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Abstract This study quantitatively analyzed the regional characteristics of heavy precipitation
and its associated damages in South Korea from May to October during the period 2016-2022.
Additionally, spatial clustering based on the K-means method was performed using rainfall fre-
quency, damage frequency, and topographic elevation. The analysis of cumulative rainfall and
damage frequency showed that, in most regions, rainfall amounts associated with damage were
comparable to or slightly higher than current heavy rain warning thresholds, generally within an
operationally acceptable range. In the inland central regions (e.g., Chungcheongbuk-do, Chungc-
heongnam-do, and Gyeonggi-do), the proportion of damage relative to heavy rainfall occur-
rence was relatively high under intense rainfall conditions, whereas Jeju Island exhibited a high
frequency of heavy rainfall but low damage occurrence. The clustering classified the country
into four clusters, with consistent cluster configurations maintained under both the 3-hour and
12-hour cumulative rainfall criteria. Notably, the cluster encompassing the Seoul Metropolitan
Area and southeastern coastal regions exhibited higher frequency of damage despite lower fre-
quency of heavy rainfall, suggesting significant influences from socio-geographical factors. In
contrast, the mountainous areas of Jeju, characterized by highest rainfall frequency and eleva-
tion, reported almost no damage, indicating that social exposure and physical vulnerability are
critical determinants of damage rather than rainfall amount alone. These findings are expected to
provide as foundational data for improving heavy rainfall warning systems and developing tai-
lored response strategies.
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Areal Classification Based on the Characteristics of Heavy Precipitation
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Fig. 1. (a) Spatial distribution of the 712 observation stations used in this study. (b) The 180 areas outlined in black represent
the severe weather alert areas defined by Korea Meteorological Administration (as of 2022).
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Table 1. Summary of input variables and data sets used for each clustering analysis.

Data set
Category Variable Description 60mm 110 mm 90mm 180 mm
/3 hr /12 hr /3 hr /12 hr
Freq. of Number of days with > 60 mm in 3-hour o o o o
60 mm/3 hr  accumulated precipitation (advisory threshold)
Number of days with 12-hour accumulated
Freq. of s . .
precipitation exceeding 110 mm (advisory X O X x
110 mm/12 hr
threshold)
Heavy rain Number of days with 3-hour accumulated
Freq. of s . .
90 mm/3 hr precipitation exceeding 90 mm (warning X x O X
threshold)
Number of days with 12-hour accumulated
Freq. of s . .
precipitation exceeding 180 mm (warning X x X O
180 mm/12 hr
threshold)
Freq. of Number of days with reported damage caused
Damage heavy rain- by hea raing;ll p g O O O @)
related damage Y heavy
Geography Height Mean altitude of individual weather advisory o o o o

regions

7] FARE A st 2R3 o] AFAES =0l
3, A9 HAA FE3te FAE YA Sh(Franti
and Sieranoja, 2019). B3, o] X kS A3
$3l 2= W (elbow method)S ©]-8-3F5Th. o] W
W Pl 71dstal ALto] WEMW kmeans 71 3
AA7} golsital ¥#A Urh(Bholowalia and Kumar,
2014; Marutho et al., 2018; Cui, 2020; Sammouda
and El-Zaart, 2021). 2} k 3kl thal 2718} wias
of ek Aol #+3 W AlF3H(within-cluster sum of
squares; WCSSYS 231, k7t F718el ugl WCSS
o] Zago] 43 Al AFS FH 3
F2 A3t WCSSE tha 7Ho] A edth2](2)).
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A71M FFE= A(k-uHE VLR 21 T
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3 BAdE ¢ ANE, 90 SN,
Ay A=) Al 7R MFE o] &sisith oA &
T TANIEE 7Y S95R 7|E wet 55 F
9B (60 mm (3 hr)™, 110 mm (12 hr)™), T-$¢74¥.(90
mm (3 hr)”", 180 mm (12 hr)")oll ztzt =&3k 314
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Fig. 2. The frequency of damage, cumulative damage, and cumulative damage rate across ranges of 3-hour cumulative
precipitation are presented for: (a) Gyeonggi-do, (b) Gangwon-do, (c¢) Gyeongsangnam-do, (d) Gyeongsangbuk-do, (e)
Jeollanam-do, (f) Jeollabuk-do, (g) Chungcheongnam-do, (h) Chungcheongbuk-do, and (i) Jeju-do. The vertical dashed lines
indicate the cumulative damage ratios corresponding to the 50th and 80th percentiles of precipitation. The light orange and red
shaded areas represent the current heavy rain advisory and heavy rain warning thresholds, respectively.
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Fig. 3. Same as Fig. 2, except for the 12-hour accumulated precipitation.
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Fig. 4. The frequencies of precipitation and damage, as well as the damage rate (defined as damage frequency divided by
precipitation frequency), are shown according to the intensity of 3-hour accumulated precipitation for: (a) Gyeonggi-do, (b)
Gangwon-do, (c) Gyeongsangnam-do, (d) Gyeongsangbuk-do, (e) Jeollanam-do, (f) Jeollabuk-do, (g) Chungcheongnam-do, (h)
Chungcheongbuk-do, and (i) Jeju-do. The light orange and red shaded areas correspond to the current heavy rain advisory and
warning levels, respectively.
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7ol Fs7t JFETha dukslabzlels Al7E 9L 4h, Fig. Sh). ©le ®2& A A=) 59 A A 7
o} BbE AFEEE 50 2 80 W] 7o) zhzt | = olojd Hlgo] F2 AL onlsiH, o] AH&
3 T9FoRe} $97H 7)1FHT 30~40 mm =) el t-E e Ager ved F 9ok o,
vebston, A dae w2 T A FE 0 AR el 39 34 Tt gEox ds)rt iy
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Figure 49} Fig. 5= AW 71§ 7o & 3¢ N AFEE 59 PANETL Aoz =8
2 g BN EE YEeRd Aol 7k} 3417 9 12 o= FagH] o] 3AF S4FH T|E H S5
AZE FAZEl ok A AFtolm, ZF - A AR ZIEelA 24 17.3%9F 23.1%, 12417 7]E
T oo]dollA AR 59 Aot Fs) A ZF IS AL 74 16.2%9F 18.8%E THE A9 tiH] A
FsAn &)t A SR JEFE WY S9)E o2 WA YERTHFigs. 4i, 51). 53] AlFE A=
A JERATE AREA R b Aevh mobds  AYPHOoR s e HFETF AN QT Ue
5 o5 AN} va) BANIEE it AT o Al ERETE Yol ALSA S wTt AR A
< Bou, dsidn e 23] SUeiT o Ho g FAHUM ol =84 AP ETEE)S
= A AR 22 599 A HEe wA A AT AL A AA A =F QRlo] W A5 FI=
o A e ol B AL dsiE olold T A olojd 7hsAdo] Hrhs g AAKeHH, - XA
o] Ethe= AL ougtt. wEkA, A= Tl of AREA =2 9 TgE zolE wkge 5x 7|E
g S5 AAC] R A S AA 7=, 7IRHA 253 e o8 Ao ¥ Apdsir deshs
Ao gk AR 3 2 B F AR g Ak HojFrt
JE37h @ E T o] Lo, 3AIZF Fo|H 7|l A I EAYH &2
53], SHEEE A TR 2 HH 7]FolA A7 % (54.1%), ZHFE(51.1%), DT (42.9%), 7
st &o] 242}t 60.8%<F 85.2%, 12417} 7] AL (42.5%), ASEQ7.9%) 08 =4 Jepte
A% ZFzF 71.0%2F 100%=2 73 A4 Vebth(Fig. ), AR 71390 mm (3 hr) H)olAle HEHE%(82.4%),

Atmosphere, Vol. 35, No. 4. (2025)



N

~

l’ﬂ ol N l’ﬂ Oy_ﬂ -
LERE

lo dob N 10 oM pe 10 ol ofy
>

St 54

5 s} S 1he A 2R

5(79.5%), 771 %(78.6%), 74D = (52.2%), A&}
8%) TOo 2 YETh
H Azks 7S

ol sl gl &
E8 71F] RE A9 B
P gm0 AV A8E AN, 4
Bk opUjg A QA RE, ENSE 5
2847 acle] @A Wbk 2apE 1o

E]'. O]E E‘-’H “—ol:‘oﬂ\_ _IE‘ 7]“11."'4 Xojltg Z]'tg
Te A% a5 tigk 27] s AA A3 5
A WA ko] ©&E 4 S Aotk
3.2 FAL X9 22 23t
k-means A4S T8 GA, AR £ F
(s A7As7] &l 7+ dlo]ElAl(Table 1)ol] sl
qE ) 71 A 2H Tl e Alwe
213te] WakE Fig. 69 YERATE Alg 32 o
A Tkt S7HEel w2t 5438 7Asitrt k= 4
AN FH %‘i% b= 2R FHE BHIS
H, ol &5 HANE U 71K 7|E BTN I3
=HA & 1510313} olggt A= THEH 7FEel
o

G e 23 7+ Z7HE EAo] vwd A A

2 fFAEE ord

_])4

9 At GA WE, 27 32 F

A st A g x3etH, 23 4= AFE 4t
Ag AR SHE w52 Il Figure 89
U 228 59 WANE, g8 dANE, X3 3
Zof it 7+ g9 —‘;;*é% Hlwer Ax=2 7 +3
o] A Bx vaE {3 MA o HH(E=E
Ayl digk £1 £F2WAF HAGN 29 e
Ak, vhA F29| wA sl Zhzt Al 1AHES] 3
ARES] ol vk Y o] A2 FYFh(median)S 9
n)gith 3A17F E9-Fo K 7]E&S A B W (Fig. 8a),
I NI = 2 13 23 200 ZH2F 309+ 17.4
3], 29.1 £21.53]2 YERY A HH2] 38.6+37.715
o Sk} ol F yol *M?%SE 5 Ao

e Aods verdnh Wi, w3 33 23 4 =
A HaEg 22 HEHM s H3ld, 53] 24 4
= 7P w59 A 5(4063‘4) 715890 H,

ol AFE o] AWA Bt 5HL W
o} Ss) BANEE 59 BANES} A1
4 4N Slelvt A8 waaA gk o
o] Al8) A H B4o] Fa| WAl o Ro]

T VAR AL gD > e v

SR

52 et
ﬁwﬁﬁmi

l-lH‘ o&

ko rlr
SN

Lﬂwﬁ
L o
X

H
Figwe 7 Wl 71 51 /1% 8 29 BE T & 29 BANESL AUHoR e v, a7} %
78 548 Yepd Aotk 7t 713 mE 23 B o 15.1+4632 WA HE 7.8+4.65 Ho} =9k
= 01‘=' ;(]Oﬂoﬂ}q z]-o]—EE_ y_g}gq.’ ;ﬂt&?ﬁlgg % guq _43]]7} 7}}1— H‘-o] Hl—xgzs]- ;qoﬂ oz HHEJS"}TJ—

Al B 72 Bk 2 12 9R S 0 o 2P AL, AR, B, 24 59 £A5 3
it As #3staL, 4 2w At 5 AR ek A T BHET =2 Z‘rﬁ E/‘l A& EatH, &
g 500 (a) g 500 (b)
@ @
o 400 - 400
() [
g g
51,3100 5:7300
5 200 5
£ e 200
- <
9 100 n 100
2 4 6 8 10 2 4 6 8 10
Number of clusters(K) Number of clusters(K)
g 500 (C) g 500 (d)
2 400 < 400
g o
S 300 S 300
& a
k) 200 5 200
£ E
b= 3
V1100 n 100

2 a4 6 8
Number of clusters(K)

10

2 a 6 8 10
Number of clusters(K)

Fig. 6. Sum of squared errors for different numbers of clusters (k) using three input variables: heavy rainfall frequency, damage
frequency, and elevation. Each panel corresponds to different data sets: (a) 60 mm 3 hr™', (b) 110 mm 12 hr', (¢) 90 mm 3 hr™',
and (d) 180mm 12 hr™". In all cases, the elbow is observed at k = 4 (red circle).

71445k o))

#3570 43 (2025)



A4 e A 475

39.0°N 39.0°N
38.0°N 38.0°N
. .
37.0°N 37.0°N
36.0°N 36.0°N
35.0°N 35.0°N
34.0°N 34.0°N
o B Cluster 1 o mm Cluster 1
33.0°N mm Cluster 2 33.0°N mm Cluster 2
mmm Cluster 3 mmm Cluster 3
Cluster 4 Cluster 4
o o
32&%.0’5 126.0°E  128.0°E  130.0°E  132.0°E 32'01”1.0"5 126.0°6  128.0°E  130.0°E  132.0°E
39.0°N 39.0°N (d)
38.0°N 38.0°N T
37.0°N 37.0°N
36.0°N 36.0°N
35.0°N 35.0°N
e
34.0°N 34.0°N
o mmm Cluster 1 o B Cluster 1
33.0°N - Cluster 2 33.0°N - Cluster 2
mmm Cluster 3 mmm Cluster 3
Cluster 4 Cluster 4

32'%{&.01 126.0°E  128.0°E  130.0°E  132.0°E 32"1{’1.0? 126.0°6  128.0°E 130.0°E  132.0°E

Fig. 7. Spatial distribution of k-means clustering results (k = 4; clusters 1-4) for 180 KMA special weather alert zones, based
on three input variables: heavy rainfall frequency, damage frequency, and elevation. Each panel corresponds to different data
sets: (a) 60mm 3 hr', (b) 110mm 12 hr', (¢) 90 mm 3 hr ', and (d) 180 mm 12 hr".

(a) 2400 — 30 0
c
Q
2 z
@ 200 s ®
e . : T
c
E S
1 2 3 4 1 2 3 4
Cluster Cluster
(b)3 — —
g 1000 .
500 . S
i 2 500 .
c
S - i e I B L B o =
-4

==

2

¥
o

o[

3 4

Fy
Damage Frequency Damage Frequency Damage Frequency Damage Frequency

3 2 3 4
Cluster Cluster Cluster
(C) 200 — §30 : —
c
5 .
EY 20 b=
@ 100 %
0L | el
s 0-¢ri<$ ~~~~~~~~~~~ 0*
1 2 3 4 1 2 3 4 1 2 3 4
Cluster Cluster Cluster
(d)z —] §30 —
$ 400 . 1000 .
g N -
= 200 K}
= : 10 i’ £ 500
5 ot = i
1 2 3 4 1 2 3 4 1 2 3 a4

Cluster Cluster Cluster

Fig. 8. Comparison of the box-whisker plots between the clusters resulted from the k-means clustering. Each panel corresponds
to different data sets: (a) 60mm 3 hr', (b) 110mm 12 hr™", (¢) 90mm 3 hr', and (d) 180 mm 12 hr .

Atmosphere, Vol. 35, No. 4. (2025)



476 S2uete] 399 Fa) 540l

249 25

Table 2. Average values (mean + standard deviation) of heave rainfall frequency, damage occurrence frequency, and elevation

for cluster analysis.

Cluster1 Cluster2 Cluster3 Cluster4

Freq. of 60 mm/3 hr 309+174 29.1+21.5 66.1 +36.6 406

Damage Freq. 6.1+£29 7.1+29 15.1+4.6 0

Height (m) 131.1 £ 76.1 454.0 +140.5 128.5+121.1 1,200

Freq. of 110 mm 12 hr™' 77.4 +46.7 89.9+83.1 122.3 £ 80.8 938

Damage Freq. 5.6+25 73+3.1 13.8+44 0

Height (m) 1322+77.4 458.0 +140.8 114.5+74.9 1,200

Freq. of 90 mm 3 hr™' 73+6.2 6.8 +10.1 13.5+12.8 205

Damage Freq. 55+24 72+£32 13.5+44 0

Height (m) 134.0+77.4 462.5+139.9 115.6+78.1 1,200

Freq. of 180 mm 12 hr™' 124+12.8 21.0+36.4 18.6+17.9 496

Damage Freq. 54+24 74+£32 13.6+44 0

Height (m) 1359+ 79.1 459.1£139.9 105.7 £ 64.2 1,200
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