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Abstract This study aims to introduce the structure of the impact-based heat health warning
system on 165 counties in South Korea developed by the National Institute of Meteorological
Sciences. This system was developed using the daily maximum perceived temperature (PTmax),
which is a human physiology-based thermal comfort index, and the Local ENSemble prediction
system for the probability forecasts. Also, A risk matrix proposed by the World Meteorological
Organization was employed for the impact-based forecasts of this system. The threshold value
of the risk matrix was separately set depending on regions. In this system, the risk level was
issued as four levels (GREEN, YELLOW, ORANGE, RED) for first, second, and third forecast
lead-day (LD1, LD2, and LD3). The daily risk level issued by the system was evaluated using
emergency heat-related patients obtained at six cities, including Seoul, Incheon, Daejeon,
Gwangju, Daegu, and Busan, for LD1 to LD3. The high-risks level occurred more consistently
in the shorter lead time (LD3 — LD1) and the performance (r,) was increased from 0.42 (LD3)
to 0.45 (LD1) in all cities. Especially, it showed good performance (r,=0.51) in July and
August, when heat stress is highest in South Korea. From an impact-based forecasting perspec-
tive, PTmax is one of the most suitable temperature indicators for issuing the health risk warn-
ings by heat in South Korea.
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71%Hsto] gk AR 3 2] A (Intergovernmental
Panel on Climate Change, IPCC, 2013)°] 2Js}H &
T Harlee] A A 29 BNt Sost
AL 3 A=Y AlskE Aelgal BAsith H] ¢
& Fed 2 2E di7] AF SelA AgE] 7t
7 2 ze] J3ES n)A Ao 2w 3 913 (Sheridan
and Kalkstein, 2004), o7 A AAHoZ ZHo=
g A (A7) oFdFFe] Azdol FztEal vk
(Guest et al., 1999; Azhar et al., 2014; Heaviside et
al,, 2016). & 3HelA AA7} 7133 2] F w3t
(€ &4, @ ) AHE B8l A= d &4 4
& o] gl el o]2H E 2~E# 2 (heat stress)
S %] &= E F 4 (thermal comfort)3 AejEt 3F
T}(Parsons, 2002; Gosling et al., 2014). &1} 3=
g do] JARE FHHEAY AA Well A BAHE Dol
45 =W @ 2EH 27 BAS L Al exdTS
of 93] 2Aue A2 7lsel dAEY 29
AgHE M, 8931, €749, 444, €57F )9
IR = A4S AS- AF7EA] o] 2A Shth(Parsons,
2002).

olof A MAAOR £ HRE FHatal T3]
o at7] flste] E ZEHAE X
AR (thermal index)7t 7WLE AL o] & FHZHA|
2®o] 283537 9lthKoppe, 2009; NOAA, 2010;
Giannaros et al., 2018; Met Office, 2018; CMA, 2019;
IMA, 2019; MOEIJ, 2019; KMA, 2019; Matzarkis et
al,, 2020; etc.). A it vl FHHEA
2" ZHAAFR o Hi 7S 7P wol AHg-st
3L = Aol (MceGregor et al., 2015; Hwang et
al,, 2019). Z2vk A & #ZF-e 7] 28R ofu2t
Z5, BAL £5 T 71 eadts ol AL <l
A A g g EeA A 5 AEelE
93k WETHFanger, 1970). olot ##ste] @e A
TAEL QlA-EA 71748 (human-biometeorological)
EAL AFs7] flEiMe= <Al € 44 29 (human
heat budget model)2 =350k ST}l SS9 3 (Fanger,
1970; Parsons, 2002), ©]o| wz} ZHX|4Z PMV
(Predicted Mean Vote; Fanger, 1970), Q1A% (Perceived
Temperature, PT; Jendritzky et al., 2000; Staiger et al.,
2012), PET (Physiological Equivalent Temperature;
Hoppe, 1999), MENEX (Man Environment Exchange
Model; Blazejczyk, 2005), UTCI (Universal Thermal
Climate Index; Jendritzky et al., 2012) 5<] AF-S A
etalcth AaAFNM = o]lHS X AHgo] & &
Ed2 2 A7 919 #ohl 43R el
(Urban et al., 2014; Blazejczyk et al., 2018) %212}

3
=
o
v}
o
o
Al

a=7148ks t7] A307 2% (2020)

M= d 4 Hte] A& vk ATkByon et al,
2008a, 2008b; Kang et al., 2020; Hwang et al., 2016;
Kim et al., 2014). Byon et al. (2008a, 2008b)2 PTES
o]g3te] SEUEtE R drIFEAS Hrtet
3L Kang et al. (2020) F-2uhete] F8 EA9] &
2EH A 9 B4 PTY A&7Fsde B7kekd
o™ PT7} H7-87-2%(Wet Bulb Globe Temperature)
o} 7| 2HT £ ARXUS I8kt

ShA A A=A 71721 WMO (World Meteorological
Organization)ol| A= 7|48z He ST = 9]
= AR AAA e 23Rs 93 2 (impact-based
forecasts)?] € QAS =3l JTHWMO, 2015). 4
71743 (Met Office)?t 4 717 A2 HESA
(The Network of European Meteorological Service)oll
ANE A¥7FsA X (Risk matrix)S 7|9k g oA

= $1¥ 71Fa/d (likelihood)Z A A Q1 4 E(impact)
S 25 714 Gl Bl 88819 3 (Meteoalarm,
2019) @ el AHE e e ALSHATHWMO,
2015). F=713FAAE 717448 e fla &
FAQ AAZE ALY F e AATFF] 2
QAL QA FIL(KMA, 2016) 201995 E $413
oz Zds we] st} YRR AT

—

A7 GFA R A DA EH S FE5Tk] T

H PR (EAZHE ALt itk FH-
ATl B A A EHE PT Rl A dE]
ZA|2~¥l(Local ENSemble prediction system, LENS)
o] @ xz}o]l Adk(offline couplingy E3l Y74
T30l L= ATHKim et al., 2018; NIMS, 2018). &
AFolM = FH7IATA e FH-AGFFAR A
Ar 28 9] 7N (concept)yS 27NBEEL, A28 2] 2019
9 29 A4S By, LI9AIREES o] &3l
o AdE Hrketast gt

2. EALASE K| At 7Y
7t

21 CIX|RE

PTE <Al €A =Zd<el Klima-Michel-Model
KMM)E 79t 2 = ZAAFE Q1A 4% S
TEs A7 AAR e HRIAHY] exg
A o] gtth(Jendritzky et al., 2000; Staiger et al., 2012).
Fanger (1970)7F A<kt & #% B82S B3l <A
7t Aske € ALt PTR 1dsid, 7144 &
272, 5, AL FE5 SET ofE) 9oE Tg
a9l 1F AA9] MK EFHE 2H S

e
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HAE A& 4kmZE HAL Qe
75 kg2l 354 EAdoltl B AFolx
o] QA € ZEdHX HHE 19
o & i 244(0.5 clo)Q zaﬂ Skt
AEE 50% P9, 25 0.0m s

oo} %“ stal Qe Abge] AAE lei% T A=
o8 BegS D3It clo=0.155°C m* W'; Gagge
et al,, 1941). PT= & A2TH Wy 7vte=z ﬂ
7kel B¢k d 14 A]*Ed—"— L Et] wel #
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A g 2EYXE Fdsr]d A3 PT«]
o]249] A2 thS3} 7ho] ¥ E 4 UTHASHRAE,
2001; 21(1)].

M-Ww= (Cakm + Rskin + Eskin)
+ (Crcs +E, es) + Sskin + Scare (1)

o17]o|A M (W m™)2 A AR, W (W m7)E
ZIAAQ & A% AUAIE oJv|etaL C, R, E= 7}
7+ U5, BAL S ov gttt 3] (skin)ot S (res)
oM el th7(C), HAHR), TH(E) A WHF-olA A
A EWM-wyE A 9] 2 At =3 9§
(Sskm)gl‘ A5 (Su»c)t ;q %6‘}7]}— ?J.'E]’ Zé }E)]—}E)]—EH
(steady-state)ol| A= <l Xﬂ el AAE da) o)F
A wdele G| ol 2L, HH-F AR A
AEE €2 001t (Swin =0 and S, =0). ©lwf Q1A
UiFell A Ak da EAE Fo] HAE PMVE X
Ak 4= T Fanger, 1970; 21(2)].

PMV = a{M_ w— (Cvkin + kain + EA‘ki)’I)
- (Cres + Eres)} =al (2)

o711 a (=[.303 exp(=0.036 M) + 0.0275]) M<]

ol L2 d FIE u|gt) B AFtelA=

Fanger (1970)7} Ats & A WA o fFa2=

(effective temperature)S .3 S+ Gagge et al. (1986)2]

PMVE‘ o] &3lATE HEH SR o] PMVE ©]§3}d
TE A2 3)]

PT=6.18PMV +16.83 3)

232 4 2EY X ‘f”°1(PMV>0)°ﬂ Al o] 8 7
StaL PMV7ZE 0017 08t 25 7folle thE o
B21g o gsiok Ak PT AR m 1 A
BERE 7] ol&d &u vl HA AFHEEY
AA -2 01/\} A}ak I:},Llr i/\], A}sF x},q. H/\]. 3}
B} A3 —ﬂr E/\}) = 1= Z}_u_(ﬂ A=ZF &%, 15
3% F)E &3tk PT At EH?SP EE} ARA|
3 AlEHS Staiger et al. (2012)2] Table 12 313}
A "

Table 1. Frequency of risk levels (GREEN, YELLOW,
ORANGE, RED) issued for 6 cities by the impact-based
heat health warning system from 1 May to 30 September
2019.

GREEN YELLOW ORANGE RED

Seoul 32.0 23.5 36.0 8.5
Incheon 39.9 37.9 19.0 33
Daejeon 36.0 36.6 20.9 6.5
Gwangju 34.0 48.4 9.2 8.5
Daegu 36.6 333 22.2 7.8
Busan 51.6 23.5 21.6 33

22 IX| LAENFAAH I HoHH

SR G E | ZA] 2" (Local ENSemble prediction
system; LENS)2 7]*&*&01%% £93}+= UM (Unified
Model) 71918} Jajd s FadSA s oR gt
= °—a.°ﬂ tiste] 13709 FFE WHE FAAE
o S EE 22km x 22 kmo) 3L AESFE 70
Zoln, 4 23](0000, 1200 UTC) <=3 <)
LENS<] 041247“’ Ao ZE MAYPAIZE 1Y (first
lead day, LDl) e A) 7t 2< (second lead day, LD2),
A3YAI7F 3 (third lead day, LD3)e] 3= 349 A3
*]Z}(lead day)% I & £ o). w3k Zhzhe] ofAF
£ f@He 52 ﬂﬂEﬂF*éé 7] i) &
el FFA 7ES AR HH-FTF dEo|
o]-§-3t7] A-dsitt. eyt FH71 AN 7174
A #7471 (Automated Synoptic Observing
System, ASOS) 217} A &ol| tiste] 2018 &3
(5~9¥)s dIFe= LENS E4 d345s HU1st
A3}, LENS 7|vkez Axkd o HI PT ((LENS-
PTmax)7} Aukzo =z 34wl Fe AL s
THNIMS, 2018). ©]2] 3t LENS-PTmax®] FAimeo]s
olste] EQ-7A7 JFe R Fake] Y Al S
AR X & 5 vk wEbd] FE-07 R
o] &g o Zol| #&st7] fIsiA= LENS-PTmax2|
A% 2 X} (systematic error)E A A= o] HQ3s)
t}. o]E $9sle] W] B A (Bias Correction, BC) 71
Z 74218 ¥ 719 (decaying average technique)S 2]
%O}ﬁi‘:} Y B 7IHe dEle ol AR 4
= 4% AEE AEst] H2Y dF Aol o 2
MR E e 7/101‘3}. ol& Fast7] 3l A 4
= A ST 2 (4)].

e=f—y 4)
o771 A £ ya= ZH2E 715 A1 ZH(, reference time)ol]
Ae] €& A5 s UERdTH

= E‘r dB AJZH'+ 1) o=

Fl Beye AP THA ()]
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Fig. 1. An example flowchart of how the bias correction is applied to (a) the first lead day (LD1) and (b) second lead day (LD2)

of the subsequent forecast f+1).

Take action

Be aware of possible occurrence of heat-related
morbidity and mortality in all social groups

Be aware of possible occurrence of heat-related
morbidity and mortality in vulnerable social groups

No heat-related impact

Fig. 2. Risk matrix and risk description in impact-based heat health warning system.
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Impact
Bty = (1 —=w)B, —we, (5)

oJ7lo| A & 71 HZ o| B Al ZH(forecast time)= 2]
skl B2 AHE AE Y-S (sample window) U
oA FH=E Hel(bias)E 2vsiH ME U=foe=

7 H29 dE&(f) AEE Eseit) we et Bl
gk 7}X] (weighting factor)E YERATE B Ao
A AZE e A7) 35U, wiE 0.14(14%)5

o]-&-stitt.

HEH R HRAHG F = 2(6)7 2ol UE
L

F(f+1):f(t+1)— B(m) (6)

Figure 1> BC 53] 2} <] 1'81% &1 913 LD1
7 LD29] feo TS BC 53 WY ) A1E Uiebd

Zoltt. LD1¢] f(,ﬂ)a BC3}7] 10}04 718 M ZHoel
X9 fg]_ y_,] ZFolel o= AP &AL B(,+1)E AP BTk,
< B +1)§ o] g-3}e] ﬁrﬂ)g F(xﬂ)i gt} LD2
A9 LDIs] S 29 715 0]
OHO}‘_ 01'7] uﬂv‘—oﬂ etL- ﬁt l)ﬂ' ytE

#3070 23 (2020)

o]-&-3}o] *Véﬂt} LD32] A$-ol=
3t BCE Faghth(d A=,
23y lﬂ& 71%& o] &3k Z}A| 3k LENS He 1w A
A3 A3 Belorid et al. (20192 F3sbd Hoh
T B A 2o E He|H A H LENS-PTmaxs ©|
-3 THNIMS, 2018).
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2.3 ZY-UZ Ae|ute| o=
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7] 3 WMO (2015)914 A& A7 ERE
28319 thFig. 2). 997Fs4 =3+ 25 (GREEN),
%}(YELLOW), ZF3(ORANGE), 7HRED)¢] W] 7}
A Ao g pAEIT 7 A 907 AR
FEg VYER L 7F Al gk oJnl= Fig. 28 AL
she =loh T3 YErteA =XE 93 (impact
axis)Z} 7Fs/d S (probability axis)OZ A= L

7F & 747 371 279 dARE Ha = gt
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LENS Heat wave warning system
* 13 ensemble members s o
Vs
* 72h forecast - g §° (o6 < .
+ 2 daily cycles: 00 and 12UTC = Biometeorologist
+ Variables: temperature, ' 3 T |[E ’ and forecaster
. g . . o 3 ( -
humidity, wind, and radiation % % ?;’.
v # : ¥ e—
PT (Klima-Michel-Model)
Thethermal environment LEE E«
Threshold of heat Risk matrix
related impact 2 75%
(PT1, PT2, and PT3) 3
2 50%
Bias correction of LENS Probability forecast T 50
based on decaying > for each heat-related
average technique impact PT1 PT2 PT3
Impact

Fig. 3. Flow chart of the impact-based heat health warning system using ensemble forecast of perceived temperature.

E A0S Yo R TeThed #4035
o4 QA @ 2EY: 49S FYsHT HEAE

o] g3t QA7 )= 2% (thermal sensation)<
ZAFSE uh ATHNIMS, 2018). FF52] 3 WA A

ZE(PThH= o] AddA 24 AV He S =
7le 2EGB6°C)E At F+ WAl ?Mlh+(PT2)
= 9 R wet 9 #-E AP SAHSE
FoulsHA Fr7ete 22 445 PTRE $I%
A Agole FAF AR FARES 1970
ASOS A A8 E o] &staL 4] 717k 20004
FE 201637FA1 ] THNIMS, 2018; Kang et al., 2020).
A 1A JALE=PTI)E 303277 ASOS A H,
1987~2016 o=4) F<ete] =3k 715 zhel 99 wiE 9
“(percentile)®2 74 3T} 7471—0161:011 n)x= oA
s Ao Zol7t dvkal dEA UtH(Kang
et al., 2020). wakA] X]O—d.“*i 29 4 de PT29
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H AT 2ol & B4517] 95k, Table 191= A
a9 dAE 9¥ 4R 4FE(GREEN, YELLOW,
ORANGE, RED) ZAHI = (%) UER| A 2AHl
Z(%)= 0000UTCOl <]BE LD1 AEZ °] &3l
A A2 Mg, A, Ui, B, g, Fakelth
AAHZ HASE QIFAR FEodlE Zo|7t Aoy
&S A3 tRE A YlX GREENZ YELLOW
7 Bol TAsIth o] T GREENS] @RIz = H
2H51.6%)0 A 78 = YELLOWS] ANl =
SFF(48.4%)014 71 =4tk 4294 E GREEN &
£ YELLOWHTHE ORANGES] AHI%E(40.0%)7F
7P =tk e AYe @ 2EH A Tt Tt
F ¥ REDE 7P @& W=z AT A3
B 24zt 85%E HS HIESS BTk

ZA A7 AR FFEE AVIER g2A YE
g 4 o weA] A9 YA R $F(GREEN,
YELLOW, ORANGE, RED)2] ¢ dIHI % (%)E &
A3IAthFig. 4). A9EZ 4 DS AR
Toll= Zo|7t ot giFE A 593 94
o= GREENS] 2HEI 7} =9k77 6¥o]= YELLOW
of N7} A YEhsT 799l RED7F A
3171 AlZHek 22 YELLOWS) 34 ORANGES] HAY
T Z7keknh 8€olE 7¥ ET REDS] 2Ajo] Z7}
3lod RED2} ORANGES] #HAWIE=7F =4 YERs.
A& FFo AiF ez =y REDS 2AS
o 8ol YR Aol AEellA =3E ORANGE
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based heat health warning system from May to September in 2019 at first forecast lead day (LD1).

YELLOW

38 381 -

37 371
S 36 36 1
—

35 351

R
34 34 v
(==
33 . . . 331 i . i
126 128 130 126 128 130

381

371
S 361
-

35

34

331

126 128 130 126 128 130
Lat Lat
[ TR (%)
0 20 40 60 80 100

Fig. 5. Frequencies of risk levels (GREEN, YELLOW, ORANGE, RED) issued for 165 counties by the impact-based heat
health warning system from July to August in 2019 at first forecast lead day (LD1).
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Fig. 6. Time-series of the risk levels (colors) issued for 6 cities compared to daily observed heat-related morbidity (black bars)
from June to September in 2019 at first, second and third forecast lead day (LD1, LD2, and LD3). Blue arrow indicates missed

detection and red one, false alarm.
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Table 2. Spearman correlation coefficient of heat-related
daily morbidity and warnings issued according to daily
PTmax for three lead days in 6 cities of South Korea (p-
value < 0.001; June to September).

Lead day Morbidity rate
LDI LD2 LD3  (10°day™
Seoul 036 039 045 78
Incheon 049 048 058 215
Dacjeon 042 038 033 162
Gwangju 052 045 034 289
Daegu 046 046 046 117
Busan 056 049 046 278
Mean 047 044 044 190
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Table 3. Spearman correlation coefficient of heat-related
daily morbidity and warnings issued according to daily
PTmax for three lead days in 6 cities of South Korea (p-
value < 0.001; July to August).

Lead day Morbidity rate
LDI LD2 LD3  (107°day™)

Seoul 0.41 0.39 0.53 68
Incheon 0.51 0.50 0.66 205
Daejeon 0.44 0.37 0.34 148
Gwangju  0.55 0.49 0.37 262
Daegu 0.49 0.48 0.51 114
Busan 0.65 0.61 0.52 260
Mean 0.51 0.47 0.49 176
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