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Abstract This study evaluates the performance of Weather Research and Forecasting (WRF)
model in simulating temperature over the COordinated Regional climate Downscaling EXperi-
ment-East Asia (CORDEX-EA) Phase 2 domain for the reference period (1981~2005), and
assesses the changes in temperature and its extremes in the mid-21st century (2026~2050) under
global warming based on Representative Concentration Pathway (RCP) scenarios. MPI-ESM-
LR forced by two RCP scenarios (RCP2.6 and RCP8.5) is used as initial and lateral boundary
conditions. Overall, WRF can capture the observed features of temperature distribution reflect-
ing local topographic characteristic, despite some disagreement between the observed and simu-
lated patterns. Basically, WRF shows a systematic cold bias in daily mean, minimum and
maximum temperature over the entire domain. According to the future projections, summer and
winter mean temperatures over East Asia will significantly increase in the mid-21st century. The
mean temperature rise is expected to be greater in winter than in summer. In accordance with
these results, summer (winter) is projected to begin earlier (later) in the future compared to the
historical period. Furthermore, a rise in extreme temperatures shows a tendency to be greater in
the future. The averages of daily minimum and maximum temperatures above 90 percentiles are
likely to be intensified in the high-latitude, while hot days and hot nights tend to be more fre-
quent in the low-latitude in the mid-21st century. Especially, East Asia would be suffered from
strong increases in nocturnal temperature under future global warming.
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586 RCP A1) & 7] WRFE ©]8-3 CORDEX-§0FA oF 284 A9 9] 7H7k-¢- vl =371 wsh A

.M B

715 st Fsk FJHE7E YA (IPCC, Intergovern-
mental Panel on Climate Change)ollA] 273l 53 3
R L ECIES R F e R FY
2 YERRTHIPCC, 2013). 715t Q8] ghibeo]
M A A5k F7hekE FAl0laL, dukee] 2018
d oEd Hir]2 19739 o) F HAAE 7123}
ATHNIMS, 2018; KMA, 2019). 3utk olija} o}x]o}
A M E 7122] F7F A FFe] YR TH(Deng
et al., 2014; Pingale et al., 2014; Park et al., 2017).
AF2dstel Tk E b Al Sk 17l
WA FFS = £ UZUm et al, 2017a), 715
W37} QI E] PR G2 Azt = o] o]
of tiuletr] #13 71ewst A Fa st

WCRP (World Climate Research Program)oll A+
CMIP5 (Coupled Model Intercomparison Project, Phase
58 Sl AF7)FRF o] ALke 71gHst AR
& A AAAFLRE F/3FaL JTH(Taylor et al., 2012).
SHAIRE o] AR E W2 TR Q] AHFRe] 4
Alg 713A38LE dwstzlols A7 doh v A
G71Frde IAHE G da] AP gt S
Ate] Gl wFE LG ES] TSR E BAkst
=8 #8338 =Fo|ti(Torma et al., 2015; Kim et al.,
2018). Park et al. 2016y FolA|ole] oo tha}
o] 57) #A%7]%F 24 (HadGEM3-RA, RegCM4, SNU-
MMS, SNU-WRF, YSU-RSM)2| S3t7]1% moj g5
B7rekdch 2 A iAo R ArjErd e A
T71 SR HT Foprjot A|He] 72 9 S35 A
£ Rolst=d AHE RAth

F 2o FAFEATFY CORDEX (COordinated
Regional climate Downscaling Experiment) 224 E7}
2= 9tk CORDEX ZE2AEE Fo]x x|
3l A7 RS o]-§3F G5HA FASE F 3t
AHq715-2] T 9 HEAHS oA Sshke ZEAEolt)
HZ vl e 709 A97|$RD S o] §sto
CORDEX -&otrlol 19HA] oo thgh oah2 Al
3} Z2AEZS 351U TH(Park et al.,, 2013; Oh et al.,
2014; Lee et al., 2014). ool Tsle] ke =<0
talA 12.5kme] SidERE Aot st dPE
gsto] e F7hEE 71 FRsE AU E AFEst
S(Im et al., 2015, 2017a, 2017b, 2019; Ahn et al.,
2016; Cha et al., 2016; Choi et al., 2016; Suh et al.,
2016; Lee et al., 2017; Kim et al., 2018). 3}x5+ &
W 292 AFF o] FiL soprlob 194 G492
AFETF v Hrke @] Qith ol S5zt
F 2o =y AFFHES CORDEX 5olAlo} 264l
g s AFS &3 Arh(Choi and Ahn,

d=7148ks t7] A207 55 (2019)

2017; Ahn et al., 2018). CORDEX Fo}A|o} 2644 4
AL Ao Hla| P FoR L =S HokHth

oy A3 AFEL 2147 AvtEgE 7L F
7Vt 3A Yeide 214)7] F9hE FHH o 1A
3l tH(Hong and Ahn, 2015; Cha et al., 2016; Im et
al., 2017a, 2017b, 2019). <= Eo], Hong and Ahn
(2015)= WRF 2d-& o]&3lo] 21417] x5kl ot
Zuke]l B4 WIS BN, Im et al. (20174,
2017by= 47l A 99715nde] Gl oS 435 o]
§3ted 2147] FHF 2719 B Zde) miF) ¥
s} A A sk AR A2 wle] 7St
ofo M= AFIEH oA VFEoR VR A FE
2°C ol & WA Aokl lom, 2018d0= &
712 1.5°C s A7) Ag A3}t 1.5°C
E¥ 1B 7 (IPCC, 2018y A& 3tA Tt ol wet 21
A7) FurEiat olg} 21417] FHke] 7] 3 3to) o)
3 FAEE EolxA ) wEhA] 2 AFlA =
WRF (Weather Research and Forecast) 2382 ©o]&3}
o] CORDEX %olrlo} 2w+A Jdo| ths] RCP
(Representative Concentration Pathway)A| 2] Q.o )
E 21417] ko] 7|2WHstE dwstaa) st o
o] B wedt HEr)e Walvto] ofd I3
gk WstE 2] 98 g SEATFES ARt
o B4k 23 E B AFollA A3 WRF
2o AFAA 2 AR A5 el Ak
374olA= CORDEX -solAo} 2uhA] x| tjjs
WRF7} Bejgt dA)7]52] 7] 9 214]7] 4kl 7]
2RSS B ST HA O R 474 B AT
Axtol| tjsl] 2okt

2. X2 H Y

E Aol A= NCAR (National Center for Atmospheric
Research)l| 4] 7]&gk WRF version 3.7 €83}
CORDEX -sopr|o} 2eHA] A ] migf 7] §Riste A
gttt 2o g9 HellA oo} E=e] A7 A
¢l FEFS e ol A @G, A&, 55, 9
=, 5 283 JA%)S A48 F(Fig. 1; Oh et al,
2014; KMA, 2018), 7t A998 wmjzf 7|¥wst 545
A ekttt

CMIP5 #ro] BY F FopA|o} 2| 7] 5K o)A
-3 2ol J5E HolE MPI-ESM-LR (Giorgetta
et al, 2013; Su et al, 2013; Gu et al, 2015) % X
T+ 71353 A8E WRFS wiAAEow st
o] Foprlol A q9] wlef 7|FHst FRE &SI
o} o] Az £ S EE oF 1.875° x 1.875%] 3L
A7 s =e 6A17F 7HH 0|t

WRFS] A} 2538-= CAM (Community Atmospheric
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Fig. 1. CORDEX-East Asia phase 2 domain for WRF
simulation. Boxed area indicates analysis region.

Table 1. Configurations of WRF model used in this study.

Parameter Configuration
Domain CORDEX-East Asia phase 2
Resolution 395 x 250 (25 km), 30 levels

Microphysics WSM3
Radiation (LW/SW) CAM

Land Surface Noah
PBL YSU
Cumulus BMJ

Spectral Nudging Applied

Model scheme; Collins et al., 2002), A3+ Noah
(Noah Land Surface Model; Chen and Dudhia, 2001),
Y74 A1FS YSU scheme (Yonsei University; Hong
et al., 20062 AM&-3IATH 5 243} Weke WSM3
(WRF-Single-Moment 3-class; Hong et al., 2004), &
£ T3} Weke BMI (Betts-Miller-Janjic; Betts and
Miller, 1986; Janji¢, 1994)5 AFE-3ISTH o8 AP
N R DR CHESE BRTE
S PN F USE BAHCha and Lee, 2009;
Lee et al, 2016; Tang et al., 2017). oJo] wg} & A
FANE 2d] ABH 0XF Foly] s) 2
g g4 71He 283 th(von Storch et al., 2000).
2AEQ WA dAAS AEIA 54T W
o2 9 (6) 35 ol SRkl thal A gahe
ok Ad A gk AAgE A2 Table 10 UHE}
el

2 dFelA= IPCColl oJsf Alg¥= 252 RCP
AUE] 2 (RCP2.6, RCP8.5)Z o]-&-&lo] Folx|o} x|
o] wjgf 71FwstE At 2 A2 v
2715l sl 197997E 20059 7HA] (200613 F-E

21003714 stk B Ao e 2147] SHb
7155 A5 flal dA 715 71 24 7]
Z7HS 198195E 2005 7FA1 (20263 5-E] 20503 7HA])
2 A3k TS A7 gy v )] Ws)t
off sl TAIA F2148S HS3H7] $18 Student t-test
£ 43 313 th(Bretherton et al., 1999). & A-FA =
95% A= F7bell E3FEE frol g Wk eRdTha
Edaaeisv =

715 gk WRF 29| Ro|d5S HAS3H]
&l #2252 0.5° 7+4 2] CRU (Climatic Research
Unit; Harris et al., 2014) €34 55 A5
H, #&3 mdxge] F7F AXE Hd o|FAFPR
7HE ol gs 24 ZA3}E CRU AAZ Ul4tshadth
ASE 37] 98] AHeg Wde €97 7|2, 9 A
/FA7| e €34 golth

3.4 3

7] #d HeAEEF 7129 FHar/d #HA
712)el tist WRFS] @A7$ Bojdss AS3e]
el wAZGAH e E AHEE MPI-ESM-LR¥ WRF
24 AF}E CRU &8} H 3w 224519 th(Figs. 2, 3,
and 4). Figure 2= &6, 7, 8¥) 2 ALH(12, 1, 2
) H7] 2o 3k MPI-ESM-LRZ WRFS] AE3
AE HAFE agolth ¢4 A= AFEE HH
Aol gaglo] = REEe} Folaol X HofA] 7]
2o] EA Yeha aA e &al= EEl Lol A
= 74 AYHT 7]2o] ¥A XS (Figs. 2a, d).
AAE 67 Ao sl MPI-ESM-LRS &3 ¥
o 7122 HAH(-1.3~0.6°C)et H A FZ 2 *XHRMSE,
Root mean square error) (1.3~32)8 2A E9sl= 7
TS Ho|Ag, ALH Ha 7] RoAE Ao
we} ZA 2 Hx}(-2.4~4.1°C)2} RMSE (1.9~4.8)
£ 2ot AgHole a5, ¥, a8y 5 A Y
oAl HFsist el HAF Bxsta, Qdx,
g Fgobrlol A HolA] Fe] HAF rERdTH(Figs.
2b, e). ¢} EE] WRF 282 o 2 ALH HF
7128 #AZ5ol vl HRbH o= WA Rojste A
o] Ut} EF FH7]L 2oox WRF= MPI-ESM-
LR Hr} %2 RMSEE X FUldoz 955 =
o|4FS HATKFig. 2¢). ALHL A4 5 1)
& 2 29 #x} 2@ RMSE7} thEE 2o et
H(Fig. 2f), §5=, B35, =@, 48, 53) A
Ao|A v A FE(zhe) 2}l RMSEZL A48}, o]
23k A= WRFZF AITZH R 7|28 97 2o
the A8 A3 Aol Ax] 3 chHeikkild et al,
2011; Choi et al., 2012; Dasari et al., 2014; Choi and
Ahn, 2017). A9l we} tha zpole JYAIRE ANHH
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Fig. 2. Spatial distribution of summer (a-c) and winter (d-f) mean 2m temperature (°C) for historical period (1981~2005)
derived from CRU (a, d) and their biases of MPI-ESM-LR (b, ¢), WRF (c, f) compared with CRU.
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Fig. 3. Same as Fig. 2 but for daily maximum temperature (°C) in summer (a-c) and daily minimum temperature (°C) in winter

(d-f).
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Fig. 4. Taylor diagram of summer (a) and winter (b) mean 2 m temperature (°C) for historical period (1981~2005).
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Fig. 5. Spatial distribution of summer (a-c) and winter (d-f) mean 2 m temperature (°C) for historical period (1981~2005) (a, d)
and their changes (2026~2050 relative to 1981~2005) in response to RCP2.6 scenario (b, €) and RCP8.5 scenario (c, f). Dots
denote statistically significant changes at the 95% confidence level.

Table 2. Definition of extreme temperature indices used in this study.

Index Definition Unit
T90max The average of daily maximum temperature above 90th percentile in a year °C
T90min The average of daily minimum temperature above 90th percentile in a year °C

The count of days with at least six consecutive days when maximum temperatures
Hot Days (HID) exceeding the local 90th percentile of the control period Days
Hot Nights (HIN) The count of days with at least six consecutive days when minimum temperatures Days

exceeding the local 90th percentile of the control period
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