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Abstract In recent years, the frequency of compound drought-heatwave events (CDHEs) has
increased significantly. Previous studies have shown that CDHEs have a greater impact on soci-
ety and ecosystems than individual hazards. Therefore, it is necessary to assess climate risk of
CDHEs. However, few studies have investigated the current status of CDHEs in Republic of
Korea and conducted related risk assessments. In this study, we used the MYRIAD-Hazard
Event Sets Algorithm (MYRIAD-HESA), which generates multi-hazard pairs using daily heat-
wave and drought data, to analyze the occurrence of CDHEs during the May-October period
from 1979 to 2023. The results were then used to assess climate risks in the health and agricul-
tural sectors across the country’s 17 administrative districts. The analysis revealed an increasing
trend in the number of CDHEs in recent years, with an average duration of about 11.4 days. The
districts most affected by CDHEs were Seoul, Gyeonggi-do, Gyeongsang-do, and Jeollanam-do,
which experienced a higher hazard intensity than a single heatwave or drought. The risk assess-
ment identified Gyeonggi-do as having a ‘very high’ risk of CDHE:s in the health sector, while
Jeollanam-do and Gyeongsangbuk-do, both major rice-producing regions, had the same risk in
agricultural sector. In particular, when risk assessments focused only on individual hazards with-
out considering CDHEs, the risk was found to be underestimated in Gyeongsangnam-do and
Jeollanam-do, potentially leading to inadequate risk management. This highlights the impor-
tance of further research into the occurrence of compound hazards such as CDHEs, and under-
scores the need for climate risk assessments targeting these events.
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HZ A AAAANE 71$ 9712 Y, 7, 37
5o F3t 714 dldo] v A At 9low, o]
of uwa} ARS]-AAA Fa7F o HAS Tk
(Aghakouchak et al., 2020). 71’37 o] &7 2023 9]
A71FRIAP ] w2, 20239 79 WS ofExu
F YoM E 31 % 43°C oS 715 F
T E2Y 71ES AAlEger, 22 3 108 HolA
glo} B5F AgoMe ZE Qs 2 TF=
27578 0] Atele o & Izt #AE T 8
vete 2023 A% 71R0] 1375E 7|55t |
A 71dEEe] A2 1973 o] oo 19] 7]
25 AAstdon, 74 JF 592 v QA Al
A Iz BAskE & S8 71 B Le = QlIgt
a7 AEH o= YR T

E3] tpeFsk gl (driver) 2 A Eo] FAl, T
A3 gEger B AZF A T #AskeE 5%
A&l (Zscheischler et al., 2018; Ridder et al., 2020) &

o] BE F2L W YTk o5 AW A %
=7} faltieke A 7 FEAES Fol o B

& 2T & J= 5F°] AYTHRummukainen,
2012; Leonard et al., 2014). =3+ 2142 z|af gt of
Yl Als] 2 AA FEoze] 7HEA Hd 9 %
#eks A97t ol dd A b 2 g3 E )
Z&3 Utk AAR A 20103 HAopol|A |
7He, Abeo] FAl WAEte] 55,0008 o]/de] Al
shaz, ofF 179 439 2eje] ZA1A a7t dAy g 3
o] ti3kA] At & sputolty. BAl oF 7/HLTE o]0
21 Z717ke] 7HEo R sl e HHo] FREES
3, I AR g7z Qs Ao &L= F
A ATH(Witte et al,, 2011). ojul] AHE=Z Q3] @AY
g A717F maant 5 EAle v =] S4
g 71 d s fEetdon, 39 2 7] Qo =®
A5 AR v B s AE FdT ol o
3, 7hEo = Qe e FEE fae HAjol ZH
o] & & FAR oloF L, ol= AlAl 2 7HA
At g &S vl th(Welton, 2011).

2 AN E 7P dEA)] 5 A FD
7hao] A LA e Y97 53 A8l (compound
drought-heatwave events, CDHEs) &l FE-31%t}.
ol A3 3o w=W CDHEs 42 @] ofu}
& A, otz 7t S AY, FF FH, FHOM

A7) 483 o7 A1359 1% (2025)

of Mo} SolA 1 Al WE B Awe] S74E mol
2 O™ (Mukherjee and Mishra, 2021; Wang et al.,
2021; Chiang et al., 2022; Hao et al., 2022; Seo and
Ha, 2022), e A ollA ZH3 719 A& 717k
771 el H9Qd @ A7) dsae-
o] a3 9Ts sl= Aoz 4EA UrhZhang et
al., 2020; Bastos et al., 2021; Benson and Dirmeyer,
2021; Seo and Ha, 2022). T8, vlg] 715 Alue] L
HE2 vwete] A+, AW FAAH(gross domestic
production, GDP) % F7d#]ol t$t CDHEsS] &2
A E Yin et al. (2023)l] WEH, 214]7] Zof| 0|2
2] CDHEs®| ¥ S7t2 2= A 4 81 AA
37 A7t FsleA vebg Zo® dAiEdT 5
3], 21 Db FE NSO EAT em A
WEo] oo tigk A4 B AF7F Dastth
CDHEs®] WIHg A3} g ool thigh th-g B
e W F YR 7|F 2l&3 W 7HKclimate risk
assessment, CRA)O gt A7} 2 FE2I Q)
715 g3 Frhe S 713 @] 298 5 9
= =94 ", & 71§ g2aE AgE 2 FE
HE AEdhe S gelth 7)1Eo= A3l (hazard),
=2 % (exposure), F A (vulnerability)e] Al 7FA] &
5 ks Wlo] '] AMS-F U tH(Zscheischler
et al., 2018; Claassen et al., 2023; Zhang et al., 2023;
Choi et al,, 2024). HJ3£4 o|A]2 CDHEs] 24 ®1
=, AP AT AR WY, TP AU
A] ¥ (governance indicator, GDE Ztz A3, =&, #
oFd o MAste] AKE]-AA] e T1E g
3 H7HE 483t Tabari and Willems (2023)2] <17+
AbEl7E sdoh e o] WhEe 574 715 Afsfiol o
gk A3 g BAA g ES W ekA] Zetthe A
7} ATt ©ol& Hekstr] 918, H 7]sstel] #
3k FH5 7+ o)A (Intergovernmental Panel on Climate
Change, IPCC) A|6x} HIAM M= g F&& F7}
St 21(1)e] 2] AlFA A= ATHIPCC, 2023). &
1M A, =2 =, FRE dEe AT 7§ g2
ol vl etAINE, g S wlEsh 2 s

o] 1% elzze] A7)8 ARsHE del Qo] Fow
847 Ak 540] gt

71% ]2 (climate risk)
= A5l (hazard) x &= (exposure)
x # 24 (vulnerability) x th-3-(response) (1)
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s =

A3 44 5 el CDHEsS =] w4 &

Aate] olof gk A DeAS IS, AHA S
2 %4 9 w9 FE o 7F a3 JrkE W9
3le] CDHEs9} 7+&
&3 Hrb =e] A

gt 71E dfdMe FE
(standardized precipitation index, SPI), %<&
k2] 4*(standardized precipitation evapotranspiration
index, SPEI) 5<¢ 9 ©% 715 AFEE &§35hd
CDHEsE 2F&313 th(Zhang et al., 2022; Wang et al.,
2024). AR, FHo = Qe fE < e @I
o] 7}E<l Eut 7HE(flash drought) &4+e] A$-, =2
A& 717ko] oF 5YUellA 104 A== &7]ol(Mo and
Lettenmaier, 2016; Lisonbee et al., 2022), Rt} A
g CDHEs 24 A2 defelr] feird= 4 &9l
A5E F&dhs Zlo] Feont. & ATolMe
@49 FE 2 MR ARE g8, fEvEE o
Aoz F 459(1979~2023)2] 717F 5 5€lA 102
717kl A CDHEsE A&t 4 d=
European Centre for Medium-Range Weather Forecasts
Reanalysis 5 (ERAS5; Mufioz Sabater, 2019)°14 =&
dh= 0.1°x0.1° slidi=e] AIZPE AW AR A=

J w9l AR W] BEI A 99 3
AW 2 m LT (T, AR AE, AW L%
7} Azjeiet Agsrstel AESI o, 4Al 3
A& (actual evapotranspiration, AET) 2 A 3
ZF(potential evapotranspiration, PET) At5.2] 73-- A]
2 Axvich 1% Fo Faste] o Bl 2
Z3sdch =3, 71 Fdge 1981~20109

AHE-8FAT,
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of

wr

il
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A
2.1.1 9 A8
£ AR AS T, AT TR, W2
15 (percentile) N3-S 283t AFE3ATHZhang et
al., 2011). ©]ul, Expert Team on Climate Change
Detection and Indices (ETCCDI)ol|A] AL3h= AFEHS
Agste, 7+ Il ke 742t 24 717 Tew=

-

7 2 sATh oS S0 19 10¢9] WELSF 7k A
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Table 1. Definition of heatwave and drought events.

Hazard Definition

Heatwave Trpean = 90th percentile, at least 3 days

Drought DEDI < 10th percentile, at least 3 days
F, T 150708 grol ARE-HAT ol& F& 4 A=
W Ageid 7% g Adsigon, Ego gol
Tong et al. (2014014 AF&3 WS F=xd}o] T,
o] “49) 90 WIS g ol ol 39 o)y A%

He Ao =2 AA A tH(Table 1).

212 7HE A&

7HE AR A FDF FARE PHo R ARSI
th & Ao e A @9 7k AFE A=) SEl
Zhang et al. (2023)°14] A|Fs} daily evapotranspiration
deficit index (DEDI) A5E &-83}%t}. DEDI= 4]
)8} 7o) 7+ AR i WAl o] AETS PETS
2ol & 7INEo R A(3)S Fall 715 W 717kl A 9
dHHF FDim)d L EFHAD, )5 T3l A

ZHt} o] WA ARHAAN ] & Fa 7] FH
i 7bs SEAES A adsl] Wi, A 5
& A FeaEe wejske B Aol W) A
Aol & =8 H4S oS A BgdtE ol
o] 91th(Zhang et al., 2023).
D,=AET, - PET, @)
D, - D,
DED]. = —____Lave 3)
! Di,std
o|u, DEDIE o] #&5% B% 2% 7Hrg ol

3hH, B AFo)|alE ERASONA A|F8k= AET, PET
AEE Z838te 4 @9 DEDI ARE A&t
o|ZYH, 7H=2] A2lE DEDI #o] 3% 10 HiE9
g o3l go] 3 o] A& A= AHSAT
(Table 1).

22 ZH-7t8 S8 Mal &=

g 9 2o 9 7R A EZRE] CDHESE &3
£ dlol= Claassen et al. (2023)°14] A|A]3F MYRIAD-
Hazard Event Sets Algorithm (MYRIAD-HESA)S &
23139tk MYRIAD-HESAE= A2 ©}& A7}t AlF
7oz AA LA HAS uf, o5 W &
A& sl shtel 5§ Als Al (pain® A/ gt
(Claassen et al., 2023; Lee et al., 2024). <& E9],
B4 A= AR-A Dol 1/10~1/15, 7HE°] 112~
120 Bt Ao, vl QX7 FUsL A
AR /12~1/15)0] EABH] Wl o]&L

=

R

b

gl
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Fig. 1. Schematic diagram of CDHE pair generation process example.

CDHEs A& AF=®thFig. 1| 3x). & 2 Ao
Me AFEez TEE A0 eSS Fo shi
9] CDHEs AHIZ A3y, 2 Mg Al
S Ay=E, 7+ AE HAEEE 9 HEY &
A 717KFig. 19142 1/10~120)% A& 7|17bo= A
o3ttt wgh, 0&5% Z} CDHEs®]| A& 7|7+ %L

o

3 e A7 = A A7 B 77k S
OL:] )Eo}-_/] Z_ %_ l:ﬂ—/(g 01% _;:]ﬂ_a ‘H]—Ag ‘ﬂ
=2 Aol o8 WHe = CDHEs®] 547

Ay Ak g2 AWsHA H/ﬁg]_gg\_g_u:], A2 0]
AL g8l AAER AEE A o 2 dFE
9] WZ (100 km?) 7]E02 HEE T F7HHo 2,
@ Ay chE] 53 A s BlaLskr] ¢k
7h 2 71Zke] Ha A 712 w@H vk 717k
Z 2 DEDI L& AAFIAT

23 R2Y 7| 2l2a3 &

2 AolME CDHEs7F 42044 9% 713
Je A4H §Q FE faa WUk AR 1
st 117} e 17709 = %M%Lﬂ(%%*l/
T)o 2 dAsien, glaa Bt 83 A5
As ANAE E3ke] 2013~20229 S %ﬁ N7ro =
Sttt g, 24 717 F 2T HA 299 HE
A28 7242 A7 2 9] BE glAF Byl A&
stod CDHEs®] 7d-5-¢F Hlaatict. @A = 71§
g3 Brt 53 Als) -5 aelekA] ¥l 7

&

st=t712dsts] 7] AI35E 13 (2025)

%719, ©]& %3] CDHEs ) gl2==
848 1F3A

Aol 2 FEES AR e SRS 77,
WEEe ¥yt Fasi). Ohﬂ}?@ O 7 Z-score &
o] Wrlo] AHgd 4 UA Y, £ AFA= Oh and
Won (2023)0|4 AM&-31 7} X}LA WEE Jgsls=
min-max scaling WS 83} 0~1 Ale]2 S}
Atk olw, HF 715 239 vl sk HAE Tt
Ae AEE H@da)s, WS FEI Zo] vl sh=
A2 A@byE gtk 2§, wgkE ohe 3
S Folo] B 7]71(2013~2022)°l 03_5% 715 gl
3 AAEE H, o]Z 0~100 Alo] groz WHElks)
Jomit} 2]z FolE B4 B3, a3y
JU A BE flEl o] @S AEE sk 7,
0~100 Ate] Fto= W3kste] S/|o] A2 ¢
3 SHOE HF3UTHTable 2).
JEO| AL T EE RE oy WA o A7k
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Table 2. The criteria for risk level classification.

Risk Classification

0~20 Very Low
20~40 Low
40~60 Medium
60~80 High
80~100 Very High
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AFsh= =715 A2 Y (Korean Statistical Information
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3t ol B HAT § e AW =219 2
T HlES 28] 28 (Bum, 2016; Na and Won,
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AT(654] ol’he] vl& AR E sttt npxEte
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Table 3. Climate risk assessment indicators for each sector.
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2, A A5+ Al (Zhang et al., 2023)°] 7]¥kste] 2]
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o] A9 7t YA H A WA A5E &5
stAth o71x AA] HAHo|g dHHoZ FAE A
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< g3, 7HE AVl AUFeE B FF S
oA FHeokd 4 e AEE Wit S 3o
A%, F7hE FNFAA A8 E S88 A3 AT AL
d|(Carrdo et al., 2016; Ahmadalipour and Moradkhani,
2018)5 Farsted, 7t P+ ¥ APAEE A5E
gaaidth AA-EE It A2 A F A
Aot Alelse] vlg= AskE, 7h PR A
7} CDHEsZ g 52= F3l 47e fs] &4 4
A 5o e £ & de HAF H48 58
A FE YepdthPark et al, 2017). ¥ AFo)M =
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e, AepdErt Fo AR gotEgle
=495 CDHEs® ¥+t °F 11499 A& 7|17k

g 2 53 24 ZY

™ o,

Sector Terms Dataset Source

Exposure Population
.. Population ratio of youth (aged 0~14) and

Health Vulnerability elderly (aged 65 and over) Korean

Response Number of emergency physicians per 100,000 population Statistic?l
Information
Exposure Farmland area Service
. - The proportion of areas relatively vulnerable (KOSIS)
Agricultural Vulnerability in terms of water supply during drought periods

Response Financial independence of local government
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Fig. 2. The spatio-temporal pattern of CDHEs in Republic of Korea. (a) The total cumulative number of CDHE pairs per
100 km? observed during the period 1979~2023, (b) the trend of CDHE days per decade, and (c) the temporal evolution of
CDHE occurrence. In (b), the statistically significant values at the 90% confidence level are hatched. In (c), the black dashed
line represents the trend estimated by a simple linear regression method.
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Fig. 3. Intensity comparison between CDHEs and single events in Republic of Korea. (a) The probability density function
(PDF) graphs for the maximum daily average temperature during single heatwave (heatwaves only) and compound heatwave
events (heatwaves during CDHEs) which occurred in the study period (1979~2023), and (b) PDF graphs for the minimum daily
DEDI during single drought (droughts only) and compound drought events (droughts during CDHESs). The blue and red vertical
dashed lines indicate that the mean value for each case. The yellow-colored star markers indicate the extremum location for
each PDF graph. Note that a lower value of DEDI in (b) indicates a more severe drought.
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that the length of compound event days was determined by the duration of heatwave and drought events that occurred during
CDHE:s.

7 of 25.3°CS} 28.3°CE sfefulo], B3 Als) Al7le] AR 7HE €4 © Al w4 DEDI gl
H 4% Ego] o AS 0w FANUT v Baro] oF 240198 whA, B A W o 29

Atmosphere-Korea, Vol. 35, No. 1. (2025)



20 S Bk B3 Al B4 ST B2 71

= Uepton, 7t7h 29 2404 At B WEE
B SATHFig. 3b). old], whef s A =T} Eol At
o8 Eq Awrt ofstA e & de A4
= Sl Tl Adrt gEE s dagoh, ol
g A qA 54 wZel HA T A At @A
UERES & itk o8 AFs] 98 dA 24 7
741979~2023) St & A& wgE Ed3} e
o) ¥ BEE F7H02 32159 ThAppendix 1).
I A, AxHoem 9 ZHY JHE BF A9
2 2 Ao] flo] BAT oz Yeht, #A 9 A
& Zer) o]& ola] AskE AL ofd Aoz e
ok ol B3 Als) A7) HAz 7hgol Wl et
A JeRY @ AQsie] vls) 2 Hsizr 22 4
== AARE

EY AT F o4 95E AvE A A7
o7 ZJ W MR Y A4 Bod sdRE B
3 A wge] =UE Aoz vepgth A %
9 % B3 A= vhehd w& 199493 20184
o 717} 85.4%, 68.1%= 7]1238te] Th2 Ao Hls

(a) Hazard Data

w
>
3
&
we
T 250
£3 £l
O 2 200 - £
TS ED ™
2 2 1504 ==
- O
T3S i .
2% 0] = Yo - =
£ e -
50 =) ! . —
- B = = =
04 ——
2013 2014 2015 2016 2017 2018 2019 2020 2021 2022
Year
(c) Vulnerability Data

g 8 8 8
|
I
I

N
@
N

Q\

Population Ratio of people
aged 0-14 and over 65 [%)]
w

ﬁ\

—

20’13 20'14 20‘15 20‘16 20'17 20'18 20’19 20’20 20‘21 20’22

Year
NN Seoul Incheon Ulsan
Busan Gwangju B Gyeonggi
B Daegu N Daejeon s Gangwon

s Chungnam

2]

A=A oz =A vepgon, 53 A2 dAS 7t
Eo] H]& H9A] 1994390 61.9%, 201839 72%= 7|
3= T FAFSE Aol ERIEATHFig. 4). EE,
199433} 201830 AFFHow & ZY 2 JME 1
a7k @AY o] f7F @A ¥S CDHEs H| &%t 7]
AR & = oy, GA b 3 vt
ol BAlol WAt Hals SEA7IE o HHA
9l 71995 3 oz dEr. o] F & AHE Al
95tk = < CDHEse] H]&o] 374 ty] 453t
3 7lel, &5 o 2 Hairt 2 7hsdel 9
"o 3 A7 F FA AUt kel vlE) FEiE
7t FAE Hol=d, ¢o|2HE FAHT £Yo] 4
QI slaL 7FsiAl Yelh A He] Sabege 3180
% 7S 9s G4 o1E F A HASES A
2+ 4 Qth &, FE A5 TP FulelA g
CDHEs 57t 213842 932 vAIL &= 5oz
F4 49t}

9] A3}= CDHEse <& F2 A 9x7F =
A H3 A9l Az & AL A X9 A

(b) Exposure Data
1.4 4 16M
124
1.0 4
s
5 081
=
506
o
0.4
0.2 2 2
0.0 — : - : - - : v . '
2013 2014 2015 2016 2017 2018 2019 2020 2021 2022
Year
(d) Response Data
2
G 104
S
28
T8 8]
>3
c O
[
oo
o 8 /
£ o
we
o8 ¢ /
o —
-5 —
22 5] ——
€
3
z

2013 2014 2015 2016 2017 2018 2019 2020 2021 2022
Year

Gyeongnam
N Jeju

Jeonnam
Gyeongbuk

Chungbuk

Jeonbuk

Fig. 5. Contributions of (a) hazard (CDHE days per unit area), (b) exposure (population), (c) vulnerability (population ratio of
youth and elderly), and (d) response (number of emergency physicians per 100,000 population) to health sector risks of CDHESs
for each administrative district. Sejong was excluded from the analysis due to the lack of dataset.
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Fig. 6. Health sector risk assessment results for CDHEs and total heatwave events. (a) Health sector risk levels of CDHEs for
each administrative district over the period 2013~2022. Note that the hatched region (Sejong) indicates the area that was
excluded due to the lack of dataset. All values were transformed into the range of 0~100, and classified into five levels. (b)
Annual health sector risk values for each administrative district. The white color indicates that the risk value was zero, and the
log scale color bar was applied. (c-d) Same as (a-b), but for total heatwave events.
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Table 4. Transformed values of average CDHE risks and classified levels by administrative district for the health and
agricultural sectors (2013~2022). All values were normalized to a 0~100 scale and categorized into five risk levels.

Sector
Adn];g;iiuve Health Agricultural
Risk value Classification Risk value Classification
Seoul 12.9 Very Low 0 Very Low
Busan 532 Medium 0.8 Very Low
Daegu 7.2 Very Low 0.9 Very Low
Incheon 5.1 Very Low 1.3 Very Low
Gwangju 5.7 Very Low 0.7 Very Low
Daejeon 4.7 Very Low 1.5 Very Low
Ulsan 1.8 Very Low 0.8 Very Low
Sejong - - 1.5 Very Low
Gyeonggi-do 100 Very High 25.9 Low
Gangwon-do 9.8 Very Low 60.4 High
Chungchungbuk-do 18.6 Very Low 453 Medium
Chungchungnam-do 28.6 Low 27.2 Low
Jeollabuk-do 242 Low 242 Low
Jeollanam-do 48.6 Medium 93.1 Very High
Gyeongsangbuk-do 56.6 Medium 100 Very High
Gyeongsangnam-do 61.8 High 25.2 Low
Jeju-do 0 Very Low 56.5 Medium
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Fig. 7. Contributions of (a) hazard (CDHE days per unit area), (b) exposure (farmland area), (c) vulnerability (the proportion of
areas relatively vulnerable in terms of water supply during drought periods), and (d) response (financial independence of local
government) to agricultural sector risks of CDHESs for each administrative district.
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Agricultural Sector Results
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Fig. 8. Agricultural sector risk assessment results for CDHEs and total drought events. (a) Agricultural sector risk levels for
each administrative districts over the period 2013~2022. All values were transformed into the range of 0~100, and classified
into five levels. (b) Annual agricultural sector risk values for each administrative district. The white color indicates that the risk
value was zero, and the log scale color bar was applied. (c-d) Same as (a-b), but for total drought events.
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Appendix 1. The spatial pattern of the single event occurrence for 1979~2023. (a) The total cumulative number of the single
heatwave events (heatwaves only). (b) Same as (a), but for the single drought events (droughts only).

Atmosphere-Korea, Vol. 35, No. 1. (2025)



	국내 폭염-가뭄 복합 재해 발생 증가에 따른 기후 리스크 평가의 필요성
	Abstract
	1. 서론
	2. 연구 방법
	3. 연구 결과
	4. 결론
	REFERENCES


