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ABSTRACT

Extreme climatic events have increased in frequency and intensity over tha last decades due to global warming.
Our study evaluates spatial distribution of changes in climate extreme indices on the Korean Peninsula by
downscaled high-resolution data based on an empirical quantile mapping technique and 29 global climate models.
Grid-based observation data with 3.0 km resolution derived from weather stations with data covering 30 years from
1976 to 2005 using a modified PRISM approach were used as reference data for bias-correction. Future projections
until 2100 based on two Representative Concentration Pathway (RCP) scenarios of CMIP5 were considered for the
variables of daily precipitation, minimum temperature, and maximum temperature. We finally estimated spatial
changes in climate extreme indices at 3.0 km resolution. The reproducibility assessment of simple precipitation
intensity index (SDII) and annual total precipitation in wet days (PRCPTOT) showed applicability of techniques for
downscaling, with the biggest difference of 2.66% and 1.91%, respectively, compared to the observation. The annual
maximum 5-day precipitation (Rx5day) and annual maximum value of maximum temperature (TXx) showed
highest increase rate under the far future period and RCP8.5 scenario. The derived spatial distribution of climate
extreme indices based on a multi-model ensemble can contribute to vulnerability assessment at a national scale by
reducing uncertainties caused by selecting a specific climate model.
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t}. 7| &3t s AEZE F A (Intergovernmental Panel
on Climate Change, IPCC)of|A+= 7| SHAS}o)| w2 ) Ak
2 ¢JolA dF5=7= (Representative Concentration Pathway,
RCP) AU 25 2-§-5to] 210087042 nlef 7|95 =9
3l ol& wiEeR 52 HrIRA] (Fifth Assessment
Report, ARS)E A|A5}T) (IPCC, 2013).

=i 71588k A ol QoAM= TsHA ZAE
shush7] 9J8) IPCC ARSO] Se-59lel Zskmaliysu]ma}
€ (Coupled Model Intercomparison Project Phase 5, CMIP5)
O] 7133} Avte| e ulE Ay AARE ARt gtk 92
et 710l A= 2011dRE = 713t S Atet
HadGEM2-AO R3S &-835flo] CMIPSE E3f] AR 52
of nle) A ARE B 9k olF HiFOR ofed
APl B E AAH BEE oS Ao R S 125 km
sia=e] Apish Ao} ol% th §414 7%el PRIDE
(PRIsm based Downscaling Estimation Model)o] Z-8-5}¢]
1.0 km SF=0] HRHA|HE e R Sl =7} 7|5 S}
AU LS Ak Atk (NIMR, 2011). HRPSA] A
2l W 24 B2 /| FARS olgstel Asky] A
2tme] B 7| e AEsha, AojrlEmele] 1 |
7t (historical) 2 ml2} 7|7+0] 7| $ALRE st TS A}
2o 5Ug s == Hekslelt)h A 7| S rdEoA =
A 717He] A9 715 3 7o = v 7|l gt o
e HEe At s AXE #5715 ke
At ol FIA AR AlFeAE EAR (KMA,
2015). Z12fu}, PRIDE 29kE o] 83F WA Atme Ao
91 715 groll gt BAE ool RANE 7w jiehd Nl
o PHATl HALE J1eER] oo} Zhe- et W V1% gk
oAl B™SI}F F AfolE HAITh (KMA, 2015).

AR E (Global Climate Model, GCM)-& ©]-83}o] A
AREl A= 0] EeHAo] w2 S 1 u, nie A A
7o A=Y FHE 95 teRFGEE (Multi-Model
Ensemble, MME)& 263 2177} clafet 2ofollx] o] 11
3J=] @it} (Xu and Xu, 2012; Cho et al.,, 2015; Choi et al.,
2018a; 2018b; Noor et al., 2019; Rahimi et al., 2019). T2}
75ish AlLke] 2ol et MME 252 of 2] Hofe] 23
A Lglo] Z8sh7] 984 200~300 km GCM s =s
2Fyetol A AREEF =S HO|R A (Bias Correction, BC)
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< xgsl= AAE (Downscaling, DS) 7|5S& o|-g3flof 3t
th ¥R $-2juetol| 4= Spatial Disaggregation and Quantile
Delta Mapping (SDQDM)1} Simple Quantile Mapping
(SQM) 9] BAZ WS ol&sto 607 FH7 iS4
(Automated Surface Observing System, ASOS)E TjAlo &2
HOHAE njef A A=E BARE F 23 AU S
2 71A ARESAL )t} (Cho et al., 2018a; Eum and Cannon,

TSkl Qlof olef TlH SV SA e 55 E-83t v
7} " Qa3}t} (Joh et al, 2012; Kim et al., 2018; KMA, 2019).
- 9Jof| A} STARDEX (EU, 2005; Kim et al., 2008; Kim
and Kim, 2009; Kim et al., 2011; Jeung et al., 2013;
Raghavan et al., 2017) & ETCCDI (Klein Tank et al., 2009;
Kim et al., 2013; Song et al., 2013; Kang et al., 2014; Kim
et al., 2015; Eum and Cannon, 2017; Cho et al., 2018a; Jung
et al., 2018; Yin and Sun, 2018; Kim et al., 2019)5 &-83}
FENFAS A7t aEo] Sk

B} 7| R AU R A5 WS AR F

o

57 RCM (Regional Climate Model)o] tjjgt X}2& 1.0 km
W R AlFetal JANE el Aol AA| ApRo] 4
ShE R27F 2 WS AreskA] XSl whebA & At
olA= CMIPso|A Algshe thsidol AHmo] +2] 2H&
V25 T HOEAT FHAR1 IS S A A
Al 3.0 km S 0] A7 |E AFRE Egste] =374
TE AEsta Seuete] n ®isdS EAlskaat gtk

2.1 2= X7

FAA 7IHE o83t AXHt 7|33k AluE] e AA
3} A=E AR $eiMe 2ERes AikE AakEa)
FYUSH FHREE 7= AXE T 227t sl
EAZ RALS 95| Fadt BEAo g 607] ASOS A
o] = A=t 1k, AL & Ffote 2 REIY] AR 5o A



Eum, 2015). 941 Improved GIS-based Regression Model
(IGISRM)-2 PRISM (Parameter-clevation Relationships on
Independent Slopes Model) 7]5¥9] st AA daej=
2 WHE HROE W G PO 3.0 km SAES)

LE2Y 2 AXP[E CMIPS 7|3t AL dAMEt XI=E 0183 Selv |2 X|s- H

=
[

i
1z

125

&= IGISRM 7|Hell 2J3)) fAIgkS 2ashe =gto] 2y
L ZAZ}o) ste] = AA} FJEE IDW (Inverse distance
weighting) HZPH O 2 A=31 © tiAsh= FA4 4] &

25 717 AR Azolck

AL9) 24} 71 FARE YAshet] B (Bum et al,

2018). IGISRM 7|# o2 APake A= ARy 3]7)4] Ui
o] E/do ofa ghitmoflA] Wgsk= 7199 YARS 20t
Sh= Fgko] WSl 2 ¢dto]l AR8-E IDW-IGISRM A}

2.2 7|=HE AUER Xtz H SAHAH LAME

el 7] Rish A ApEs= Table 19419} Zo] AR5l &
45 CMIP5 212 5 607l ASOS A}2E SQM 7|He = A

Table 1. Bias corrected and downscaled CMIP5 Global Climate Models (GCMs)

No GCMs Resolution (degree) Institution
1 BCC-CSMI-1 2.813x2.791 . . . L
Beijing Climate Center, China Meteorological Administration
2 BCC-CSM1-1-m 1.125x1.122
3 CanESM2 2.813%2.791 Canadian Centre for Climate Modelling and Analysis
4 CCSM4 1.250%0.942
5 CESM1-BGC 1.250%0.942 National Center for Atmospheric Research
6 CESM1-CAM5 1.250x0.942
7 CMCC-CM 0.750x0.748 . . R
Centro Euro-Mediterraneo per I Cambiamenti Climatici
8 CMCC-CMS 1.875x1.865
9 CNRM-CMS5 1.406x1.401 Centre National de Recherches Meteorologiques
Commonwealth Scientific and Industrial Research Organisation in collaboration
10 CSIRO-Mk3-6-0 18751875 with the Queensland Climate Change Centre of Excellence
1 FGOALS-2 5 81253 LA.SG, Institl}te of Atmospheric Physics, Chinese Academy of Sciences; and CESS,
Tsinghua University
12 FGOALS-s2 2.813x1.659 LASG, Institute of Atmospheric Physics, Chinese Academy of Sciences
13 GFDL-CM3 2.5%2
14 GFDL-ESM2G 2.500%2.023 Geophysical Fluid Dynamics Laboratory
15 GFDL-ESM2M 2.500%2.023
16 HadGEM2-AO 1.875%1.250
17 HadGEM2-CC 1.875%1.250 Met Office Hadley Centre
18 HadGEM2-ES 1.875%1.250
19 INM-CM4 2.000x1.500 Institute for Numerical Mathematics
20  IPSL-CMSA-LR 3.750x1.895
21 IPSL-CM5A-MR 2.500%1.268 Institut Pierre-Simon Laplace
22 IPSL-CMSB-LR 3.750x1.895
23 MIROC-ESM-CHEM 2.813x2.791 . .
2 MIROC-ESM 2 813x2.791 Japan Agenc;i for Manne—l?arth Sc1§nce and Techn(.)logy, Atmosph§re and Ocean
Research Institute and National Institute  for Environmental Studies
25 MIROCS 1.406x1.401
26 MPI-ESM-LR 1.875x1.865
Max Planck Institute for Meteorology (MPI-M)
27 MPI-ESM-MR 1.875x1.865
28 MRI-CGCM3 1.125%1.122 Meteorological Research Institute
29 NorESM1-M 2.500%1.895 Norwegian Climate Centre
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GCM A= E ARESTE (Cho et al., 2016; 2018a). AR-%
njef| 71588}k Alue| e Abss 2HA 71E (1976 ~2005) 2
mlef| 717k (2006~2100)= £5F6k= 37 B (e, 2L
71, FA7]2)o| toislo] Representative Concentration
Pathway (RCP) AJLte]2.2] 3141Q] RCP4.5 5! RCP8.5 ALt
e AwE ARSI

9P A5 3.0 km =] A Aol chet 715st
Autele o) BolRAL 7k 7)5st B2 Alelew
Am Aol TEE EAN sk 718 BolAl Simple
Quantile Mapping (SQM) 71%-& AL&313Ick SQM 7]%& R
718t qmap 7|2 FoflA] o] 22 FAEALF (cumulative
distribution function, CDF) thAlof| ZA&Z =2 E3L o] vl
£ 7]hto & dl= fitQmapQUANT 345 o|gato] 7jits]
&ITh (Gudmundsson, 2016). ©]+= CMIP5 ARE H|&42]Q]
=AM (Empirical Quantile Mapping)2 7|WHo.2 HOlE
24317] 913 el SQM sh7] Aol ZRtwlef 9lch (Cho
et al., 2018b). SQM H|H A2 =0 tisto] YERE =
Yo Agun GOM A 42| 715 B4 Ant)
A}50) YA B (distribution) S 5A]el) AR 4= 9l 71
o,

Ho| B NS A2 297] GCM, 2%2] RCP AL}
22, 37]9] 7|54, Al ghEEAFe] 13,505719] A A}
oJsto] AdE= s ool tisto] SQM 7HE 5L
2 Aggre gz AASHA H o]F fIsi4] 3.0 km =
o ¥ AREHE 2 304 AU A ARE FE
SHL GOM A29] A9 B2 2] 22t mgo] 9l
£ GOM Az 77 717 9wl 717k dig Qe
AAD A5E FE) o) SQM 7S ol 8%t HeluA
o gaslz 30 7 TRl ofdle] WA A gste]
e}l Eick SQM 7o) Sk 18 AH5 e vlis)]
91l CMIPS 37| 7]7be] Bl Al 200598 7|Z0 2
7] 30 (1976~2005)% e}, wla) 717k oA
L 7S ulg (2011~2040), 271 1j2f (2041 ~2070), 1]
# (2071~2100)9] 308 77+ ARESIYT; (Cho et al,
2016).

Step 1: EA 99| L3t 714 30 (1976~2005) 7|71l

Ul 54 Axe] Ausl B A=k ole] v
SR ARS] GOM A4S A71k02 AR
#= AEO GCM A H|uE E3) H9
(Quantile)d HO| (bias)E H[E&Z ©|-§5to] AHY
gt} Arege] A-ollie GCM AR 9| F7ke- o

=
=
=
=
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g 57 9o Uu9) YA
ko Tk Step 114 A7 2
2o ulg2 vl 71712
FA% 29l thete] 2Lgato] Helg wyl
Aolug ol Yatae] fAdR gt
Step 3: Step 1-29] 242 & (127]) & wlef 717 G7H)
ot wsle] A gk

SQM 7|H2 &9 B AH=ek GCM Ab= Aole] 9
(bias) S 4Bk § 2
Bl 2] RIS Fo
(parametric) 7|{¥= 2] 32
2] (non-parametric) B o]t} H] S ARRBH= o]
G Apo] AR HEA] AREA] ke A 7k
ofl A A7 Aol 2fsf Afe)7t HEsHAl A E 4
mj&Fo|t} (Cho et al., 2016).

E3 SDQDM (Spatial Disaggregation and Quantile Delta
Mapping) 7| o]-83F =7} 7|33} £F AUl e A=
o] Aol 7k TEdo] Y GCME] B ghe A
) BT B4 7919 GOM ZAghe 7o IDW B
b e o18-39AH (Bum and Cannon, 2017). Rbdo] 2
Aol A ARSE SQM 71R9] Aol 2 BEaof| S
£ GCM 2k 11F glo] A AMgSHL). IDW 27 e
o]-85h= 74-9- 200~300 km 53t S|YES 2= GCME| &
g Fex9 9] 6071 ASOS #= Aol ARg-El= GCM 2
A7} AT 4ol ek oleiat Aol AA| B Aol
A A Erh GOM e 27 e AP AdAIe Ak o] 53t
ol HestA A UEhd o ok

SQM 7]%1& o83t 27} 7l us) 2 Ao Aol
7d5-ol= 607 ASOS = A|3of| Thet gAe A=s it
517] wizol] ®RESP7F AL EA] k). SHA|EE 3.0 km S
o] A} 71HE B AR E ARSHE 79 dhitxo] 13,505
7o) Ax7E ZAIEA Eiek. webA Aol AxE
=25 7|Hker B9 dito] 7S R 7|9Ee] SQM-Grid
F=E st AAleE ARE BATSHI:
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Table 2. Selected extreme indices for temperature and precipitation among the 27 ETCCDI (Expert Team on

Climate Change Detection and Indices)

ID Description Unit
TXx Annual maximum value of TMAX °C
PRCPTOT Annual total PRCP in wet days (daily PRCP > Imm) mm
Rx5day Annual maximum 5-day precipitation (PRCP) mm
SDII Annual precipitation divided by the number of wet days mm/day
2.3 3$t71ZX|4= (Climate Extreme Indices) I FUSHA GEM Aol whet TS = Sl oS
ash7] flsf 297) GCMZ o]-8-sko] ARt MME 7]7Ee]

H oJqLof| A= WMO (World Meteorological Organization)
7h SRb715 A0t I Tho|=eilofA AAIRE ETCCDI
(Expert Team on Climate Change Detection and Indices)E ©]
23519t} (Klein Tank et al., 2009; Zhang et al., 2011). A4
AAES ETCCDIC] 277l =317]%A4> (Climate Extreme
Index)9} H4t7]-29] WSS 3255t 287) a=of tis) 43
skelom, AAetet SdstA BE EAt 71He 285t A
Aalgict. a7 Alse] 24 Ak 247 2 GeMd
of 2l SlEH9) AAe A olgslel e Sl

245 Akkstel 309 Baghd T F AFH o 297
GOMS) T2 AEaIE, 2 Aol 277 7T A 3

ol 4] PRIDE 7|9t FRHAl AmoA] A@de] e Zes
Al et #Elst] AT (Annual total
precipitation in wet days, PRCPTOT) & 7S 79
T2 U S04 (Simple Precipitation Intensity
Index, SDINS} ] 7]7el 2] 7= 2 719-0] Fizke]
3= AuE7] 98 59 FHo7%F (Annual maximum
5-day precipitation, Rx5day) % ¢IZi17]2  (Annual
maximum value of maximum termperature, TXx)o]| thafj A1t
AE AASHTE ANE S| SRpo] digh e

Table 20]|49} Zt}.

3.1 24 40| 1 AS Tt

PRIDE 7|5te] AFA|3} 7|Ho] ZH= whd& F53517] 3]
285 SQM 71§19l 7-¢-ds T I AFAdL ©.
7dEA4= (SDINE F4o=R AmHHEgITt SDI= oF
(PRCPTOT)— A7t 79AGR ieo] At ghow

2 A A A BolR7| SelMe ke Tt
79 A0 Aj@AAo] HrE ook it

A A H7k= vl 7171 gt 7] Sst A B4

At 7k ARgsHITh Fig 12 9743k (PRCPTOT)2] 1}
A 71zl digk g Hrr daks ®Ho] . IDW-
IGISRM 3.0 km ZA}E T= A2E o] 8sle] AKte 309
Wit A75Eke] B BE (a)= U 1A 7)1k e
20709] 78 GOMORAE Aike 30 Bt A7 7o)

tsEy Hat (bt vlaste] §ARE F71Q] BEE Bl
t}. = 2 GCM 7]4F A3} Ajoo] H }% % ()Mt
Zo| tREo] Ao A 0.5% mgke] 4R Hgont e

Z3oF oA AlfjRoz o _qu]__ HYo 73 =2
ZFe 191%2N =& A AuE HojE9th

SDI19| 747 7|71e]] cfat @A B7} Ak Fig. 20 A
/\]Eloi 9Jtt. PRCPTOTS} u7IA 2 wherk-0 7}t 2)4=9]

So||% IDW-IGISRMO] ZA}E TEA 7S o]-83to] AA

%l 30W Fatgke] s7HA] waret 29719] i GCME] 30
FHhS Al Bret MME 3] B7EQl Bul A2 &
ARRE AikE UeRe HAke) $3H4] a2 =3 PRCPTOT
o] FAp} 2] heht B Sajok Riol A ) ekt
PRCPTOTS} fAReh A1 Holi glom #aje] w9
-1.66%~2.66%2] H$1E 5ol 1A Ay FlolA St
Aikg B4

PRCPTOT 4! SDII®] 7}A &4 B} Auf2 Z3hs) =
uj, 392wk BAREA] 943 Ao oS of
2 Aol K AEs} Aeke] 15 BARH
PRIDE 7|93} v|walo] Aohe] 734=0] vie ol =2 By}
Z031A) me|=lojof sh= Fop Wrlo] QlolA] Bt Alg
T 5 e AT AT S S Ao Bk
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PRCPTOT (mm) BT PRCPTOT (mm) = i-appn _-.- T —— (%)
g, B % I 1000 o M 1000 € . - v W 036
- 1250 . 1250 0.206
g 1500 —— g :
s - o o s
W 2000 W 2000 | REl
(a) Observed (b) Historical MME (c) % difference
(IDW-IGISRM, 1976~2005) (29 GCMs, 1976~2005) (Hist-Obs)/Obs*100

Fig. 1. Spatial patterns of annual total precipitation (PRCPTOT) estimated using. (a) 3.0 km IDW-IGISRM
observation, (b) multi-model ensemble (MME) derived from 29 GCMs, and (c) percent difference between

observation and MME

Percent (%)
W -s6
038
_ W g 050
. i 1.58
Wi B 266
(a) Observed (b) Historical MME (c) % difference
(IDW-IGISRM, 1976~2005) (29 GCMs, 1976~2005) (Hist—=Obs)/Obs*100

Fig. 2. Spatial patterns of simple precipitation intensity index (SDIl) estimated using. (a) 3.0 km IDW-IGISRM
observation, (b) multi-model ensemble (MME) derived from 29 GCMs, and (c) percent difference between

observation and MME

HePh W AukE nolck tEuy B o8 w4 Pk uld 2011~2040)014 F3F B2 (2041~2070) B
WOl 749 RCPAS W RCPS.S Alf2]e m5 W nlgiz 2% W ujg) (071~2100)2 242 $71%o] 27 epton,
= ool Zrjek ol UEIT) (Fig. 3). 4532 RCP4S AlL2]9 Hr} RCPSS AlLtel ool Z7)Eo] 2 2

[e]
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RCP8.5, 2011~2040 RCP8.5, 2041~2070 RCP8.5, 2071~2100

Fig. 3. Spatial distribution of percent changes in annual total precipitation (PRCPTOT) according to different future
periods and RCP scenarios in comparison to the historical period (1976~2005).

% Changes

RCP8.5, 2011~2040 RCP8.5, 2041~2070 RCP8.5, 2071~2100

Fig. 4. Spatial distribution of percent changes in 5-day maximum precipitation (Rx5day) according to different future
periods and RCP scenarios in comparison to the historical period (1976~2005).
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RCP8.5, 2011~2040

RCP8.5, 2041~2070

22l

(AR - TR

RCP8.5, 2071~2100

Fig. 5. Spatial distribution of percent changes in annual maximum value of maximum temperature (TXx) according
to different future periods and RCP scenarios in comparison to the historical period (1976~2005).

el ool 7p7te oleielq 71 vle) 9 W ujgl 24
2 Z7)Zo0] 27 Urepdeh. 2% jel 717l sli 7t

7he ujele] A% Ao} Z7hgo] RCP4S Ak eolA 7
UpeteA|gE 7 9 9 mje) 7|7k0] 9ol RCPSS Alutel
Sollq F7h%o] § e AnE Rtk F7hol 7M7)
Ut | mjg) 7]7E RCPSS ALkl 2.9] 9 RxSday©] &
There o 12%~46%0] W9 dolq Metshs S4S
Btk wE Aol disld Aelit xolut AU Fack 4
ofollx] Z7hgo] AdiHoR %A Lepde.

3.3 7|2 & 7|83t oz MY 24
I3k W Hare 1 2zx)7)eo] A AAE GCM

Al ATE Kol 7340} ujwsle] &
w2 B WP B Uehdeh H17leo)
LA e 1 s A DA R v K B PO B R i R
4_3 Z7}Zo] 37 Uehton], RCP45S AluE]e Hr}

RCPSS Alufe]@ols £71%o] 27 thepe.
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ASOS 7]8Ee] 30 AF=E of-gste] 7] 10| 7|7
| Aol A7EHAE 71 549 diad B W
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