A48T &2 OﬂZ s Yepdch
MaxEnt 282 ARAJEjQ} -2 AR o EslE nEo
ORI AL, AbAbe] WAgo] 4 %4 SR Al
7Hgsto] dto] &8 4 doH, IHEH A7 3
E]37 Qlth(Aldersley et al, 2011; Oliveira et al., 2012;
Convertino et al., 2013; Chen et al., 2017; Raso et al.,
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2020; Javidan et al., 2021). AALE] HAYEES R OJ5}H]

AHE BEHSE AAH(PAY RS, EYHSE B
A EAL g% AL, AFAR 5)E E8E 4
SATHEq. 1). Eq. 19] y= AMAES] &4 R/5-E, z—t— ii
s Auigth f)e EFHRY gE

f1(z2) = APATE EAg o)A <] Q}ﬁ‘ﬁ—’? g 9xE, fo( )

£ A SlolAle] SR e WEg ofugi,
SAEl] AL Pr(y=1/2)9] B 20 w2t 2
e, AAe] Y QX RE R ol Abxje W
BB £,(:)2 AA B W4 AE WES S
Uhro] A WASES T 4 Utk A G
7kl AR 0014 17449 SEE E£EH L, 1] 7
% AT PAEEel 1 0] VeSS ol 2

o o

Pr(y=1lz) = f,(z)Prly=1)/f(2) (1)
ool Hdgy FALS ROC (Receiver operating
characteristics) =+412] AUC (Area under the curve)E ©]
&30 1 gl 0.7 ol4 wj YstAo R Bge] e
o] &=t} wetslth(Phillips and Dudik, 2008). o4&l
Hd2 ROC FAo| xFi= HHAL yFHol= 7,
Zol= A3 dAFCE HAH BFoltt 1 dAH
o] AAl A E(False positive rate)> EH|FHA AMA
FAE(True positive rate)2 £0]F= 2|Fo|7] wj&o]
oh 24 23ER I ROC FAf digt d4e S
AbAte| o} S W =ok0] BAE wbeta 9 2 4
F74o] 7hsottt. MaxEnt®t -2 w4led2 EAHS
o ¥h-g 0] IAE Aol A ofstA] ¢k7] wi&oll, A
| HPE2 5348 EAE 21 e +
(Elith et al., 2011). WetA E AFoA= A A
FE AR o] J3F2 v 4 e JIANE ERSte] |
9] 7|EE EA3ItH(Aldersley et al, 2011;
Oliveira et al., 2012; Convertino et al., 2013; Chen et al.,
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2017; Raso et al., 2020; Javidan et al., 2021). FE3L,
MaxEnt HFo|AS] s} TPLELS AthE(2030s,

2050s, 2080s)2 AMAME] F ORI AL &4, BE
el HitS ARgSoF stuz, AbAtEj7E AAZ LAYs)
£ dx9] gFo] MIHA &S 7HsAdol At mrEbA
Adid AE TEo5t7] Yl AR (Very high)ol] wHE

ARE] B §, B dE Baste] ATE £E6
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gom, AAGHoR At AT Aol o
Al Qolu] ekEs AAstect.

2.4, LME] S 2 FOFSHIL HE

B Ao JFH7hs Aot ATMAME] o 715
st2 DS 9T A=, HAFGE7= 7| THSE
S RIZHgel s 718FA] A (Infrastructure) 2} 732 A
T (Policy) 59 23S BFHoE nEg dapa 9
39 THIPCC, 2014).

A t(Hazardy> 7|53} AU 25 B Hl=E A&
T e 7S A 2 Oy, A 5 B3 948
sl Ueht=s ddE 2RIt eZ i (Exposurey 7]
8110 FFE vh= o= Ar=En, FeHg(Vulnerability)
2 71582800 WE JIFS S 5 e B3 LS
2 9t o714 FHekdS wIZH(Sensitivity) T 2858
(Adaptive capacity)2 A3} TS F2 g9 7]
4, AP B0 R AEEY, A8 AE-BAE 8
a0t A QIR HOJt 4= itk AP AG(Risk) 715221
9] o] 4k A 9] TRt A-§5Eo] BF
THE F dEE HofE, AP Y F EEEE
A 919 gros AojHrt

FEAQ1 #eEY] A4S A A ZA 9 ol4akS wrgst
qeg 1t o, AF7 2|9 A “A22} AALE
ol A7 (2018 ~2022)9] 5EZE o4t A5ES H§
stk AFRHO A Algshs A= AR ol A7
(2018 ~2022)° 0|4 B ARAFE] oS 3E AR ARY
H|:= hagd oF 8,1005HIo]H, AFALe mjof B 99k A
Abef EH|= haid F 19] 900Fo] T}, ARAFE] ofHf A}
dS A 3PS AE BEHIE st A==
7|42l hawd 2,8009+lo]ct.
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3.1. AR EEHHIIE 2|8t MaxEnt 2 29|

AL FFE7FE 91 YEREE ASCH EHO
Raster FE|Z 7}2sto] AEsiH, AAJE] YJRARE
CSV FH9] ZRIE HHE JFoHrt B 5 Al F
Q2 i/} e, AHE QARL; At Aol wHad
ROC ZAS A&sIEE AAst9oH, 0~ 14k0]9] 3+
TS =32317] Y8 Logistic ZTHO g &g E HA5}
At ofge, FEA EGHUALE E57] A Hd vy

(Tteration)-2 5,000 0.2 AA5}99 11, Cross-Validation A
Replication 155 1532 A7F5tot.

201049 ~ 202088 A= ARAME A HE FAE 125t
UAES 0852 AAstlon, AR ol = 7 H
- A7 AR L 7SI A A8 § =9
Bt AA AR Y HATE 95% o) dAIstalon, B
Asrgo] WE 9 HAS sHA|(very low (<0.25), low
(<0.45, =0.25), moderate(<0.65, =0.45), high(<0.85, =
0.65), very high(=0.85))2 -5} tHFig. 4(a)). SAX &
oAM= vHlaE FOJ7t $=(AUC: 0.734) 0.2 YERg=
o, &2 A Go|A Edole AXHEIE, A=E 7|He R |
km F7F SFER ROJRE A ARISIS o of2f3t A<
do] & FElE HoH S ERIY & tHFig. 4(b)).
S FEE= 201099 B2 o9 AT AS
= A4t ddiet A7 e ego] 7P E A UEReH, i
Tt =& AAoAE B 9A et

Agwpo] et ¥ 4 A, AR Ay I}
o] £ QIAQI 7oA we} 59Y50] AL HFPo] BAS
Holon, AeAEY 3947 s AR TAo]
ZE0] oAl AE RIS 11w FARe] He- I
4 #°1(100 m ~ 200 m)} ZF=(0° ~20°)0lA FEHAA
L, 158} BAPE w2 AojlA= iAo A2
AbALE] HHAJo] o]FofX] Aol wFgFE|o] et /ol
£ ol HAH T Ea oA AbAte] A3 Ete] A7}
=2 g BT, vl &2 B Zol(0m~ 0.5 mut
- 22 F2 Zol(4 m~4.5 m)ofl A AbALE EAYol I
= 7P ©o] vlA= ZALoR FBAEUk(Fig. 5).

Averige Sansinty va. 1 - ety for L side

(a) Probability of landslide

occurrence from 2010 to 2020

(b) ROC curve (AUC: 0.734)

Fig. 4. Result of landslide occurrence prediction
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Fig. 5. Relationship between Input of MaxEnt model

and landslide occurrence

3.2. 2030s, 2050s, 2080s AtALE} FaFH7t ZAat

A= AP QFE7F A=7F 1 kme] IS ERE &
Olxjo] 4tge] WA o] Fpavad) FHH FES s
A7 2EA 719 A= A A9 6,290,000 ha® A7
sto] 91 S5 HHHE A4S THTable 1).

RCP 8.5 AU @ 7|9t AbALe] JFH7t A, AE 4t
AHel] Y 0] Zpoli= At Bl e}t zpol7} UA|RE, RCP
8.5 7|6t AbALe] WAYEHEo] RCP 4.5 7|8t AbALE] A<t
S5t} 2030 1.84), 2050 TH 1.75), 2080 dATH 7.2}
A ASEHAS AA A71E LB o, A 2
AAH (Very high) o] 0.2 &% HHo] RCP 8.5 7|4t
40| RCP 4594 K} 2,18} =3t}

2030 ATl ARALE] HAY AR o]/H(Very high)o] i
ol A o] 23,817 ha(0.3%)2 7FY =9k H, 2050
Ut 20806t &0 2 Hx} Wzo] £tk RCP 4.5 A
w2 e 7|ut AbAbe] GV Aol uhERA R
2030 o] 13,073 ha(0.2%)E 7F& =9Fil 2050,
2080 T2 22 98 WZo] &9t o]+ ko
A9 RCP AlUHE] @7} 2050W e} 2080 ol 24
FEgol 07 "ol AbAtE 3 AR E FAlC
dojx= ALE woEt JIHE AE ZooA+=
2050 tHel 2080 AT YR ALEoA v =2 T4

Table 1. Area by landslide risk class according to impact assessment results

RCP 8.5 Very low Low Moderate High Very high
20305 2,178,649 1,400,106 1,784,596 902,832 23,817
(34.6%) (22.3%) (28.4%) (14.4%) (0.3%)
20505 3,372,168 1,123,365 1,213,150 569,967 11,350
(53.6%) (17.9%) (19.2%) 9.1%) (0.2%)
20805 2,172,147 1,346,284 1,887,705 874,383 9,481
(34.5%) (21.4%) (30.0%) (13.9%) (0.2%)
Total 7,722,964 3,869,755 4,885,451 2,347,182 44,648
(40.9%) (20.6%) (25.9%) (12.4%) (0.2%)
RCP 4.5 Very low Low Moderate High Very high
2030 2,521,351 1,454,472 1,585,040 716,064 13,073
(40.1%) (23.1%) (25.2%) (11.4%) (0.2%)
20508 4,524,645 626,900 719,949 411,948 6,558
(71.9%) (10.0%) (11.5%) (6.5%) (0.1%)
20805 5,520,156 389,791 294,203 84,529 1,321
(87.8%) (6.2%) (4.7%) (1.3%) (<0.1%)
Total 12,566,152 2,471,163 2,599,192 1,212,541 20,952
(66.6%) (13.1%) (13.8%) (6.4%) (0.1%)

(Unit of area = ha)
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3.3. 2030s, 2050s, 2080s AtAFEH X kD7t

1}

AbAFEf Ol gt 2352 (Adaptive capacity) 2= 11
Qb AMAFR oA, AR H AR, S E A AN,
SHRHARIALY, AlFEAANE, APTE A AR £
H-E Ee= HAS B3 4 A=EE SIS o
FB7E AR AbALE A A A= 0FE 1744
At H85EY HLE o] AAtE A AAH
o] XAEE AU E FHEAHH7IE FFskth 2021
WZ 7|€o & A oo FIEe FA A4t
2(9F 2,8009)9] #EE 52 ASHPassive mitigation) =,
“A22; APAFECRY 71T (2018 ~ 2022)79] SHTE ARAHE]
A G4t FSE(1.344)2 28t =] WEE HF4]
ASH Active mitigation)Z 7 95} THKFS, 2017).

Q7L Aol 454 AE Mg A7 Ao
47.7%N A ) 52.6% FEOE AbALE] A 9ol
Aottt 54 A A-83 AT 4 63.6%14 2
o 68.4%714] AbAFE] 2 9iglo] a4 Qe Ao
B 5] TH(Table 2). RCP 8.5 A|U+e]2.9] 20309 tfofl =
Ao, AdrolA At dAgEo| 71 +=11, 4
7], A= APEH o ® w2 X[Ho| EASHAIT, A=
s AR Yol ol 53] A=, B71, B¥
T A9Q] Yol AFZH o7 Folt: AL EUsH
2050 toll= AR Aepd, BAEEol ARALE
HggkEo] Eton, A7) g0l 2030d ] H]
3 =0} FeIstqt) 2080t Agds, AT L
of F7HH o8 FolehE Wt AR HAYSREC] EU%S
o, 435 5 AAF o R LA TAYEEC] WolA|
=8 53] £d2 SHOE &80 E0t= BFE &

]IsHitH(Fig. 6, 7).

Table 2. Landslide occurrence area based on
vulnerability assessment scenario

C Impact Passive Active
D assessment mitigation mitigation
23,817 11,485 7,596
2030s
RCP Q) (¥51.8%) (¥68.1%)
8.5 11,350 5,380 3,590
2050s
) (952.6%) (¥68.4%)
9,481 4,958 3,452
2080s
) (V47.7%) (¥63.6%)
C Impact Passive Active
D assessment mitigation mitigation
13,074 6,260 4,510
2030s
RCP ) (¥52.1%) (¥65.5%)
4.5 6,558 3212 2,148
2050s
) (¥51.0%) (V67.2%)
1,321 680 456
2080s
) (V48.5%) (¥65.5%)

* D: decade, C: category (Unit of area = ha)

Table 3. Expected revenue from landslide prevention
considering restoration cost

C Impact Passive Active

D assessment mitigation mitigation
RCP | 2030s 666,876 321,580 212,688
83 2050s 317,800 150,640 100,520
2080s 265,468 138,824 96,656
C Impact Passive Active

D assessment mitigation mitigation
RCP | 2030s 366,072 175,280 126,280
4 2050s 183,624 89,936 60,144
2080s 36,988 19,040 12,768

* D: decade, C: category (Unit = million won)

RCP 8.5 @ 4.5 AU Qo)X 9 JFF7t, %5
3}, =4 &43lo] wet 7|t 9 Adolstth
Bl 7S AR B oA EA o Foko] 4
A3}, AAbe 3 A Go] gt FEE ST
a7t Zradhe %S FRAsHTH(Table 3). AFAFE]
d d AFof i) A AFAE Fstd 2030 ol

4o

ol

FU r—|-4
>
I do i pok oxt rle

o
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Fig. 6. Landslide vulnerability assessment results with mitigation levels under RCP 8.5 scenario
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Alurg] Qo] w24 1,260 oA [l 6,6699] 42
A4S YA 5= Qe 2050 tofl= F A& 6009 oA
Ao 3,1789 ¢, 2080 oll= XA 128 oA F|tf
2,655999] £AE WA 4= Utk o= utollA] A
AFE AP Aol 85 = W01 2018L4 2022'd et
i oF 3,360 el A T gt Y| oA
O] AbAtefollH AFYS T, *LWEH TS A5}
of A4t A APHE a3t & SIS AARIH
(KFS, 2017). 2030 o] ®]s] 2050Wth ¥ 2080 th]
7|t 4=2]o] AL o|-f= AbAte} AYEEo] ml o] 4
ol AAH o2 Hadh] e Ao g I3l 514
9k, FF AR gt o] tigt A& 52 A7 7t
Aoz Hfr|o] AbALE] oA A SARYS A=
Zlo] "astH, v 7|9 FA/4 599 JF 5 AHAL
HE 8T 5 Sl RS FHH & Esfof gt

4. 28

715 st Q% ol 7| & St IFE F
9] &7t S7kekal guhr|zto] sofus 5 AR
of Fergt 7|Fx o= Wil vt 52 FE 9 4
NBAHE SR HA MY EARFEO] A S =W, 4t
AR A 5 ARAHE wls) -2 A o ik AP ol
3= 735l2 AR YE 451 RV AR S & ARA}
B JEAA =gtz A -Ajituls) 2407t g st
A7 ML 715 Hste] €19l 7] 24S WAHA
QITHEE Bt o} AR Yo o 7| FwE
g =8I 71T} A2l e g utstol 4714 o)
Agsteick. ulg RCP 7] 5Hsl Autele. Aaet A
BHHEE HHgsto] MaxEnt 7|HF AMAME @S 5
5 2021476 2085d7HA] A A= AR HAYgGES

wojsiglon, Aol A AFsHe AbALE AR ALY 4
HE &-8sto] 7S sk RCP 8.5 7|4t
AHAHE] A ERE o] RCP 4.5 78F AbAbe] A SEH T
2.18) A E44 A& v]FojHo} FJRoJA= 7|FH3}
A Qo) weh ke ouhg 9% ot deg ¥
BR7E ek Hepgol 7Y Bul AbAbe wael A
A% E4g BojFu, molg ATt AL oYl
o, T REY, A4sRY SR PEAA Y P2
+9), 6AHAHEIIS AR Alg R AR 9)71F H ]
g 59 F=ol wet A oS 9 o flgt FE A
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