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Abstract

Heatwaves are among the most common climate-related disasters globally, posing significant threats to human health,
energy systems, ecosystems, and various aspects of society. As the frequency and intensity of heatwaves rise due to climate
change, accurate forecasting of such events is becoming increasingly critical. However, numerical models still face substantial
limitations in representing key urban features such as anthropogenic heat emissions and the complex structure of urban areas
that influence surface air temperature. A representative heatwave event was analyzed focusing on the southeastern region of
South Korea, characterized by a high proportion of urbanized areas, to examine the temperature differences between coastal
and inland cities. This study examined the performance of the regional-scale numerical weather prediction models (WRF
v4.5.2) in reproducing the spatial temperature distributions. A comparative analysis between model simulations and
observational data revealed that the model significantly underestimated temperatures in urban areas compared to suburban
regions, with errors reaching up to 4-5°C during periods when observed temperatures exceeded 35°C. Sensitivity
experiments employing various radiation parameterization schemes showed that while some schemes reduced the degree of
underestimation, improvements were limited to approximately 2°C. These findings suggest that adjusting radiation schemes
alone does not adequately address structural biases in urban temperature simulations. Therefore, improving the accuracy of
heatwave prediction may require improvements in model performance, including the activation of urban canopy models (UCM)
and integrating high-resolution land cover data.
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al., 2022). ‘5@l PR FFe 2= 1990dH FHF
ol W Auf | HollA d AEH AT} FI5tAL, v
o] it 2ol A FAlell AAteF ool A, Y
|7] B¢t A 7B w2 V2 HF oS
B, o] 23t -2 mjef Al Qb 9F &
Qlo] & £ Slgo] FAEUHZampieri et al.,
2017). MAIEAZ15-(World Health Organization,
WHO)= 715887} Izt A7) mA= JF= 4]
Sk, Bo] € ~EHAR QS| M AAHS=R 2030
defli= 90,0009 o4, 2050Eel= 255,000 o1
o] 2g4dg AL 71 g ACeR FAsSHAH
(WHO, 2014).

2, 7% 93] B AR 3+ FYA(The
Intergovernmental Panel on Climate Change,
[PCO= 62} B7HRIAE Foll 2ule A+2 B+
7|2 5ol % a2 @Y I THe S VA
A0 2 Aot ATHIPCC, 2021). o2}, w2 A
PATE TN ZE vt Fe E F7)9 FIPE R
=3 Qlom(Meehl et al., 2000; Coumou et al.,
2013; USGCRP, 2017; IPCC, 2022), 71-2=} & s
T 2Lk ST, @ 58 7HEE th R 9o
= ol sfet A H o W 7|0 YEHT} ¥ w5
W Aol B A7t STt AT WAk itk
(Dailidiene et al., 2023). $h=r T3+ B 7|29 4
5 9 54 29| e} 2|& 77 7P 29
B =9t (Jung et al., 2002; Kim et al., 2016; Suh
et al., 2016; Yeh et al., 2018). £35] 20164 4152
735, Ao 23t Grijof 47t 242 2449 32
2 715HOH(KMA, 2017; Blunden and Arndt,
2017), 22EL AFYAL 71 3437 0= HaE vf Q)
™HLim et al., 2019). oF&#, 2018d°l= 71443
GAPE 111 "ol 7 B =10 B2 A &5 =
o] AT, 44,0007 2] 2F =L 9007 oY
APEAE zEst Ao® HuEdrkPark et al,
2019; Ha et al., 2020; Lee et al., 2020; Min et al.,
2020; Park and Chae, 2020).

olgfgr R I MAUZE F= AT AT 7%
ol &, B27] 59 T8 w2 I TRlo] =
© 7 Byrloigttk(Park and Schubert, 1997; Black
et al., 2004: Nakamura and Fukamachi, 2004;
Ding et al., 2010; Dole et al., 2011; Min et al.,
2019; Kim et al., 2021). Park and Schubert(1997)
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31.494(8d 9.89), C“EHOF A 17.79(8d 5.1
2 19734 ol 77 At} 1915 71ESHIATHKMA,
2019). 30 718 w(1976-20054 7-8¥)} H]| w5}
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(Gaussian distribution) 2ot 112 WFoez olF3l
ot E5] -2 g (upper tail) FHoAL] Hl=7}
A F7kste], AFHA T3 T4 Fej7t FHZ v
A 22 E4o] YelH ™ (Im et al., 2019). WA, o]
231 a1-20] = 2018 88 EAEZ AT
o7 skt
A9 -UE 2to] W A -HIEA A
9] 71 EA& 24 st7] Sl EXHE A= E &85}
of A4 2|95 Aokt & AollA= Moderate
Resolution Imaging Spectroradiometer (MODIS)
Terra?t Aqua 914 #5& &3 EXHE =2l
MCDlZQl Version 6 (modis_landuse_21class_30s)
< AHgott ald Ars= oF 1 km 3R SRS &
d 49k A=Zo|W, International Geosphere-
Biosphere Programme (IGBP) & A|Al =& 18
N EXEE SRPAF AT, 909, A, 2A

A BE 7IHte 2 3] o5 melof utA| 2178 Z24
22 SP7hgEo] AlgEok(Sulla-Menashe and
Friedl, 2018). MODIS EX| T &2 tj7|-A|H A5 =2t
& Aol de] 2851 912™(Tao et al., 2013; Li
et al., 2017; Jach et al., 2020), 7|5 United States
Geological Survey (USGS) 715t EFHt} ofA|o} ]
Aof| gk A7 EAFE © B Wrste Aoz
A UtHFried! et al., 2002). WA & A4
£ Q15de 2ot BT Q1Y A el 299
712 Bo| A¥E H|wstr] $15) MODIS EX| 55 2
25 7I¥tez Z¥~A 13 ‘Urban and Built-up
Lands ]l OHDPO = A9E& Z4(Urban, URB), 1
S0 sfgste A9S 1e](Suburban, SUB)E
FEst] BAS —’F Y5t HFig. 1(a).
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Fig. 1. (a) Spatial distribution of land-use categories in South Korea based on MODIS data. (b) Locations of Automated
Synoptic Observing System (ASOS) stations classified as SUB (blue circles) and URBcoaswal (red circles, coastal sites)
within the purple box in (a). (c) ASOS stations in the southeastern part of Korea classified as URBcoasta (red circles,

129°E 129°E

coastal sites) and URBinand (red squares, inland sites) within the blue box in (a).

Table 1. Summary of physical schemes used in WRF numerical experiments

Meteorological Initial
Conditions & Boundary
Conditions

NCEP/FNL 1° x 1° reanalysis data

Base Expl Exp2 Exp3
Longwave radiation RRTM RRTM RRTMG RRTMG
Shortwave radiation Goddard Dudhia Goddard Dudhia

Microphysics
Physical options
Surface layer
Land surface
Planetary boundary layer

Cumulus parameterizations

Purdue Lin (Chen and Sun, 2002)
Revised MM5 (Jiménez et al., 2012)
Noah (Tewari et al., 2004)

YSU (Hong et al., 2006)

D01, D02 - Kain-Fritsch (Kain, 2004) D03 - off

b & 2k2E Wgste] URBSF SUB=Z
At BAF, 24, A, B, ASiALL A
FUMNE URBeoustal(F ), 77T,
I, ok, AE A=EE), Ax
SUB(E )= FEskAth. o8t URBeoasa™
SUBS| A &2 e J7 e 5-A= Uy
£ ¥l 3ol =T welA o] E44& Z45t=T

-1 o=

AT Jont & Aol AR
2| ol A FAo] S
QtE—A A 2te] 7)1 A
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Fig. 2. Hourly temperature time series and daily maximum temperatures for (a) eight URBcoastt ASOS stations and (b) eight
ASOS SUB stations during August 12-15, 2018. In panels (a) and (b), dots indicate the daily maximum temperature at
each station, and the mean of these maxima is shown with error bars denoting + 1 standard deviation. (c) Diurnal cycle
of temperature averaged over the same period (Korea Standard Time, KST).
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N
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[45 N HE o= s S5, £4 A5 ¢
B A4S AA 7144 718 =2 2 (https://
data.kma.go.kr)& E5l A5t

2.3. 72| 2o 4 2 Hot 2B

Z4 oS ALk YUk Qo SR 7Y A B
gl Weather Research and Forecasting Model
(WRF) v4.5.25 &85tttk WRF 22 & AAZ
o8 dg] &8 Qe 42 dE Bdg Hd3H
7] 55& BolT & glom oheket B 9 AIRE
ol FAstA A8 7Hsstk(Skamarock et
al., 2019). & ol A+= Lambert Conformal Conic
(LCC) F%93} Arakawa-C AR AAE 7|§te=z
WRFE % 3709 $34 ZHU(nested domains) 22
A 24 Tl 27 km(DO01), 9 km(D02),
3 km(D03)2] 47 SR FotAlof, gt el
& X, A2 A= 2| #H5H 50 hPa AtelE 29
N S8 FAstAT. ZF Er|Qle] 4=2] ALt AJE F
A(time step)> 242t 60%(D01), 202(D02), 6.67
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Z(D03)= AAstY, B2 = drE o 2 AIXt
A 0 2 Agto] o] FoR L& sFQIT, 7|2 Ho| A1t
o Al EAdl= D01, D022t € cumulus
parameterization®] Kain—Fritsch ¥41°0] 4857
%2, 3 km 37t 9] D03 F(Fig. 1(@)°] &2
o] AIE &goigint. o2t I3t S v o R,
2 A= ZLELHY B FE LY 7> EAS Bl 24
St7] l6l, HZ2AL o] AKHoR UpEhd
20184 849 10¥+H 15¢7HA1E &4 7I7te=s A
Astedeh. o] F 1292 HIZA L] & Atell, 13-15
A2 = 2 A HoflA Zgo] BT dE A=
AEH oz A6 271 9 AAZ-2 National
Center for Environmental Prediction/National
Center for Atmospheric Research (NCEP/NCAR)
9| Final Analysis (FNL) At2E ©|-8st5om,
o] A& 7172 24 i 713 So] RIelEE
~WY(Spin-up) 39S E3bste] 2018 8Y 74
00Al(Korea Standard Time, KST)®E 8¢ 15¢
23A(KST)7HA 2 A sF4iet.

E5], & A9 219 A= AP A=A
de] S85= =9 B4t it 232 485 =
A8 (Base)t ToHshort wave) ¥ FHlong wave)
EA 2451 9IS thEA A 3714 vl AY
(Expl, Exp2, Exp3)= Sttt Bdl f EAF &
8t A2 A 7w 715 7 o 2] dgs 24
SHe A 942 dat BAE F2 g)7)E 7Hdshy
Aot BEAMs W7 7S fUSH(NCAR, 2018), 2
L3} HIohH At 1A Y] Zfol= A E 72 E EF
P Eo P2 7] o] A2 FAE Bolst=
Qlo] Fa35th(Zittis and Hadjinicolaou, 2017). @t
A BAF B35} Hoke] Adet E-go] TA| 2]H9 7]
2 A 2O| R 71d 5 JEAE Btk

£ 29 S4S 185 AdHlolA 7o) /gt A
Ab o] thE BAF R4=g) Hiehe] diel e Ad
= Fote] B4 712 mojof A<l 243} S
LSt ZF 42 Wo] Aol AAet w45t 4
<2 Table 11 &5ttt

Base®} Expl H|WE Fof] Tu} ZAF B3 HA o]
7] 20 mxE= F&Fe ztolE &Ittt Dudhia &
3} 2M(ra_sw_physics=1)= 753 H2 sl= £
A9 F4= 9 AFhE J1Efsto] dat BARE X E9
ko2 st halo= Aguo] glom, Aut &

o—a] : O]-ﬁ-l

oL

£°] EtHDudhia, 1989). Goddard 243} &4
(ra_sw_physics=2)2 7| T AR 7|5te] @& 5%
of =9 At Wl B4 giE VEske o o)
olfF WA Mg BEl® FAdEo] glom, A 4 of
F BALE 25 ARSI Chou and Suarez, 1994).
Base®} Exp2 ¥ Expli} Exp39] Blw B4 5] %
T EAF 23 o] 7]=0] nl A= FFE Bk
t}. Rapid Radiative Transfer Model (RRTM) 2=
5t 24(ra_lw_physics=1)2 o5 AHEFY HI=9f
validated correlated-k H'H-& 7|9t o= o]4tatgts
(COy), HIFH(CHy), oFF2H 2(N,0) 52 t7] 5 vlAl
AAeS e Ade Aok BAF ol ALEE 4345,
ALt &5 =ol7] Yol A AME Zx Holg
(look-up table)= &8stk Mlawer et al., 1997).
olg|gt B0 R sl 7|% ¥st 9 S7t 7)1 d Ad
= 913 2] RElgof de] &85 9lek. RRTM for
GCMs (RRTMG) E43} -4(ra_lw_physics=4)2
RRTM] 3 H Mxdo2 229 S9-S5 34
(Monte Carlo Independent Column Approximation,
MCICAYE =E3Jboto] BATE 2289 A4F
A 7best, 3 B4R 92 (flux
divergence) At Bl AEH 9 ofj7] HAZ
g2 YL W3t RS EAot= o AR BEA
45t 3d0 2 grtHEokJacono et al., 2008).
e ko] aE Bristr] {16, AduAls
(Pearson correlation coefficient, R), @A =]
(Index of Agreement, 104), BAIFZL*HRoot
Mean Square Error, RMSE) Al 7}A] B4 A 2& &
goto] Hl W 2A4S 485t 2 245 Lot ALt

Ao cheat e

£ (0.—0) (M.~ M)

R= =
\/Zin:1<0i_ O)Z'x/zinzl(M_M)z

T/l (M~ Of

10A=1— — —
Zin:1(|]%_0‘+|0i_0|)
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Fig. 3. (a) Hourly temperature time series for four southeastern cities in South Korea during August 12-15, 2018. (b) Diurnal

Fig. 4.

temperature variations averaged over the same period.
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Time series of ASOS observations and modeled temperatures for (a) URBeoasta and (b) SUB during 12-16 August
2018. Lines indicate the mean temperature averaged over all stations within each group, with shading indicating
+1 standard deviation among the stations. The yellow shaded bar at the top indicates the heatwave period. Scatter
plots of ASOS observations versus modeled temperatures for (¢) URBeoastal and (d) SUB include all station-time data
points, with the gray line indicating the 1:1 reference and the red dashed line indicating the simple linear
regression fit. Pearson correlation coefficient (R), Index of Agreement (I0A), and Root Mean Square Error (RMSE)

are reported in each panel.
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Table 2. Statistical evaluation of WRF-simulated temperature using ASOS observations for the selected study period

(August 10-15, 2018)

Region R I0A RMSE

Busan 0.70 0.70 1.86

Ulsan 0.64 0.72 2.26

Changwon 0.62 0.75 2.13

Bukchangwon 0.70 0.77 2.26

URBcoastal

Gimhae-si 0.69 0.75 2.49

Yangsan-si 0.56 0.71 2.55

Yeosu 0.67 0.78 1.40

Gwangyang-si 0.72 0.80 1.87

Gangjin-gun 0.81 0.89 1.64

Goheung 0.80 0.85 1.59

Boseong-gun 0.79 0.84 1.75

SUB Wando 0.54 0.44 2.06
Jangheung 0.76 0.86 1.79

Jindo (Mt. Cheomchal) 0.76 0.77 1.96

Jido-gun 0.81 0.87 1.54

Haenam 0.84 0.87 1.86

M= 1A A7e] mEl Axtolsl, O, ol g
sk prEgrolth, st O 217t mugt) BE7ko]
B3-S VR, ne 4] ulawo] AHgH Az o] %
olc}, welw} pEgte] HEA APAE e RS
19] F7HeE S APAL olulste], [0AL BE
R} o2 zke] A w8 Eh e AR e i R |
o 7PHe42 AA T £8S ofulgich RMSEE 2
Akt B 7] AA 07 2718 Hekstetel,
7ol 2245 mdo| molgatrs} et

3. 972N Y DY

3.1 S B AR 7|4 54 24

oo« o =

Fig. 2= &9l AN 20184 8¢ 12-15% 7]
TSt EA-w e 29 0] 7] Histet A Hur)e, 1
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Fig. 5. Hourly temperature bias (Obs. = Model) from 09:00 to 18:00 KST for (a) August 12, (b) August 13, (c) August 14
shown for Busan, Ulsan, Changwon, URBeoastal (excluding Busan, Ulsan, Changwon), and SUB.
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Fig. 6. Maximum temperature bias (Model = Obs.) during August 12-14, 2018 for each experiment (Base, Exp1-3) at 10
sites (URBeoastal and URBiniand) located in the southeastern part of Korea, out of a total of 12 such sites (black circles in

the central panel).
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0.68, 10A+= 0.77(Fig. 4(c)), SUBS| R 0.75,
IOAE 0.81(Fig. 4(d)=Z w4 =2 AT HY
o} oheh, 8l FAIA ] 718717 B 1HoE 2o
Adurg o 2 34.5]\_ Eiﬂﬁ}b 7:161:0] L]-E]-u-q. 55] =z

rlo rle
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0.72, IOAE 0.70-0.80 H<IE HA1L, SUBE 4 A
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Fig. 7. Mean temperature differences (4T) during August 12-14, 2018 for 10 sites (URBeoastt and URBinand) in the
southeastern part of South Korea, out of a total of 12 such sites. AT is defined as Experiment - Base (red) or
Experiment — Obs. (black), with shaded areas representing +1 standard deviation.
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Fig. 8. Spatial distribution of temperature differences (Experiment - Base), averaged over the daytime period (09:00-18:00
KST) during August 12-14, 2018 for three sensitivity experiments (Exp1-3). Green circles indicate URB sites,
representing 10 locations (URBeoasial and URBintand) in the southeastern part of South Korea, out of a total of 12 such

sites.
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