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Abstract This study evaluates the long-term seasonal predictability of summer (June, July and
August) heatwaves over South Korea using 30-year (1989~2018) Hindcast data of the Pusan
National University Coupled General Circulation Model (PNU CGCM)-Weather Research and
Forecasting (WRF) chain. Heatwave indices such as Number of Heatwave days (HWD), Heat-
wave Intensity (HWI) and Heatwave Warning (HWW) are used to explore the long-term sea-
sonal predictability of heatwaves. The prediction skills for HWD, HWI, and HWW are
evaluated in terms of the Temporal Correlation Coefficient (TCC), Root Mean Square Error
(RMSE) and Skill Scores such as Heidke Skill Score (HSS) and Hit Rate (HR). The spatial dis-
tributions of daily maximum temperature simulated by WRF are similar overall to those simu-
lated by NCEP-R2 and PNU CGCM. The WRF tends to underestimate the daily maximum
temperature than observation because the lateral boundary condition of WRF is PNU CGCM.
According to TCC, RMSE and Skill Score, the predictability of daily maximum temperature is
higher in the predictions that start from the February and April initial condition. However, the
PNU CGCM-WRF chain tends to overestimate HWD, HWI and HWW compared to observa-
tions. The TCCs for heatwave indices range from 0.02 to 0.31. The RMSE, HR and HSS values
are in the range of 7.73 to 8.73, 0.01 to 0.09 and 0.34 to 0.39, respectively. In general, the pre-
diction skill of the PNU CGCM-WRF chain for heatwave indices is highest in the predictions
that start from the February and April initial condition and is lower in the predictions that start
from January and March. According to TCC, RMSE and Skill Score, the predictability is more
influenced by lead time than by the effects of topography and/or terrain feature because both
HSS and HR varies in different leads over the whole region of South Korea.
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Table 1. Description of PNU-CGCM.
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Component Resolution Reference
model
Horizontal ~ Spectral truncation T42 Community Climate Model
Atmosphere - — .
Vertical 18 hybrid sigma-pressure levels (top: 2.917mb)  [CCMS3, Kiehl et al., 1996]
Horizontal 2.8125° longitude, ~0.7° (low lat.),
Ocean ~1.4° (mid lat) and ~2.8° (high lat) latitude Modular Ocean Model
- [MOM3, Pacanowski and Griffies, 1998]
Vertical 40 levels (top: 10 m, bottom: 5258 m)
Land Horizontal ~ Spectral truncation T42 Land Surface Model
an
Vertical 6 levels [LSM, Bonan, 1998]
Horizontal 2.8125° longitude, ~0.7° (low lat.), o )
Sea-ice ~1.4° (mid lat) and ~2.8° (high lat) latitude Elastic-Viscous-Plastic Model
- [EVP, Hunke and Dukowics, 1997]
Vertical 3 levels
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Pacanowski and Griffies, 1998) OGCM, Los Alamos
National Laboratory (LANL) Elastic-Viscous-Plastic
Model (EVP) Sea-Ice Model (Hunke and Dukowicz,
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1998)2 FA 9l PNU CGCME] AR =3 2 &4t
o tigk 4MS HE= Table 19] Vel
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(National Centers for Environmental Prediction/Department
of Energy Reanalysis2(©]3} NCEP-R2)) A& ©]-&-3}
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HE A2 3 Hut 2r)xdeg J¥ey 324 3§
FTHLEE AAZAOE o] d&HoR ARG
YtFch AFFE £717%2 Global Ocean Data
Assimilation System (GODAS)2] &5 AlME-3or,
Variational Analysis using a Filter (VAF)Z 405 ZIA|
o thste] A7E3HE A-83k3Ath PNU CGCMell A
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Fig. 1. The locations of ASOS in South Korea and topo-
graphy heights (in meters) of the WRF domain.

and Lee (2015)¢} Ahn et al. (2018a, 2018b)ell 4] =}A)
3] A3l 91om, Fig 20 YERATH
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R 9715 528L WRF version 3.5 (Weather Research
and Forecasting model; Skamarock et al., 2008)S A}
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Table 2. WRF configuration used in this study.

Contents Description
Horizontal dimensions 150 x 245
Horizontal resolution 5x5km
Vertical layer (top) 30 eta levels (50 hpa)
Lateral boundary condition PNU-CGCM
Relaxation zone 4
Integration time step 40s

Land surface

Surface layer

Planetary boundary layer
Cumulus

Microphysics

Shortwave radiation
Longwave radiation

Noah Land-Surface Model [Chen and Dudhia, 2001]
MMS Monin-Obukhov Scheme [Paulson, 1970; etc.]
Yonsei University [Hong et al., 2006]

Kain-Fritsch [Kain, 2004]

WSM3 [Hong et al., 2004]

Dudhia Scheme [Dudhia, 1989]

RRTM Scheme [Mlawer et al., 1997]

[ Initialization ] [ PNU CGCM ] [ GCGM Hindcast ]
acom | Period : 1989~2018 ( h
Data : NCEP-R2
/Land | AWip type cem3 AGeM + 8-Month Lead Hindcast
0GCM | Period : 19892018 + Period : 1989~2018(30yrs)
/Sealce | Data: GODAS LSM
- Starting at every Month
[ MOM3 OGCM ]
[ EVP Sea Ice ]
(. J

Fig. 2. Schematic diagram of PNU CGCM.

= FAoR A 15070, EEEE 245709) 4
A2 FADCHFig. 1). WRFS %27] 2 AAZALS
AA T FPHETEF D PNU CGCME ©]8-3te] A
g AR A7) S AFRE e 2718kste] A
s 4 2k 2 ASEF2E(Deep Soil
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g & AAZEo R e Ao gk WE) g
SRS Aet] fsted A AAF(Nesting) =
A& FE38A 2 T42 GCM g =olA 5 kmE F
B F43E AHE 3313 th(Ahn et al, 2018a).
AREE B ek AW 3 X33l 2HE Noah
Land-Surface Model (Chen and Dudhia, 2001), Monin-
Obukhov scheme (Paulson, 1970), 341 73 A1Z<l Yonsei
University (YSU) scheme (Hong et al., 2006), &8 &
=3}ol] Kain-Fritsch scheme (Kain, 2004), "|A&2] 3}
Ao WRF Single-Moment 3-class (WSM3) scheme
(Hong et al., 2004), 223 ©u}, Aot} R3]0

d=7148ks t7] A207 55 (2019)

Z}Z} Dudhia scheme (Dudhia, 1989), Rapid Radiative
Transfer Model (RRTM) scheme (Mlawer et al., 1997)

= AH&-3HItH(Table 2).

2.3 AE 4

B A7oll4E PNU CGCM22 A4k X7 Hindcast
25 WRFE 7] ® AAxR0R st Het A
oo et G5t FREALE FIYPshe WA
gk 2| ] dSAEE AAAFSIATHARN et al., 2018a).
PNU CGCME- ©]4-3} Hindcast= "€ %73}l 8
ML lead (lead0~lead7)Z A E3sl= W] oZ ALt
AL, 1989FFE 20183714 3030 thste] A7k
9 (hourly) AF& (Hindcast)E 34Tt 1€ 271782
EFE A5S AlFete 42 0IRUN, 29 =717
S 25E AFsle AES 02RUN 5o2 i3]
2 3t} WRF AAIZALS PNU CGCMLoZRE A
2tElo} 60% Ao R AWHI, FXEE Flo] o
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Fig. 3. Lead-times in 8-month lead Hindcast experiment. Left column indicates initialized month and top line indicates
predicted month. Lead2~7 (dark grey shaded) are dynamically downscaled by WRF.
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‘ P ‘ ,(.' ‘ # B®
. P . i - | ol 28
42°N - . Fd 42°N 42°N - . 7 42°N - . Ve 2
z f z a
d e 7t - J” 2
40°N | 40°N WON e -~ AON e / .
/ ”\ N 18
' \ 16
38°N 38°N 38N o et q® 38N | (g’ q® 14
B, B, 2
Bopat Boncy %
36°N 36°N 36°N - Xe® %000 36°N £ A3
AP e R 2 ) 8
. o - A L B - 6
34°N 34°N sy { CEEE :té" aen | R ‘é‘n ‘
e 4 ﬁi‘“ 2 o { 2 2
g ) E& W
———f—L —
124°E 126°E 128°E 130°E 132° 124°E 126°E 1268°E 130°E 1321 124°E 126°E 128°E 130°E 132° 124°E 126°E 128°E 130°E 132°E

(e) Jun_NCEP-R2 AVE=20.72 (f) Jul_NCEP-R2 AVE=24.03 (g) Aug_NCEP-R2 AVE=2550 (h) JJA_NCEP-R2 AVE=23.44
42N 4N 42N
40N 40N
38N 38N
36N 36N
AN 34N
32N 32N

40N

38N

36N

34N

32N
124E 125 126E 127E 128E 129E 130E 131E 124 125E 126E 127E 128E 129 130E 131E 124 125E 126 127E 128E 129 130E 131E 124 125E 126E 127 128E 129E 130E 131E
(i) Jun_PNU AVE=19.82  (j) Jul_PNU AVE=23.99 (k) Aug_PNU AVE=2571 (1) JJA_PNU AVE=23.17
30
4N 42N 12N 2
2
2
40N 40N 10N 2
| 20
18
38N 38N 8N 1
14
12
36N 36N 36N 1
8
6
34N 34N 4N 4
2
0
32N 32N 32N
124E125E 1266 127E 128E 129E 130E131E  124E 125E 126E 1276 128E 129 130E 131 124E 125E126E 127E 128E 129E 130E 131 124 125E 126E 127 128E 129E 130E 131E
(m) Jun_WRF AVE=20.34  (n) Jul_WRF AVE=23.67 (0) Aug_WRF AVE=25.79  (p) JJA_WRF AVE=23.27
42°N 42°N 42°N 42N
40°N 40°N 40°N 40°N
38°N 38°N 38°N 38N
36°N 36°N 36°N 36°N
34°N 34N 34N 34N
126°E 128°E 130°E 126°E 128°E 130°E 126°E 128°E 130°E 126°E 128°E 130°E

Fig. 4. Spatial distribution of daily maximum temperature (°C) derived from ASOS (a-d), NCEP-R2 (e-h), PNU CGCM (i-j)
and WRF (m-p) in the WRF domain for period of Hindcast (1989~2018).
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Table 3. The computational formula of TCC (Temporal Correlation Coefficient), RMSE (Root Mean Square Error), HR (Hit
Rate), HSS (Heidke Skill Score).

Verification method Define
TCC CORR LM,0; -nMO Perfoct: 1
(Temporal Correlation Coefficient) h ns' 8o (Perfect: 1)
RMSE _ EL(,-0)’
(Root Mean Square Error) RMSE = (Perfect: 0)
Above Normal Normal Below Normal

variable

Anomaly2 +val

-val < Anomaly < +val | Anomaly<-val

HR (Hit Rate) and
HSS (Heidke Skill Score)

Heidke Skill Score = ArFTK)-Cl

A+F+K

Hit Rate =
1t Rate B

(Perfect: 1)

Yl (Perfect: 1)

Cl =(MxD)+ (NxH)+ (OxL)+(PxP)

Zolth. 2 Jrrt 45 Fom, 4
73% 1% YERdTh HSSeF HRS wid
A FEHWD, HWI, HWW)2] HX}(Anomaly)
AAE EERE YEE ®, AAIES 0430
(Standard deviation)S 7]FCO 2 3dlo], EEE Above
normal, Normal, Below normal® o] &=z} v
H7}sla th(Wilks, 1995). T3, HRE 3292 o]
FAR0 TR SIS o AA| AT gEo] o
0.33°]2= 0.33 o[ 4e] A& Yelie 745 oS4
o] At ATt AF AFE Fole FAHS
Table 39| YEIT. M, zdzk, #=3e

W M, 0= 293 B, B35 ¥

sy, s'oe BEI #AZo FFEA
< flste] ARE-SH Ahs = 7270 AR €]
’$IEAE (Automated Synoptic Observing System)@}
NCEP-R2914] L9 2 At Algshes A=
T 2m A=A Y Hir|2 ARE ARSIt
(Fig. 1). 717+ Hindcast A5} vRz7IA] 2 1989

i
.

-
gl

sl
=4

FE 20189714 F 30d o]t}
3. 0&N 4ot

3.1 PNU CGCM-WRF Chaine| 29| Ms

PNU CGCM-WRF Chain®] Z 24 AZo| &
A d H7)eo) thdk PNU CGCMZF WRF2] =]
A%< ASOS ¥ NCEP-R2¢9} Hlwsted AZslict.
Figure 4= A3 7174(1989~2018) &2+ ASOS, NCEP-
R2, PNU CGCM, 28] WRFS] o532 o FHi7]
0] 715 gkS VeI 6, 749, 8¢ 283 JJAY)
iate] 9 48 Y313, lead29] A AHE
diE Yehlodtt WA ASOse @9 H d H
7] 2(Figs. 4a-d) & 7z}7} 26.38°C, 28.84°C, 29.67°CE
6€olAM 8Y= FPA4= moleh XY o FHa
7| AEEYH, Faleks wEl gyibdo] fJx|gh
32 FRHED 720 BA Yehde EA40] Yehd
t}. PNU CGCMellA 2ot o223 o Hr|L &
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Fig. 5. The (a) Temporal Correlation Coefficient (TCC) and
(b) Root Mean Squared Error (RMSE), (c) Hit Rate (HR),
and (d) Heidke Skill Score (HSS) of WRF prediction result.
The upper x-axis indicates initialized month, lower x-axis
indicates predicted month. Filled (open) circle of (a) TCC
indicates the values that are statistically significant at the
95% (90%) confidence level.
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Fig. 7. Spatial distribution of Heidke Skill Score (HSS) for Number of Heatwave days (top), Heatwave Index (middle) and
Heatwave Warning (bottom). The values at the top left of each figure are mean HSS.
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Fig. 9. Number of Heatwave days (HWD), Heatwave Intensity (HWI) and Heatwave Warning (HWW) during JJA in 1994,

2018 and climatology over South Korea, Seoul and Daegu.
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