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ABSTRACT

Scientific, evidence-based vulnerability assessments are vital for predicting and mitigating the climate change risks poses
to national systems. This study proposes a climate change vulnerability assessment method by combining a process-based
model and machine learning, using nutrient runoff vulnerability in agricultural land as an example. A training dataset was
generated using the process-based model APEX (Agricultural Policy and Environmental eXtender) to train a nonlinear
regression machine learning model. The trained nonlinear regression model accurately replicated the APEX results, with an
R? value of 0.53 for nitrogen in paddy, and 0.72 for nitrogen and 0.71 for phosphorus in upland. This model was then
applied to quantify nitrogen and phosphorus discharge at the si (city) and gun (county) levels. The results for each indicator
were normalized, and weights were assigned using the Analytic Hierarchy Process (AHP). Vulnerability assessments were
then conducted for mid-term (2041 ~2070) and long-term (2071 ~2100) future scenarios, and compared with the baseline
period (1981 ~2010). The results showed that the average nutrient discharge vulnerability score for si and gun units was
31.4 in the baseline period, with a minimum of 0.6 and a maximum of 70.0. Under the SSP5-8.5 scenario, the average
score increased to 43.6 in the mid-term future and 54.7 in the long-term future. However, when scenarios of compliance
with standard fertilization rates for paddy and a 20% reduction in fertilization rates for upland were applied, the average
score dropped to 33.3 in the mid-term future and 44.5 in the long-term future. These results highlight potential policy
measures to mitigate the increasing vulnerability due to climate change in the agricultural sector and provide a rapid

reference for policymakers when designing effective adaptation strategies.
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AgEsE st Apeusiel ollre A AAH
o5 =, &7, A3, BA 5 AAA =AE oF]s
7 3loH oleie BAL 1M} A4HeE A5
7FsAlo] tf(Carleton and Hsiang, 2016; Delpla et al.,
2009; Grimm et al., 2013). WahA 71EH5}o] 9IS AF
Aol dl&star tiulsty] gt HekH 2A 7)vke] It
Zasit

A3} Fok4 Bl B4 Aol Alzdo] 7%
WS QIo) We & ok AN oS Asele
HOoZ [PCC (Intergovernmental Panel on Climate
Changey 7|55} F|ob4 %718 7o 48 Hee
whig A Asha UTHIPCC, 2014). FHY 74
ol @3t o7 AT, tfEES] AFoA ofH A
2do] 7|5Hislo] LB HAE W WEs Hg 5
< H7botal lom ol Wik A ARG Ak
A9 WollA] 71 5ust A Aok Salin S8
HE A Z3HH(Smit and Wandel, 2006). 74 Foj| A= of
2| ¥H<(Proxy variables)E &-2olo] X|9E 7|5 =", &
ARE H A7t AERARE 7R St 7|9 R F
OF4 7} T, VESTAP (Vulnerability Estimation
Support Tool for Adaptation Planning)< 7H&slo] 2| oH
/1% dolelg sleo g HoPE WAL AAAe 4
S W 5L AYSE © BT UTHON et al.
2016).

, ol4Alel dfelist B0l JRsala Btekn
Al ot Hidate] Jeak-go] getsfof shu =2 5414
Agolt HEAS oo wet AYHoR Meshe
EA7F JohKim et al., 2013). wabA] 2H4-E 8351
WAL Fek 27k BeeA gom wa 75Uy
gHel Ane] H3ol oY 71Hart B ol 1
A B JFE F2e DY 2 iAol o
THGiupponi et al., 2013). 0]& FES}7] Yo FAR &
X (PCA, Principal Component Analysis) ¥ THHZF H
2 5o weg S o] AXFAL. ofe
Al 7192 7|1F 85k teFet 3915S EAok, A
A7t & HPEE £E510] U Jugt 37 7Hsst
7| S}(Cai et al., 2011; Zhang et al., 2022). 124 o]
e S 719et € aRlo] Bt ol miX= &9
Qe YHHo WA Eale BAV Sk

A 714 2 (Process-Based Models)2 7% % 3173
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[Rlo] Aladle| mA= B84 IFS HustA Bt
e ol ole REL HUAT} HeEo]
Foagote HAS EFoR HAle] wiEe] idt
Ao AFE 2 AIE AFTT}(Bindi et al., 2015).

FEFH7L 71FHEE FHoAY =& 9 HS 7I& Bl
-85 Qi th(Bazrkar et al., 2023; Eitzinger et al., 2017;
Nandan et al., 2021). 184 o]gst B EL =27} XA}
A wgle) BA BAolA Qo] AR 4 9 &
Foz Z7leh] uiel 2ok Blo] &8sl of2
2ol 9Ict.

7| Al8t5(Machine Learning) 22 Hi+ti HOJEHE
w2 Azlshn BUe T8 BASE o 585
o I mP vEe TS AUS e | w
9]& 4~ Qti(Leng and Hall, 2020; Liakos et al., 2018).
wehA] 7\ Ak mRe Fl st o ool Qo] 3}
g718F ©g 9] dijto]l & 4 Aot 12y 7 AskE 23
o s&g Yat 2R HolEsl §e U et 7}y
(Overfitting) =A|, 71FHstet 22 =3¢ 7|F2700
st HI7MA] Sk @)4F @ F(Extrapolation error), ©]
& Fasb] gt old A1F 2NN BS doleE
gEsH] AHAY E7FsS 241 5 A7 Ak (Bhouri
et al.,, 2023; Liu et al., 2023; Sidhu et al., 2023).

webd 2 QT 7)Fst Aok Wt whie R B
718k H@at 7| AShs Y-S QAT 2R 584 2
%2 204 W} EES AKRA S ol 9
Sto SSP AUz R9] &g, ¥A7HE RFPQl APEX
(Agricultural Policy and Environmental eXtender) 232
Z-83t shaHlolE A4, 71AIsks EEl HA AR
(non-linear regression model)2 &3+ I 7|0t 1y &t
%, W7k AE) TS 9 1A 4L B AE w9
SBA FEFE FE 97 23 =& Yol B o
=33 shoict.
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2.1. 7|28=t AlLE|L

2 A= 7IFHIE AUEe=EA CMIP6
(Coupled Model Intercomparison Project Phase 6)E& %5
A| 3%+ SSPs (Shared Sociopeconomic Pathways) A|L}
2] 2.9 GCM (General Circulation Model)& 1 km ZAZ
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Table 1 Lists of General Circulation Models (GCMs) used in the study (Hur et al., 2023)
. . Resolution
Name of GCMs Modelling center (Nation) .
(Pixels)
GFDL-ESM4 Geophysical Fluid Dynamics Laboratory (USA) 360x180
MRI-ESM2-0 Meteorological Research Institute (Japan) 320x160
MIROCS6 Japan Agency for Marine-Earth Science and Technology/Atmosphere and Ocean 256x128
Research Institute/National Institute for Environmental Studies/RIKEN Center for
MIROC-ES2L Computational Science (Japan) 144x96
CNRM-CM6-1 . . 24572 grids distributed
Centre National de Recherches Meteorologiques (France) . .
CNRM-ESM2-1 over 128 latitude circles
IPSL-CM6A-LR Institute Pierre-Simon Laplace (France) 144x143
MPI-ESM1-2-HR 384x192
Planck Institute for Meteorology (Germany)
MPI-ESM1-2-LR 192x96
UKESMI1-0-LL Met Office Hadley Centre (UK) 192x144
Commonwealth Scientific and Industrial Research Organization, Australian
ACCESS-CM2 . . . . 192x144
Research Council Centre of Excellence for Climate System Science (Australia)
ACCESS-ESM1-5 Commonwealth Scientific and Industrial Research Organization (Australia) 192x145
CanESMS5 Canadian Centre for Climate Modelling and Analysis (Canada) 128x64
INM-CM4-8 180%120
Institute for Numerical Mathematics (Russia)
INM-CMS5-0 180x120
NorESM2-LM NorESM Climate modeling Consortium consisting of CICERO (Norway) 144%96
KACE-1-0-G National Institute of Meteorological Sciences (South Korea) 288x144
EC-Earth3 EC-Earth-Consortium 320%x160
A4 gAs AR AL 71 5Hs} AuEe @S ARSI APEX BES 54 2 489 710
+= SSP1-2.6, SSP2-4.5, SSP3-7.0, SSP5-8.5 4&0|H 67} SAAF tiste] 5 EEo] EY E & A9 u|A]
NFAEL AL, B5F, QAR ARG, B = JFL B8] o) LR BYolth APEX 2FL
AR 200G B5 S 1579 GOMCA G5 A%, =9 71, F2 BE A 42 2T 9U 5ol 808
04 712 HEARREE YA 1km AR 7|EA =S AFste] A, Bla AR, BN, AeAE 9 &4 3
O}OE] Simple Quantile MappingC & HOJH A3t A7 2327 H(BMPs: Best Management Practices) 5 574
(ur et ol 20092 SPoleich, 18T GOM BES o PeRSE +Ykn FAAFE WAL 1 A48T
Table 13} Zro g o= ¥ 7|SAYA=IR S Hel 4> QItH(Gassman et al., 2010).
AJo et al, 2023), T =37 AH(Kim et al., M, 7] APEX v1501 (20154 1Y HZ)o&= APEX

2024)0] A8 9k,
2.2, Y|Ht BY Y A BY

2.2.1. APEX (Agricultural Policy and Environmental
eXtender) 28

2 AFolM e =1 T FERGES BIFs] SR &
A7HE P 0 24 APEX v1501 (2013 11¥ ¥A)

Hgo = AuiedS ®oJsk= 7lso] BAEA &%
U 2= a}et A3} Texas A&M AgriLife Research?} &
507 /st = Aty %] 71%(Choi et al.,, 2017)&
20199 19 HARE AR 4= A =HUATh APEX 23

oA == HXSH=S HA5tH {& W40l SCS-CN
H(Kent, 1972)°4 & FA]°] o3t FE2 HAIAHY =
5ol W2 & 39 A, B I 9T EFRA IA,
EH Eo] Ao g Y=o A% % o|f, Yol T
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i 52 WOl 4= YTH(Choi et al, 2017).
2 AToIAE HRATIN APEL TS dolES
ez AT BRS A8elS) = A §30) ool
of ol4, A A% wo|He] BEARE o YT
23 (Choi et al., 2017)S AFEstgom o] A4 o9 9]
fr=ol disto] & SdsdTTd FA E(13%) S5
RS Al AP EZGN A BESARE 7|V E FA
3 B8 (Lee et al, 2024y AF&3}STE Choi et al. (2017)
O] AFofA = Aa G0l tiste] APEX R E 9] 52
Moriasi et al. (2015)%] 2@ A5 7]&0] wet Satisfactory
~Very good4=Z0 2 H7IE]QIT) Lee et al. (2024)9] A
oA APEX Ty o A @ Ql FZEof st
Satisfactory ~ Good?] 4502 H7IE At

222 7AstE 2¥

2 AolA= 71ASs BY o 24 ArdrEy 5 of
wel vy 3 2P FE5Hoth eksol AHEE A
E& APEX E3PZ &-8oto] 7|FHI} AU, FAME,
H| g AN A3 &9 =59 Z23gs 7INe s 4
AEQleh 7|3 He AU o= HF SN ESA A
Hof| gt 19819 %: ~2100W =9 ARE ARESIHOH
A3 T FAE H9= 0~45%°|H = FA FAFO

oge - g¥5 - MY

Total

Vulnerability
of Nutrient
Discharge from
Agricultural land

Discharge by
Region

Discharge per
Unit Area

- ojEIR -

0|52 - OIF

2

WOl (~300kg/ha, ¥ A EYTEO HYL 0~600
kg/ha, 9 B0l M= 0~300 kg/ha®ich 4 W
oF A3} ¥ 2k9] v A TATE S sl
Ag 3l =g 4l HAg 3 2, 59 Uy 39

e At

2.3. 7|30 M2 53X SERE FLYYH LY

(T-P, Total Phosphorus)©.2 FFEHT} o] & 7| S H3}o]
2 Q3g dasin ASdAe Suabrl il B
of &9 FUOIN NEAE X8 Bast Atk
EG AT Hot AR F 2ol Aololm
73] APgo] Basich. ofd AIZe 4A7H AR
PReAA F Bl ol BeEAT FE gl
Zloke 5 Lot the Aol Hla) 44 o] Zof B
Sleor o kel & Rele Hg & ol vRold,
wpeba] 9] W8-S F35to] 20219%0] AHP (Analytic
Hierarchy Process) AEZANE 9519t} Fig. 13} 70|

Nitrogen discharge
from paddy

Nitrogen discharge
from upland

Phosphorus discharge
from upland

Nitrogen discharge
from paddy

Nitrogen discharge
from upland

Phosphorus discharge

from upland

Fig. 1. AHP sturcture for survey on indicator weighting. In 2021, a survey was conducted among 30 experts
related to the keywords climate change, agricultural water, and non—point source pollution from

institutions and academia
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FEL LR E EL R ES R DIEC R
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6% Py Wle WA BH, AEo] B 4
Mol %, AHP HEZAYS] e ZFohert
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BAAREE $&
o] W97t 2 Aol Haltt o] F e
L g AR7L 3 E E 97 ok wety 74 A%
0~100 Apo]9f gro2 4 () Zo] HFatstaith.
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AA Y] FERFE AR L Ve AR L Ve
= AR FRgholtt.

2.3.3. A=ZHH 58X & Flotd Bt

1o O

Ih]

o
°

ok 17to] AJ7HA W9l SSP AlueE] 0] kA Ad
7171850 ~2014)3 w] )& 717K2015~2100) 2f5}
o] 7]&Wd % (historical, 1981 ~2010), < ]2} (short-term,

HI

Y= At

[
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2011 ~2040d), %7+ u]2(mid-term, 2041 ~ 2070d), T 1]
Z(long-term, 2071 ~2100¥H & 7G5t 7+ 7170, A
AAE Fokg B7E Aaks FHoHd Aol 7HEAE Folst

of T} ol ARgsklth
Vidnerability = Y, VS, x W, 2)

A7 A, Vulnerability= F2Fd, W= FIH3 A= 9
7Fs Ao

Al SZA FERE FHY B7HE AT 712 A&
EEA GHATG HE AMEE, EXTE, AP (FHAE)
ARE TSI HlE AMEH AR EsdTerd
oA = @Y= FARE BlE AR AE A AR (NAS,
2021)9] HatghS AMESHATH(Table 2). 544 = &3+
oA ZA3E 1:25000 FEF EXTEL (ME, 2018)25
B 30m x 30 m S| EE FESUT AR FEA
JHRLoA F=3 5m ALY DEM (Digital
Elevation Model) (NGII, 2021)& AM&3F90om™ QGIS
v3.28.105 ©0]83}9] 30m x 30m SPAEE AAALHY
(upscaling) & BAE A=F A/t sHAE FAHE
£ FE50h

Al B4 AAe SEXFTH Al FAZ(MOLIT,
2023)8 7o E HE AlLHHE FF5HH QGIS
v3.28.100 % ATt BALEE HIFORE 7 SHA(=D)
Axpieh 45 Fojstalt. AR &4 7] A3} A

Table 2. Fertilization rate per unit area by Do (province) based on fertilizer usage survey data (NAS, 2021) (total
nitrogen and phosphorus content in chemical and organic fertilizers, Unit: kg/10a)

Paddy Upland
Province
Nitrogen Phosphorus Nitrogen Phosphorus

Gyeonggi-do 11.1 2.05 27.3 9.46
Gangwon-do 27.7 4.50 49.7 12.97
Chungcheongbuk-do 17.0 3.14 39.1 10.70
Chungcheongnam-do 14.5 2.23 46.0 17.00
Jeollabuk-do 11.8 3.10 57.0 20.25
Jeollanam-do 13.4 2.92 57.8 18.60
Gyeongsangbuk-do 12.6 2.05 46.8 12.50
Gyeongsangnam-do 15.2 4.54 47.8 17.16
Average 15.4 3.07 46.4 14.83
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UZle AR ¥g, & FE, Al FE, AR B4 QN,yyq, = 1274 7T,,,,, +1.64 x 10 > PRCP +
g AR2EHE FHEAY BAE QT Hlo|EE &390 1.72 x 1071720 + 1.66 FertN — 17.9
o golE 9] T2 £017] f8) &2 &84S 7 A= (3a)
£ F1 89 479 A 32 FUHek gEkA S
FoE B7HE A%t Holy 42 71%RS AlUEe A QN yiung = —2:26 X 10 *PRCP + 2.17x 10" ° PRCP* +
AT, & FC, AZ FE, AL, AQeE A5 97.6 SLP —60.4 SLP® + 4.72 x
- >
(}aq 10 “FertN —9.81
g3 AP 5737 $43R0 NAY 97 23L (35)
Agoto] WA 7 A, Ql fEFE AsHloH
Az} S 0] 85le] A|FE el ofH oz Zek zhul QP e = — 125X 10 *PRCP+9.89 x 10 ° PRCP* +
A G FEFRAE 7 B4 A8 Akl 244 SLP ~166 SLP? + 2.47 x
10 ~ FertP—6.85
AP A= Al HgT HRgE o8-St At Go)
C
stelom A #E 7HSAE 485t AME dERE F
OFkA] A~ AME XL g F=0 Figc. 2).
o wmT == ] Eo}c}aq( '8 ) 0:]7]/‘15 QN[)addy’ QNuPland’ QPuﬁlandJE ZJ'—Z]— J:‘E XE]‘/]\"’ E]—J-.
2] v} 0] O.xak KX L2 714 ~
3.z U A da, & QA §E%(kegha)S, 47,2 712851981
= 2010) 9 71 tiy] A Bt 71 AHC), PRCPE= <
A o o]Alo] 7}o ol
3.1, HME 3|7 DO &4 I U M= T} = (mm), 720 20 mm oAl A (day), SLP

oY 99 29 oy dit = 4
9 9l fEo] Bkl chet B

= 53A BAANE(%), FertNS AAN) vz AMSH
oZzer W A (kg/ha), FertP= QI(P) H|&E AM&F(kg/ha)S 2u|sict.
ezmg, AR A9, GREQ 422 989 14Y 39
Bo] APEX 3L AP H2L Fig. 33 2t}

' ~
Creation of attribute data
for paddy/upland point Fertilization
Rate
¥

g | |1+ Dolp code

Administrative

boundary code

assignment to . Nonlinear Weighti

paddy/upland point L1 Si(city)/Gun(county) regression ghting
code el factor
' ) l I
T ’ 2 | e Climate number Creation of a Nutrient
- Discharge Vulnerability
Making Thiessen Code assignment in Map for Agriculture
network using climate paddy/upland point
change scenario grid
\_ (1 km} paint and code y.
— Slope
' 3
index
. / normalization
3
£ i Count
- = - -
Making slope map Attribute assignment . .
ing DEM to paddy/upland point ntegration of Data with the

\ — i — J Same Attributes

Fig. 2. Process for assessing nutrient discharge vulnerability in agriculture under climate change. Key variables
include climate change scenarios, slope, and fertilization rates. Vulnerability scores for each

si(city)/gun(county) were
WebGIS.

calculated using a nonlinear regression model and visualized through
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Fig. 3. Results of reproducibility evaluation of the APEX model using nonlinear regression model. The non-linear
model explains (a) 53% of the variability in paddy nitrogen discharge, (b) 72% of the variability in upland
nitrogen discharge, and (c) 71% of the variability in upland phosphorus discharge of the APEX model
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G302 Unit Area
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from upland from upland
0.167 0.140

0.1

A0 -

|

Nitrogen discharge S
from upland
0.087

Phosphorus discharge
from upland

0.269
Total
Dlsc_harge n Nitrogen discharge
S|/Gun from paddy

0.129
* Si (City) and Gun (County)

Fig. 4. AHP survey-based indicator weight calculation results. At Level 1, the discharge per unit area was
0.617, and the total si (city) / gun (county) discharge was 0.383. According to the weights at Level
2, phosphorus discharge per unit area in uplands had the highest weight 0.269

Table 3. Changes in nutrient discharge vulnerability scores for agricultural land under SSPs (Shared
Socioeconomic Pathways) climate change scenarios and the top and bottom 3 si (city) / gun (county)

by score
. Historical .
Period Mid-term (2041 ~2070) Long-term (2071 ~2100)
(1981 ~2010)
Scenario - SSP1 SSP2 SSP3 SSP5 SSP1 SSP2 SSP3 SSP5
Average score 31.5 41.8 40.9 40.6 43.6 42.3 45.0 48.1 54.7
Maximum
70.0 96.5 95.6 96.3 101.9 96.4 103.4 118.2 138.2
score
Minimum
0.6 5.6 5.1 4.9 6.8 6.7 7.5 8.1 11.7
score
Haenam Haenam Haenam Haenam Haenam Haenam Haenam Haenam Haenam
Top 3
./p Boseong Gangjin Gangjin Gangjin Gangjin Gangjin Gangjin Gangjin Gangjin
si/gun
Suncheon Gwangyang | Gwangyang | Gwangyang | Gwangyang | Gwangyang | Boseong | Gwangyang | Gwangyang
Osan Osan Osan Osan Osan Osan Osan Osan Osan
Bottom 3
y Suwon Suwon Suwon Suwon Suwon Suwon Suwon Suwon Suwon
si/gun
Guri Guri Guri Guri Guri Guri Guri Guri Guri
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FEFE FAFY A5 B 314, F3 0.6, HAgE
70.0 o2 YERTh
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