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Abstract

Heatwaves have emerged as severe meteorological disasters that pose significant public health threats worldwide; their
frequency and intensity are increasing with climate change. The Korea Meteorological Administration operates a
heatwave warning system that estimates the daily maximum feel temperature based on an empirical relationship with the
Wet-Bulb Globe Temperature (WBGT). However, wet-bulb and globe temperatures are classified as nonstandard
meteorological variables, limiting their real-time application. Consequently, the current system relies on empirical
equations that use only air temperature and relative humidity, introducing a systematic bias. This study aimed to
characterize these biases and propose a novel correction approach based on extraterrestrial radiation. From May to
September 2024, globe temperature observations were collected at three sites—Incheon Airport, Seoul Songwol-dong,
and Seogwipo in Jeju—to obtain the reference feel temperatures. The analysis revealed that the current estimation
method systematically underestimates feel temperature during daytime because it insufficiently represent solar radiation
effects, particularly by 2-3C under high solar radiation conditions, and overestimates it at night by neglecting radiative
cooling. Solar radiation-related variables were identified as major contributors to systematic errors. Extraterrestrial
radiation alone accounted for 16.0-32.6% of the bias variance without requiring additional weather measurements. A
bias-corrected feel temperature model incorporating extraterrestrial radiation was developed, reducing the average root
mean square error from 0.97-0.63C and mean absolute error from 0.84-0.48C during the validation period. The model
achieved a stable performance around noon, when solar irradiance peaked, effectively suppressing extreme errors. This
study demonstrates that extraterrestrial radiation can serve as a practical and effective variable for correcting systematic
bias in feel temperature estimates within Korea's heatwave warning system.
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(a) Seoul ASOS

(b) NIMS AWS

(c) IC-APO AMOS

Fig. 1. Black globe thermometer installation sites: (a) Songwol ASOS station, (b) NIMS AWS station, and (c) Incheon
airport AMOS station.
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Table 1. Summary statistics of variables at Incheon airport during the training period

Variable Obs. Mean Std. Dev. Min. Max.

Air temperature (C) 2,544 23.6 5 8.4 34.7

Relative humidity (%) 2,544 79.3 13.6 30.5 99.7

Globe temperature (C) 2,544 26.3 7.9 7.1 51.5
Solar insolation (W/n?) 2,214 265 312.3 0 1,034.2
Extraterrestrial radiation (W/m) 2,544 436 478.9 -133.1 1,280.6
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Fig. 2. Patterns of systematic errors over time at globe
temperature observation stations.
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Fig. 3. Comparison of quantile-based error patterns for Ta(Air Temperature), RH (Relative Humidity), Tg(Globe
Temperature), SI (Solar Insolation), and ER (Extraterrestrial Radiation) across study sites {C-APO, Songwol, and
NIMS) during daytime hours of the validation period. The x-axis represents quantile segments, and the y-axis
indicates error (C).

Table 2. Statistical relationships between variables and model error (£rror,,,): Correlation and linear trend analysis by

station
Station Variable r Slope R?
Air temperature 0.1419 0.0297 0.0174
Relative humidity 0.2528 0.0638 0.0802
IC-APO Globe temperature -0.4065 -0.0900 0.1601
Solar insolation -0.4953 -0.1194 0.2821
Extraterrestrial radiation -0.4564 -0.0887 0.1556
Air temperature -0.0495 -0.0137 0.0020
Relative humidity 0.4318 0.1375 0.2069
Songwol Globe temperature -0.6015 -0.1806 0.3572
Solar insolation -0.7948 -0.2472 0.6724
Extraterrestrial radiation -0.5948 -0.1723 0.3262
Air temperature -0.2998 -0.1010 0.0835
Relative humidity 0.5138 0.2098 0.3004
NIMS Globe temperature -0.8158 -0.2964 0.6520
Solar insolation -0.9053 -0.3441 0.8318

Extraterrestrial radiation -0.5579 -0.2095 0.3036




71 A IS 8 AR E S BV T 2 A8

Uehgon REASTE (0.28~0.83202 7]&F3}
HE9] 28.2~83.2%E AW5FATHp<0.001). 53]
NIMSOIA = LALEFo| 715222 83% o442 A3
Ao AHA geloz z-ggto] 1=t 7|8t
ArjeFe = AAFH T Uajul BE 2] oflA] 7]
F ot} 735t Lo AtatA|(-0.46~-0.59)S Ho|H
SAHOZ fougt AWH(0.16~0.33)= A5+
t}. ol 7| W LAERS Be5) 210l BE g4
7t Rl 71E Ao WES 16.0~32.6%S 23 E
4 922 Qulgl], Agx THAA fousitt & 4
Atk

oo H]g]], 7|21} Fise] A
A el Atis s dAF B A
FO] ATHAE HolH = ik
1, 7] 28 A H 2 ATHA o] ko] AE|X
o] ml¢ woK0.002~0.08), 7125 A
=92 JFo] 71 nju|gt Ao veht
Ho g 7|FEAE YA T gl o g
Hrom AoiSErt Hapd ¢l g2 sl 7129
2 79] gl HojEet webd FTyy,, o o
Arde Ax T WSS steiof shn 7
224 gl 7| Edrd e ge-e graHel o

=
>
HN r
1o,
Y

i
S

o,
ol
-

of
of o% ml
ool e B orfr mx 32

=

o v

ro

43 Hgt RERA s

A B Ty, o 722 QA2 A 452

A ZATATHA 9). 712l Tt @ AFE AR
RPHLEE 0.58°1H A= FAHCR
°I5HeH(p<0.001). 7FEAItell= th7 At LAt
AR SEUP7E HAEIL, oA
v SEHSY a3t 0'er SHst A
(Intercept)°ll 2Jsl F&H 4= gho] A== FHI= 5

4 4 ek

1o do ng e
@ 0 10 g

FTERI(,‘: FT](]WA + 0.00121H0 - 0.77763

71%e5t tE] Hlw et Bt avt AEE 99

o,
o

7t 21

FTyporst Zt BE 7] A8A1S:, B2 2HME),
P AN L2HMAE), BHAAETLAHRMSE)E A%
717 WollAl 2 Ao} 7FRA1ZE HEste] AEst
HrHTable 3). RE B@2 LE 7|7 LR A T
x| 2} o9 =2 A HIA(r ) 0.98)F B ATt ol AlA
mgEo] Ay oz I=gte] Mse & Adst
A2 ofugict. T2y MEA+ 29 tol7t
S5t Jebdth. FTy = A5 717 AAolA 3
0.23C 2] eA& Kol T3S tha Ao 4o
¥ HPow 1 o Bde Hit -0.36 ~ -0.03C
T4 FAo= E4S Uepleh 9] 7ERAR =
o F-Eo] mgof|A] -2-2] ©2H-0.40 ~ -0.17C)E B
£, ol & AR Fetell AA-R] dha A o] HAY
& AAFSITE,

MAESF RMSE= #3717 AAe] B2 7o 2
247} 0.37 ~ 0.84C, 0.54 ~ 0.97C H9loll EE3}%
T} 7FRAIZES] MAEE 0.46 ~ 0.79C, RMSE=
0.58 ~ 0.96C =2 Vet A 7174} GARE 52
fAskart. 29 2t v A3, FTy, (MAE: 0.4
8C, RMSE: 0.63C)2t FT'r5006 MAE: 0.49T,
RMSE: 0.62C)-2 dti& o= 2+2 0215 Hol 94
ol A%5S Uehlie WA FTy,,, (MAE: 0.84T,
RMSE: 0.97C)= thh & A= QIs) Agmrt Weok
th. Flpp06 = A% 71704 7P S22 MAEQ©.3
7C)2t RMSE(0.54C)3t2 Ko th2 ol H]s) 713
5 e Bt ol#fgt Al FTy . oA &
ZHE W AR O] ThA = BAIZE A 20S 1 Ee
P s Al AE & e HolEtt

AL E 4 BdE0] A5 ARIER A5
Hwsthr] sl H1F 7IkF Bt ARE ¥ ME,
MAE, RMSEE 4H&5F3ith(Fig. 4). ©1& ol 2 2d
o 5ol o F71oll met o] BA Wsteh=A], 1=aL
7| AT LALE 7]9F B o] o] Akt A 7Ht &
4125 mtetstict, MEE Rdo] AlFexte] 7
FE Uehe A B2 ARIE §ish} FelshA] B
ek FTy ., @ 1.10T, H2 -1.08C)0l H]
& FT 0006 It 0T, 342 -0.48C), FT 70016
(ZH: 0.08T, #4: -0.77C)0lA = AIZFE A4 &
N7t RGO, FTypy, (31H: 0.38T, 240 -0.51C)
o] Wto] 7H¢ AA(-0.03C) Lreht th7 | ARt LA

FU oM Ml A K it

T

r o



22 A% A

Table 3. Model performance metrics(N, r, ME, MAE, RMSE) across the entire validation period and daytime hours (6, 90°)

Entire validation period Daytime hours within the validation period

r ME MAE RMSE N r ME MAE RMSE
IC-APO 1,128 0.9898 0.30 0.67 0.77 582 0.9913 -0.18 0.54 0.67
Songwol 3,672  0.9812 0.34 0.93 1.06 1918  0.9843 -0.36 0.78 0.94

Model Station

Flan NIMS 3,672 09798 004 093 109 1909 0978 -0.67 106 127

Mean - 0986 023 084 097 - 09848 -040 079 096

IC-APO 1,128 09901 -0.48  0.61 084 58 09920 -032 050  0.70

P, Songwol 3,672 09979 -0.09 029 036 1918 09978 001 028 034

POSONIMS 3672 09977 -051 056 065 1909 09965 -0.50 059  0.70

Mean - 0992 <036 049 0.2 - 09954 -027 046 058

IC-APO 1,128 09970 003 027 038 582 09954 001 035 046

T, Songwol 3,672 09963 -027 038 055 1918 09952 -0.53 058  0.72

PO NIMS 3672 09947 <035 046 070 1909 09925 -0.69 0.7  0.96

Mean - 0990 -020 037 054 - 09%4 -040 057 072

IC-APO 1,128 09957 005 036 048 582 09928 006 047 0.0

T Songwol 3,672 09927  0.09 051 063 1918 09898 -0.13 059  0.72
ER;e

NIMS 3,672 0.9907 -0.22 0.57 0.77 1909 0.9846 -0.43 0.85 1.01
Mean - 0.9930 -0.03 0.48 0.63 - 0.9891 -0.17 0.64 0.78
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Fig. 4. Comparison of mean error (ME), mean absolute error (MAE), and root mean square error (RMSE) by time for study
sites (IC-APO, Songwol, and NIMS). Bars represent hourly average values of performance metrics during the
validation period.
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