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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-WREF 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.

Component Resolution Reference
model
Horizontal ~ Spectral truncation T42 Community Climate Model
Atmosphere - — .
Vertical 18 hybrid sigma-pressure levels (top: 2.917mb)  [CCM3, 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

ZA8E YAFOA d A0 FG AZY5L
Hnag g,

2. 1E W Uy

21 X T =gy

B Aol AHgE dAT Hgdies 292 PNU
CGCMe]t}. PNU CGCM2] AJH-E3-2 NCAR (National
Center for Atmospheric Research) Community Climate
Model version 3 (CCM3; Kiehl et al., 1996) AGCM,
GFDL Modular Ocean Model version 3 (MOM3;
Pacanowski and Griffies, 1998) OGCM, Los Alamos
National Laboratory (LANL) Elastic-Viscous-Plastic
Model (EVP) Sea-Ice Model (Hunke and Dukowicz,
1997) 28] Land Surface Model (LSM; Bonan,
1998)= FAEth PNU CGCME] A »d 2 )4
ol it 4t A B = Table 19 VERATH

PNU CGCM®| th7]d& %71%-> NCEP/DOE
(National Centers for Environmental Prediction/Department
of Energy Reanalysis2(°]3} NCEP-R2)) At&E5 ©]&3}
o AAketA A 271274 918t] Atmospheric
Model Intercomparison Project (AMIP)-type &8-S ©]
B3IATH AMIP-type A2 A54E FHEE A
Ao At =Y el ti7] 9 Aasdert
3 ES sh= Zlojth ti7] gl #=H Wiy &

E AL o vk 27120 F dEsia 54 8
FHIEE AAZRNOE sl A&Ho2 ARS F
st Al FdwE £71%2 Global Ocean Data
Assimilation System (GODAS)®] AEE AFE3lom,
Variational Analysis using a Filter (VAF)Z 40% 4|
o thste] AEE3HE #8330tk PNU CGCMel| A
S5 W], sl 2 AW 271 AR WHS Ahn
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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}A]
3] Awsl 9o, Fig. 20 YERATEH

22 XI5 8

A 7|52 8L WRF version 3.5 (Weather Research
and Forecasting model; Skamarock et al., 2008)5 A}
&35, WRFE 5kme| e d=S 7 dht
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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]
MMS5 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 ]
- e N
Period : 1989~2018
AGCM
Data : NCEP-R2
[ /Land I ot e ] CCM3 AGCM « 8-Month Lead Hindcast

LSM

OGCM Period : 1989~2018
/Sealce | Data: GODAS

h * « Period : 1989~2018(30yrs)

- Starting at every Month

N Y

MOM3 OGCM

[ EVP Sea Ice

J . J

Fig. 2. Schematic diagram of PNU CGCM.

TE FAoE AW 1507, GENE 24570 9] A
A2 FAPHFig. 1). WRF 7] 2 AAzAL
AT HAHNEFEFE ] PNU CGCM S o] 83t A
bk ARG A7 S AE wid 27|skeke] AW
sgloerng afeH 25 B ATEYSE(Deep Soil
Temperature) 52 g 7H40.2 HHo|EHT} S
g & AXZeE gt X Hd g JE) g
A ESARE YAkstr] 98kl FA A AK(Nesting) =7
S A&3A %I T42 GCM A=A 5km=Z F
B 245EE 488 23519 THAhn et al, 2018a).
AHEE =8 Wk XA A A EF 72 Noah
Land-Surface Model (Chen and Dudhia, 2001), Monin-
Obukhov scheme (Paulson, 1970), 341 73 71%<l Yonsei
University (YSU) scheme (Hong et al., 2006), &-& &
<=3}o)| Kain-Fritsch scheme (Kain, 2004), v]A|&2] 2}
el WRF Single-Moment 3-class (WSM3) scheme
(Hong et al., 2004), 223 ©a}, ZulEA} »22=3)o]

=748k 7] A1299 53 (2019)

Z}7z} Dudhia scheme (Dudhia, 1989), Rapid Radiative
Transfer Model (RRTM) scheme (Mlawer et al., 1997)

= AH&-SFITH(Table 2).

il

2.3 M 4y

B A= PNU CGCMOE AAHe AL Hindcast
A2E WRFE %7] € AAzASE slo] @3l A
Aol tigk G FEREALE TS WHoE
3 A A AZSAFE AABIITHADN et al., 2018a).
PNU CGCM< ©]4-3F Hindcaste "Y€ %7]3}sle] 8
N4 lead (lead0~lead7)Z HE-3h= Waoz A4t
3k, 1989 dFE 20183714 30:d0] thale] A7k
H(hourly) A} (Hindcast)E AJAHsIATH 1€ 271342
ZHE 43S A8l 482 0IRUN, 2¥€ 2713
o 2XE AFsE FHES 02RUN 508 Wiy
2 3t} WRF AAIZ7AL PNU CGCMLe.2HE )
AbE]o] 60 ZHA SR AWEI, $HTE Tl ¢
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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 WREF.

H(daily) AH5E AaFskth. WRFE ©]8-3to] o5}
2 FREAZE 2 85E lead2~lead7 T S EH (62~8
o, JA)Kl aEslE lead(@lS E°] 0IRUNS 7%
lead 5, lead 6, lead 7)ol t3lA T ¥4 315 ThFig. 3).

24 EY X 7|1E

B AFolM s FHo dSHES AuE7] $l8h]
ZAYUS(Number of Heatwave days, HWD), Z37
= (Heatwave Intensity, HWI) ¥ ZdF9o|r dtgd4
(Heatwave Warning, HWW)&] ZH=| 5o djsl &4
ST 71 A Holst £He] 7Ee #5HE d
Fa17]20] 33°C o]l otk uer ZHFAS
JA EF 92¢) o Farr]0] 33°C o]Xd<l o
T, FQEE d Harlo] 33°CE 24 A %
ok ThEe] 7128 JIA B9t A Aeg Aosl
o & 5] 4 FHarlo] 36°Cel A9 19| &
ZdeE 3°Co|tt. ZHFo R AHUFE A 53t
Fa17]20] 33°C o]/dQl o] 2 o) A&HE
o] =2 Aot}
o FH 7] 7157H1989~20184, 3089)¢] @3k
< Aurd 69, 74, 849, JANA 727) A9
717347 37148215 (Automated Synoptic Observing
System, ASOS; ©]3} #=)(Figs. 4a-d)2] 749 26.38°C,
28.84°C, 29.67°C, 28.29°C, WRF (Figs. 4m-p)¢] 73-%-
20.34°C, 23.67°C, 25.79°C, 23.27°CE 6.04°C, 5.17°C,
3.88°C, 5.02°Ce] x}o]E Wolm WRF7} #4 Rejs)
= 202 vehdt} oA 232l 7|3 (climatology)
= #5975 t=27] "o WRF 29 7]
gk ZHe] 71ES Aolsidth. #59 o Havle
Hek BEF 27607H) 1989AFH 2018'd7k4] 92
JJAYE BF UEalS o, 7133l Zde] 7%
o= Hojgt 33°CE 9] 6.2%(2590H A )0l sl Fatr.
WRFoIA BeJgh 4o 27 E 2m e ] Y H
A7|2E #5I vREA] PR JEdS o 9l
6.2%(2590% )0l s geh= 7122 RUNE(OIRUN~
04RUN)E ZHZ} 27.46°C, 27.76°C, 27.82°C, 27.90°C°]

g e w0

o wlgbd WRFS] dZAN 2D 71Ee 747t
RUNEE XA 2RE 2m 2T 4 Hir|e
°] 27.46°C, 27.76°C, 27.82°C, 27.90°C °]4<l &=
gelstant. 71734 #7153 WRFS RUN®E #
A 71FES HaFd 27.74°C9] 2ol oF 5.26°CE ©|
= WRFSF #39] o Hirle 93 B+ zpe|9
H2](3.88°C~6.04°C)dll Z3HEIT) . AFoA = 714
AollAl Aejst A 71 33°Co| 2F7] S8k
et Wt A Har)2e] A% Wx F(Probability
Distribution Function) ¥-3¥¢] 4] 93.7" HAlgldS
Z4d 7R Ao, e MigdFiaM e &
A, gt 5 FE /1&g oE w o]e} o] 4] 90",
98", 99" HAEIY TS o]gdl] V=S AFUT
(Mehl and Tebaldi, 2004; Hajat et al., 2006; Kunkel
et al., 2010; Zhang, 2011; Vautard et al., 2013; Yin
and Sun, 2018).

25 AF 4y
PNU CGCM-WRF Chain®] HWD, HWI, HWW®]
etk S-S AFsH7] fIstke] A=A (Temporal
Correlation Coefficient, TCC), ¥ A& 2 XHRoot
Mean Square Error, RMSE) % Heidke 71& H4
(Heidke Skill Score, HSS), 4%E(Hit Rate, HR) 5
o] AF AFES &tk TCCe F AALE7]
e e Y 2190 7S4S Aol =41 0
of 7S Aol 1SS ovgth. RMSE=
T AALZE] 0AE At B 3ol Ae2
o7AM A7 ARE v Fth. #534 952 RMSE
£ TIE AT, 00 TS S AL Ao
o, fo] E5F A5 ox7F AR ¢v]git). HSS
= 98] gntEA A5 A9E A BYgEE
ojmjgitt, d& W At H7L oA 3 &E
Ad A A= dS5ANA wiAIg HSSE 1
ol 7S4S oS40 £ 09 7TMHEFE oS4
<, 0 AT A 48] BE gEo] 45
AR =22 on|dith HRS o =2 A4S W
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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 = M0, - nMO Perfoct: 1
(Temporal Correlation Coefficient) - ns' 8o (Perfect: 1)
n 2
RMSE _ Za M -0) ]
(Root Mean Square Error) RMSE = " (Perfect: 0)
Above Normal Normal Below Normal

variable | Anomaly2 +val | -val < Anomaly < +val | Anomaly<-val

Fest
+ 0 - Total

Obs

) + A i B i C i D
HR (HitRate)and | AT SRRV SRR
HSS (Heidke Skill Score) 0 E { F I 6 i} H
- I J K L
Total M N i O P
Hit Rate = ’#{ (Perfect: 1)

Heidke Skill Score = % (Perfect: 1)

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

&2 el Zojtt. 2 Awrt 2545 o1, A4 B 2018E7kA] F 301 el

S=7F S A 12 ekt HSSSE HRE wid

o] ¢ l#%( WD, HWI, HWW)Q] H2H Anomaly) 3. 0| T}

E AAE EEE YEHE W, AALY] +0430

(Standard deviation)= 7]f_<li slo, X5 Above 3.1 PNU CGCM-WRF Chain2| 22| Ms
normal, Normal, Below normal® Y-o] &=z} v PNU CGCM-WRF Chain®] Z¢ o &4 Ao &

718l tH(Wilks, 1995). =31, HRE 3E-9 & UiFo] A d H37]eo) thd PNU CGCM# WRFS] 2.9
FA9le] 2 oSS wf AAlet X gEo] oF TS ASOS ¥ NCEP-R29} H]wste] 753191

0.330]2.2 0.33 OMH ATE UrE}LHL A4 A=A Figure 4= A 7174(1989~2018) &2+ ASOS, NCEP-
o] Itk IAHSAT HAF AFE Fhe £ R2, PNU CGCM, 28] WRFS| o5& o 7]
Table 30 YEFATE M, O t“m ASUE ovlst 29 715S UERTh 64, 7€, 8¢ 18] 3L JJA

M, 0= RE A, A5 WS, 0 3o 7, st € 24S FYSAL, lead29] A AHE
s, 8o B 350 FEUAE ,] 1§E‘r A5 EEE YEhigith WA ASOSe| Ei Hat o HX

< Fsk AMESE AR = 727 XF Y 71 F) 7] (Figs. 4a-d) & Z}7}F 26.38°C, 28.84°C, 29.67°CE
+#ZA 5 (Automated Synoptic Observing System)<} 690l 89U R APHF= Zolxit) A HE o FH
NCEP-R2914 A9 2 Aglete] AFshes AYesr 7|8 Avrd Faoks ue} guikado] 933k
FH 2m AEoA 9 Y Hir|2 ARE ARET 22 FHET 7]2o] B YEhve 540l vEeRd
(Fig. 1). 7172 Hindcast At59} w[7EA 2 1989 t}. PNU CGCMoIA ot o584 o #Harle ¥

Atmosphere, Vol. 29, No. 5. (2019)



[*)
~]
s}

MRS A B W (Figs. 4i-l) 6, 78] WS ol A
JHT =2 3he Bt} sdo= tiFEe
Fodo|A] 24°C o] e EEE Ye I, HH-A
oM E 28°C o4 EXE Yehn w7} Yo}
ex7t Zrlsle XS Bt 6, 7, 89 &
(33.5-39°N, 125-130°E) 99HF o FH7|&
} 19.82°C, 23.99°C, 25.71°Co]™ ASOSS} w3k
62ollA] 89E FYPHFE FolHl) oj9} 7+
£7-2 NCEP-R29] &7HE X (Figs. 4e-h)o A= wl
FAVEA YERGTE. NCEP-R201IA 23k x]< 2] o
A Fg A Hur)Le B GA] YEX QoA 3
o =2 #e 2o, 9 oo Hi ¢
2 747} 20.72°C, 24.03°C, 25.50°CE YEFSE
U CGCM2 HAT R EFo|7] ufF
dole] Bl xgaxs wolske v 3
A7} Ak, o]t AAE FE3} A} WRFE o]-&-3}
of A iR 4% A3E ¥ ER (Figs. 4m-p)
PNU CGCM3} NCEP-R29| ¥ FHi7| F{HEEH
ok X2 Edo] ZAMSHA YEldTh WRFS 953
ke o FH377]2 ¥¥E NCEP-R2 2 PNU CGCM
o] Adje}t v A &2 SRt WFA o =A Y
Bl Qv Wold g FUhsh st o ¥
o+ 9 A w8 7z} 20.34°C, 23.67°C 25.79°C
2 NCEP-R2 @ PNU CGCM} ¢~ fA1skA Lhek
wo} b, e F&o X8 el ke ) s)jelar
Aol o3 el o] XA EA(FLAA)
o] PNU CGCM3 NCEP-R29] Z7HEZHE= & 1
ElA] e8gkou WRF Ao 2 YeRdt). b4
AF3 Hiel 7Ho] WRFE ASOSS} 6.04°C, 5.17°C,
3.88°Ce] #}o]lE HolH A FHr|e FH4a RS}
= E4o] Y=, o= WRFY %7] 2 Az
Ao Z ARE3SE PNU CGCME] ¢ H7]2 Bxo] o
& wEd AeE AtEET
Figure 55 o #3719 thdt ASOS9}t WRF<]
TCC, RMSE, HR ¥ HSSZ uepd z2golt) WA
TCCE A ET —0.14-0.349] HZ Yehuy 93
2 24HEE 62-& 02RUN, 03RUN, 04RUN, 01RUN,
79< 04RUN, 03RUN, 01RUN, 02RUN, 8¥¢] 3¢
04RUN, 0IRUN, 02RUN, 03RUN¢] A2 =4
Eldtl 04RUNQ| 8Ll A= 95% ©]/de] AlF4Fo
2 #2138k gro] el BbA| 01RUNS] 6¥3} 03RUN
9] 8€ME 9] #ol YERATE 01RUN 04RUN
o] Aol 2318 lead’} BolE4E TCCYT =4
Uepbdth RMSEQ] 7% 0.70~1.322] oA ek
U, 642 04RUN, 02RUN, 03RUN, 0IRUN, 79
04RUN, 03RUN, 02RUN, 01RUN, 899} 73-¢- 04RUN,
0IRUN, 02RUN, 03RUN =AM 2 27| Uepdtt HRO
49 AAFHOZ 0.27~0439] FSloNA YEltH 6¥

oZ (T & Y
bl o2 rz
2

i
o

N
~

flo ro X,
NN

N e

N
N,
fu

o T B o0 i Ho rlo
TN
N 12

f
iz
k1

¢

=718k 7] #2949 53 (2019)

PNU CGCM-WRF Chaing- ©]-8-3F d3t x| £ 7] A &2 H7}

(a) Temporal Correlation Coefficient (TCC)

10 3 T T T T
08 01RUN 02RUN 03RUN 04RUN
06 -
0.4
02
0.0 3
0.2
T T T T T T
M A M J J A
(b) Root Mean Square Error (RMSE)
35 5 | | \ |
30 3 01RUN 02RUN 03RUN 04RUN
25
20 4
15 3
1.0 5 —
0.5 5
0.0 = T T T T T T
M A M J J A
(c) Hit Rate (HR)
1.0 5 | T T |
0.8 01RUN 02RUN 03RUN 04RUN
0.6 -
0.4
0.2 -
0.0 - T T T T T T
M A M J J A
(d) Heidke Skill Score (HSS)
09 - I I I I
o5 01RUN 02RUN 03RUN 04RUN
03 S
1 ——
0.0 — ——
-0.3

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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