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Abstract This study presents projections of future extreme climate over the Korean Peninsula
(KP), using bias-corrected data from multiple regional climate model (RCM) simulations in
CORDEX-EA Phase 2 project. In order to confirm difference according to degree of green-
house gas (GHG) emission, high GHG path of SSP5-8.5 and low GHG path of SSP1-2.6 sce-
nario are used. Under SSP5-8.5 scenario, mean temperature and precipitation over KP are pro-
jected to increase by 6.38°C and 20.56%, respectively, in 2081~2100 years compared to 1995~
2014 years. Projected changes in extreme climate suggest that intensity indices of extreme tem-
peratures would increase by 6.41°C to 8.18°C and precipitation by 24.75% to 33.74%, being
bigger increase than their mean values. Both of frequency indices of the extreme climate and
consecutive indices of extreme precipitation are also projected to increase. But the projected
changes in extreme indices vary regionally. Under SSP1-2.6 scenario, the extreme climate indi-
ces would increase less than SSP5-8.5 scenario. In other words, temperature (precipitation)
intensity indices would increase 2.63°C to 3.12°C (14.09% to 16.07%). And there is expected to
be relationship between mean precipitation and warming, which mean precipitation would
increase as warming with bigger relationship in northern KP (4.08% °C™") than southern KP
(3.53% °C™") under SSP5-8.5 scenario. The projected relationship, however, is not significant for
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extreme precipitation. It seems because of complex characteristics of extreme precipitation from

summer monsoon and typhoon over KP.
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Table 1. Configurations of Regional Climate Models (RCM) used in this study.

HadGEM3-RA CCLM WRF GRIMs RegCM
Vertical layers 63 eta levels 40 hybrid 27 sigma 28 sigma 23 sigma
Land surface model MOSES 11 TERRA-ML NOAH NOAH CLM3.5
Convection scheme Revised mass flux Tiedtke Kain-Fritch IT SAS + CMT MIT-Emmanuel
Spectral nudging No Yes Yes Yes Yes

Historical experiment: 1979~2014

Simulation period

SSP5-8.5 scenario: 2015~2100

SSP1-2.6 scenario: 2015~2100

Davies et al.

Reference (2005)

Rockel et al.
(2008)

Giorgi et al.
(2012)

Powers et al.
(2017)

Hong et al.
(2013)
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Fig. 1. Daily climatology for (a) temperature and (b) precipitation during present (1995~2014 years). Observed data from
ASOS is indicated by black solid line and bias corrected simulation data from RCM are indicated by other colors solid lines.
The bias uncorrected simulation data are indicated by dashed lines. The climatology for precipitation is running averaged using

21 days.
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Table 2. Specifications of extreme climate indices calculated using daily minimum temperature (TN) and maximum
temperature (TX). The percentile for historical experiment is based on present (1995~2014 years).

Label Index Name Index Definition Units
TNn Min TN The minimum TN in each year °C
TXn Min TX The minimum TX in each year °C
TNx Max TN The maximum TN in each year °C
TXx Max TX The maximum TX in each year °C
FD Frost days The days TN is lower than 0°C in each year days
ID Ice days The days TX is lower than 0°C in each year days
TR Tropical days The days TN is higher than 25°C in each year days
HW Heatwave days  The days TX is higher than 33°C in each year days

TN10p  Cold nights

TX10p  Cold days

TN9Op  Warm nights
TX90p  Warm days

The days TN is lower than 10th percentile of TN for historical experiment in each year days

The days TX is lower than 10th percentile of TX for historical experiment in each year days

The days TN is higher than 90th percentile of TN for historical experiment in each year ~ days
The days TX is higher than 90th percentile of TX for historical experiment in each year  days

Table 3. Same as Table 2 except for daily precipitation (PR).

Label Index Name Index Definition Units
RX1day Max lday PR The maximum PR in each year mm
RX5day Max Sday PR The maximum 5 day PR in each year mm
R80mm Heavy rain days The days PR is higher than 80 mm in each year days
R150mm Extremely heavy rain days The days PR is higher than 150 mm in each year days

The wet (PR > 1 mm) days PR is higher than 95th percentile

R93p Very wet days of PR for historical experiment in each year days
The wet (PR > 1 mm) days PR is higher than 99th percentile

R99p Extremely wet days of PR for historical experiment in each year days

CWD Consecutive wet days The maximum consecutive wet (PR > 1 mm) days in each year days

CDD Consecutive dry days The maximum consecutive dry (PR <1 mm) days in each year days
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=2l 132 S7kste] 247k A7re] ®xol 93

O

Table 4. Simulated Extreme climate indices for temperature from MME of 5 RCM over the Korean Peninsula. The value in
bracket is anomaly under SSP5-8.5 and SSP1-2.6 scenario basd on Historical experiment of present. Significance level of the
anomaly is tested by Student-t test and shown next to the simulated indices as asterisk, ***: 1% **: 5% and *: 10%.

Present Early future Mid future Late future
Index (1995~2014 (2021~2040 years) (2041~2060 years) (2081~2100 years)
years) SSP1-2.6 SSP5-8.5 SSP1-2.6 SSP5-8.5 SSP1-2.6 SSP5-8.5
TNn 1542 -13277" -1255 -13.48"  -1140™" -12.30"" -7.24""
(°C) . (2.15) (2.87) (1.94) (4.02) (3.12) (8.18)
TNx 473 26.76™ 27.00"" 27.20™ 28.17" 27.36™ 31.14™
(°C) : (2.03) (.27 (2.47) (3.44) (2.63) (6.41)
TXx 35 60 37.62" 37.87" 38.34™ 39.29™ 38.38"" 43.67
(°C) : (2.02) (2.27) (2.74) (3.69) (2.78) (8.07)
TXn 602 ~4.09"" -3.16™ -4.09"" -2.30" -3.16™" 2,047
(°C) . (1.93) (2.86) (1.93) (3.72) (2.86) (8.06)
FD 155 97.22"" 93.18"™ 98.19™ 79.59™" 87.40™" 52.32™
(days) : (-16.14) (=20.18) (-15.17) (=33.77) (-25.96) (-61.04)
ID 2348 15.88" 13.09" 16.83"™ 10.57° 13.01"™ 3.98"™
(days) : (-7.60) (-10.39) (—6.65) (-12.91) (-10.47) (-19.50)
TR 337 17.84™ 20.98™ 2277 34.01™ 24.14™ 68.45™"
(days) : (14.47) (17.61) (19.40) (30.64) (20.77) (65.08)
HW 706 19.43™ 21.09" 24.21™ 36.17"" 28.38™" 85.00™"
(days) . (11.47) (13.13) (16.25) (28221) (20.42) (77.04)
TN10p 365 22.93™ 17.08"" 22.86™ 11.53™ 16.35™ 0.88""
(days) : (-13.57) (-19.42) (-13.64) (-24.97) (=20.15) (-35.62)
TX10p 36.5 24.52™ 18.76™" 2537 14.43™ 18.96™" 1.98™
(days) : (-11.98) (-17.74) (-11.16) (-22.07) (-17.54) (-34.52)
TN9Op 365 62.09 66.73"" 69.18" 80.50"" 73.05"" 112.95™
(days) : (25.59) (30.23) (32.68) (44.00) (36.55) (76.45)
TX90p 36.5 62.78" 65.67"" 70.49™ 87.27"" 79.65™ 137.91"™
(days) : (26.28) (29.17) (33.99) (50.77) (43.15) (101.41)
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614 CORDEX-EA Phase 2 t}5- A9 7] 524 g o]-8-3F skt wjg) 3t 7|5 A

st2 AT Holle a3t 24 e

3338 7| A

331 3% 7]%

Table 42 7] S3 7155 Yelle F3715A
T 129 A 717 3w 717ke] ®e| S
WL 2th RCM 5&°] MME 33 3|, A 7|7¢
of gk wig 717k F}te] |Ap B W] FAA
Y= AAIE] Aot 7 WA, F3 7] 7
= Yehlle ¢ A7 2 -ZJJ]SLA A% A%,
23 FH(TNn, TNx, TXn, TXx) 25 SSP5 AU L
stoll A A 717HET S/ Ao E HAREATE. o
o, S 7129 A= Age v FR]e] dA 7]
7ol H]3le] 6.41~8.18°C U 45T 210 = Yeht} &
o 279 Hit 7] s AEA(6.38°C) Bt = A
o2 HAYEALh 4, o HA 729 AF HAL #
(TNx)°] & Z3F 7]2¢] 7}% ZZ*(TNn, TXn, TXx)
of Hla] U 2ol Bl A FsE AR

sl

—

(a) TNn

(b) TXn

3.12°C

(c) TNx

15%— YER
<2 SSP59] mH

o2, ALH S35t A d49
= A8 49k 249 d4(FD, ID)2] 7

I Fu7)o) 61.04Y, 19.59 74 423 A=A
}. Pﬂ, 0#324 =3 2 @4 REE L‘rEhH—t—
g %l—r(TR HW SSP52] m
13

7} 47} 53.85%, 83 05% 723k ﬁgél 3t 7]
o] MiErt A Fo=s FAlO, dolof A5k &

=
o A4} zhzb 193140, 9.684) F7}sle] JE2H =
5t 719 MIE A 5E 34 F71E Y-S 9n|dith
53 ARkl obd XA HAEFL(10th, 90thyS
AA FHo 2 o]&3 BHoME F3 71L9] HIE |
F7v A F7kshs A3 AWEAT 5, SSP5e]
2] k7)ol Skedof 2 Sl AU(TNI10p, TXI10p)y
7b7} 35629, 34.529 @i%m edor 3 2
(TN9Op, TX90p)2 247} 76.45Y, 101419 71 A
o2 et} o= &xj 717¥oﬂ vs| Agd St
71e8] Hlw AF7h Ao 0dol| MRS FAstar
2 =% 7129 ¥x A= 27F 3.099, 3.784)

o

(d) TXx

12.0
11.0
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7.0
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Fig. 4. Geographical distributions for anomalies of extreme temperature indices of TNn, TXn, TNx and TXx from simulation
of MME. The anomalies are from two scenarios of SSP1 (upper panel) and SSP5 (lower panel) during late future. And they are
based on Historical experiments of present. The change spatially averaged for a corresponding variable is located at upper right
in each plot. The grid where statistical significance by student-t test is over 95% is indicated by black outlined circle.
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S, Al 2A47I AURlQ Sl ZE=
247 2 Ay e vis)] mlE] A7)k A S35 7]
2o Wt vlwA AAE Zoz AWEHAUL =,
A 717kl wlal] vl Fabrlel F3g 719 e
A7t 2.63~3.12°C 53t Wl 138 AS=Z YEelyt
o} T3 ALE F3 AL dAFe Wl x4l M7
A4, AW A4, sheof 9 seide Zh7t 2596,
10479, 20.15Y, 17.54d #4812 &2 S35 12
o] Hx A4 dulof A, A L, 2ok
9 eyl e 20,779, 20429, 36.55Y, 43.15¢ =7}
& oz Yeh} Fe 7] vz W A"
Aoz HAYEAT) ol 24712 wjE A 7to] 3
7129 Zie 2 Hx 2] SUHE GAIshkE ddlk
a7t AFE AAFSHTE iR g e 2 = Al Q. 7k
o AT WMETF Zolrt b & mlE] $Hbro
3 712 Wkg9] zpolrt 7Hg A- RAoZ YERRe
o, 3o 5AE fde F AU 9 2E 1
Y 717F, I3 712 840l il 99% oA fe
g AoE AW (Table 4).

=3 7] Wkgo] ¥ BEAE ] % Fg

9] Hz} F7+ EE7} Fig. 49} Fig. 59 A & o]
Aot FF Bx= g $H719] SSPS E OSSP A
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8] AR W] e 615

v ol tiaiA YR slow, S8 71 ZE(TNn,
TNx, TXn, TXx; Fig. 4) 2 A9d HAEPL S o] &
dlo] A=E W% (TN10p, TX10p, TN9Op, TX90p; Fig.
5) Aroll tiste] AAIE AT o] wf, 247k s}
o] JFo 7 7|F 84Vt FAXHRE Folsi wstet
AeA A EFEE AT 7P WA 1)
F7] SSP5 AJUtE] Q. sl AAE QY =3t 7]
Ago] & e e Aol Yehd
4= Ach(Figs. 4e-h). AN St 7] 7
TRl WE AY A= RIS S,
Hlate] o FHA g Hir]ee] A% HA
55 XAolA o & 377k A FHav)
H gk e B U FolA ok o
Aok ¢, A HA7] AT F
AGeA v=etA 7t 2oz A

N
o g B
T_H ;{u: flo

o
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By
off (X & 1o X

o) 1o rlo N
r & 18 4y
H

N
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N
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o
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Y

LAY
o 32 rlo

=3

o7 A HAEILS |85l AEE F
gk 7] HlT z|4e] W3l E¥XE Amuoiy. e
of @ iUl dht: AdoA odol A Hai
2 Zlow FelFgon, 2ol ¥ 2l Fhuke
Aol @A) 717kl vls 2u) o] St o=
A=A THFigs. Se-h). =, dlg I3 7] W A
o] Hkgoll= A AL 2 Aoz IR

(c) TN9Op (d) TX90p
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Fig. 5. Same as Fig. 4 except for extreme temperature indices of TN10, TX10p, TN90p and TX90p.
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616 CORDEX-EA Phase 2 t}& A9 7] 2148 0]-8-3} 3hilE 1)

AEE 2ATEE AU Q9 Bty AR &
A7k AU Q. Sl e HoA F3 7]
2 7}=(Figs. 4a-d) & 3 7] QI (Figs. 5a-d) A
o] W3yt oAlE Aoz AWEAL. o9k A,
AEE SATEROA YERE 3 712 & (Fig
4) Ao Ao AR Fo]E Zo R gRIFIt. &t
A qk, AL Fe 712 W= (Figs. S5a, b) Aol tis]
Me 247k Az @237t g A9 vlE] @k A
Aol A kA Yehs A B dwE ATk

332 3% B¢

Table 5 SSP5 2 SSP1 Alug] L dlollA F3F 7%
T AFe] AZke] whE 2o S JER A Sl 7t
2 WA mE FuHk7]e] SSP5 AU Q. sl A%
Hol 1Y ZFHFRX1day)2 46.56 mm, 54 Hd] 7}
F#HRX5dayye 57.57mm 71 Aoz AgE o
ol Al 717+l s} RX1day: 33.74%, RX5dayE
24.75% Z7Ve ZolH, Hat 7F(20.56%)E Tk B &
7t AgA] ot}

3 7] A AR opyEl Wk Xk n|
& EE 2ATEE st AA FTHE A o] gkl
ok F, AF A5E 80mm 2 150 mm 3
F(R80mm, RI150mm)= A 717tles 22 2.04%,
04840l oL}, g FHE7] SSP5 AU 3ol A
24z 0.849 (41.12%), 0.399(80.16%) 718t 7+

Table 5. Same as Table 4 except for precipitation.

H% Wsht Ad 202 Ay

54 A Frol ofd AHE HAEd S
RS o= S A W A7t A F7F
& Aoz IRIFAULE F, AF T 95 & 99
AErd 23 A4(R95p, R99p)y= EA) 7]7ke] 7zt
3.97¢, 0.83Y ¢l o, v $RE7] SSP5 AluE] L
sloll A 2+ 1.36Y(34.3%), 0.48%U(57.55%) 5715k
o] AA] o] vt e AsE Wk WSyt 7t
& Aoz A=At
sl S
= A0® I
U4(CWD)= T

A (CDD)= Y S0 3.84YU(12.14%) =71
A2 gRI= T

3, n)g) FHb7] SSP1 Ay e sl E I3
el e, N 9 A& X g9] Wabrl SSPS Al
vzl ool vls) oAlg ez ARHUG. F, A5
Ho 19 & 5 AeFE 247 16.07%, 14.09%, A
% 735% 80 mm 2 150 mm 23 A= 4 152%,
33.47%, AF 7drE 95 2 99 HAENY 23 U=
ZF7F 12.99%, 24.73%, A5 U d% 58 2 Ax
dre 22t 9.9%, 2.46% “Fsst=r 24 Jlew 8
Atk ol 47k Agro] F3k

[

Present Early future Mid future Late future
Index (1995~2014 (2021~2040 years) (2041~2060 years) (2081~2100 years)
years) SSP1-2.6 SSP5-8.5 SSP1-2.6 SSP5-8.5 SSP1-2.6 SSP5-8.5
RX1day 137.98 152.28" 151.20" 155.02" 170.04™ 160.16™" 184.54™
(mm) . (14.30) (13.22) (17.04) (32.06) (22.18) (46.56)
RX5day 932,63 258.07 249.24 255.38 274.64™" 265.42"" 290.20""
(mm) : (25.44) (16.61) (22.75) (42.01) (32.79) (57.57)
R80mm 504 225 2.18 2.30 233" 2.35 2.88™
(days) ' (0.21) (0.14) (0.26) (0.29) 0.31) (0.84)
R150mm 0.48 0.59 0.57 0.60 0.69" 0.64" 0.87""
(days) ' (0.11) (0.09) (0.12) 0.21) (0.16) (0.39)
R95p 397 430 4.16 439 445" 4.49 5.33™
(days) ' (0.33) (0.19) (0.42) (0.48) (0.52) (1.36)
R99p 0.83 1.01" 0.98 0.98 1.10™ 1.03" 1317
(days) ' (0.18) (0.15) (0.15) 0.27) (0.20) (0.48)
CWD - 9.44 9.24 10.10" 10.19™ 9.69" 1020
(days) ' (0.62) (0.42) (1.28) (1.37) (0.87) (1.39)
CDD 3168 35.29” 34.28" 33.64 33.40 32.46 35.52°
ays . . . i i .
(days) : (3.61) (2.60) (1.96) 1.72) (0.78) (3.84)
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Fig. 6. Same as Fig. 4 except for extreme precipitation indices of RX1day, RX5day, R95p and R99p.
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Fig. 7. Same as Fig. 4 except for extreme precipitation
indices of CWD and CDD.
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ZoollA YRt S8 2] 7F= A (Figs. 6a, b),
AF A 95 HAEY 23 - (Fig. 6¢) 2 I
& A|4=(Figs. 7a, b) AHe] A9 #RF= SSP1 AL}
% M E ZolE Ao Z FelHYT) skATH A
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Fig. 8. Scatter plots between spatially averaged annual anomalies of temperature (x-axis) and precipitation (y-axis) under SSP5
(upper panel) and SSP1 (lower panel) scenario during period of 2021~2100 years over southern (blue) and northern (red) region
of the Korean Peninsula. The precipitations are for mean precipitation (left panel) and extreme indices of R99p (right panel),
respectively. The anomalies are basd on Historical experiment of present. Linear regression coefficient for the anomalies is

indicated on upper left of each plot.
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Table Al. Definitions of symbols, subscripts and superscripts
for equations in Appendix.

Symbols Definition

T Temperature

Y7 Average

d Daily

a, b Parameter

cv Coefficient of variance
P Precipitation

o Standard deviation

Subscripts/Superscripts

*1,20r3 Steps for bias correction
* Bias corrected

m Monthly

contr Historical experiment
obs Observation

scen Scenario simulation
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