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Abstract In 2023, the World Meteorological Organization released a report on climate condi-
tions in Asia, highlighting the region’s high vulnerability to floods and the increasing severity
and frequency of extreme precipitation events. While previous studies have largely concentrated
on broader-scale phenomena such as the Asian monsoon, it is crucial to investigate the substan-
tial characteristics of extreme precipitation for a better understanding. In this study, we analyze
the spatiotemporal characteristics of extreme precipitation during summer and their affecting
factors by decomposing the moisture budgets within specific Asian regions over 44 years
(1979~2022). Our findings indicate that dynamic convergence terms (DY CON), which reflect
changes in wind patterns, primarily drive extreme rainfall across much of Asia. In southern
Asian sub-regions, particularly coastal areas, extreme precipitation is primarily driven by low-
pressure systems, with DY CON accounting for 70% of the variance. However, in eastern Asia,
both thermodynamic advection and nonlinear convergence terms significantly contribute to
extreme precipitation. Notably, on the Korean Peninsula, thermodynamic advection plays an
important role, driven by substantial moisture carried by strong southerly mean flow. Under-
standing these distinct characteristics of extreme rainfall across sub-regions is expected to
enhance both predictability and resilience.
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o] Aol ASHA FHTHH, S8 A E=F o
A 710 WIAEHA S THDing et al., 2010; Ha et
al, 2012). S8 4= A AA 32 oF 60%el 3
g vlH0, SR Beish B QY B opy)
2 EA] X, B, ARG 22 AAAE R Qg
AR A A Al & 48 Z# 3T Roxy et al., 2017;
Sharma et al., 2020; Vittal et al., 2020; Zhao et al.,
2021). 53] HZ 247k v= S7HE g 7|+ |
s} ofefjoll A H+t 7]0] AdsEtal e, 7|7t 9
T F Ae 757 ol FIsIEA Ht AT
ok ofyEt F3et bem F7FSEAL A TH(Trenberth,
1999; Cubasch et al., 2001; Emori and Brown, 2005;
Kharin et al., 2007, Min et al., 2011; Pall et al., 2011;
Kamae et al., 2014; Pfahl et al., 2017; Li et al., 2018;
Sudharsan et al., 2020). <& E9¢], 20221 89 8IF
B 9d7kA] B k= o= AW F9= A A
Zol 380 mmE go] 102d ol Hi F£Fo =7 7|
FERom, o] 7|7k FF 149 ] APIAL EA S
= FoHKim et al., 2023a, 2023b; Oh et al., 2023).
stz QI S8 Ao S7HE tiHlstaL o=
st7] flsiMe 53 Aol 543 WskE olslske
Zlo] wjg- Fadith 7l Aso® Qg 3 A5
#9] Z71= Clausius-Clapeyron (C-C) ¥A2]3} T3
gk #de] k. C-C WA mEW FH 2=7t
1°C 358 o di7] 5 757 T 6~7% S7}st
w, 23t | 715 ofgjellA Aol F3ke]l 57t
Sl 23E 123 tH(Meehl et al., 2000; Kharin et al.,
2007). ©]= #Z=(Allan et al., 2010; Min et al., 2011;
Deser et al., 2012)7} 29 AH5E &83 AN =
gld v k. S8 A A -dH9 54 ws)
o g d+e FE 7357 FAREES &8st
ZH e AARl 7 s BAgewA A &
& olaldhe Wl =22 FTHEmori and Brown, 2005;
Endo and Kitoh, 2014; Oh et al.,, 2018; Moon and
Ha, 2020). Emori and Brown (2005)°14& A x]3-3]
Q1 AN Fg el delsty wse) Auy
ol SVt AFES 2 Le™, Oh et al. (2018)2 A
oFAlo} o5& E<(Asia Summer Monsoon) A9 & A
Al sotAlol, Fobalo}, ZE]al B Y B A
o7 FES A Aol IS F= JIAe d
ARIAEL] FNAR] 7AEE 72t HFH o= W
ot 25 FolAlok(South Asian Summer Monsoon,
SASM)$} EATEEF 2 o] A, vk Ws)
of W& HstA FiE FHIE 7RI 90% oo
2 Yeht 938 o] o] Fa3Ss UL

ok |

=t717derE] 7]l A34 35 (2024)

ofrlo} X 9] 4w MEAL] A, A 7R 2
2 934 Wsrt AujA S Bl e AdgdTFE
I} L]k 43S tH(Walker et al., 2015; Vittal et al.,
2016; Ali and Mishra, 2018; Gusain et al., 2019;
Sudharsan et al., 2020). BoFA]o} XA T &4
221 B 7t A 71U Th(Wang et al,
2014; Li et al, 2019). SFAIE 2|} qFRA ] AlF
7 7k 54 ApolZ Q) A3 a4 F olFF
2 59 olFE FE AaHe] a9 984 a9l
o] ofslel J&FS F71= FTh(Li et al, 2015; Lee et
al., 2017). gtH, FolAlo}l o& E<(Bast Asian
Summer Monsoon, EASM) | 9& A W £ u}
gt 954 7o) FaAo] TRES IRIdh
53] 743 89 &, =59 e €93F 84
o] 71 =7} 27.09%= 73S A veht 571 WA
sle] Qo] HFAHoRE F3 e WA= Fagh
A8S 3 W THON et al, 2018). FolAJo}e] A
+, Y= XYY UiE o3 JFe wes 935
2 @913} 37(Endo and Kitoh, 2014; Serland and
Sorteberg, 2015) B3t Wste TR A FxE o]
oF 3H& BT

FTA= fIAg ool I A HF = 1E
3= 7He] 8k 9 oy acle] B34 At

|02 sty & E& A Y Hal g EA0
SHAE RHole 5, & A9 U 71§ dFo] o
A o]t (Wang et al., 2008; Wu et al., 2009; Yun et

al., 2010; Oh and Ha, 2016; Li et al., 2022). 281}
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2006; Fischer and Knutti 2014; Pfahl et al., 2017).
B A7e) Bae oo} B Ao FoAE I8
A7} el el BAske Aelse Ade,

7t AGER FE FA WA B4E Fa AR A
oAl S Aol B HAYUSH 54 dvry
2 BFATE 28 = B Aol ARESE AR} o
3H4-Eshy A4S 913 R A PR ST
Aol BAS A5 Yl Fels A5 alE
Atk 3ol e oAlol E<= N o] F9 A 4o 4
oo} 9 Fa Fo] A7l wE 54S Aelst
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=3 Ao dEAEE =o17] S e Al Sl
et 22 ARE 88 A BEE AlFSoF
SITH(LI et al., 2022). ¥ AFoAes 717k o =}
25 AFsiH, £9 SdETE 025° % 025°%
4 Z7] <X AlE(Buropean Center for Medium
Range Weather Forecasts, ECMWF)olA A|&% = A
A4 2 Z(ERASE F8 B4 ARE o] &3
(Hersbach et al., 2020). ERAS ©]o]E{ol|A] AR&-3F 4
e A, 29 714, 541 vk (zonal wind, u), ‘&
& B} (meridional wind, v), Bl (specific humidity,
Q, A9 Ao, AFHo == 97 @ (1000, 925,
850, 700, 600, 500, 400, 300, 200 hPayS A-&3}ich.
A 717k 1979955 20229714 4439 dis) &
vt o530 dF8hs 6~8€ (June, July, August, JJA)
ojt}.

ERAS HloJHE H|E3 A A5e 4717 =
EE AFstd #F A8 AT 717kl A AlF
A e AGS EAs] flaEl tite® @ol ARE-
o}, AN o] 54978 A A8 e ke
A A5 E Ae AT we AolE KHolH, =
AgEth Fof BeJsl= Aol 7] Wi, AE
171 "4 o|tH(Hassler and Lauer, 2021). WA
ERAS 7<= HolE Y] A= grE = A3
715 Z2A)E (Global Precipitation Climatology Project,
GPCP)2] ¥ A8, Y& 7]’$7d (Japan Meteorological
Agency, IMA)2] U 5513 AE-2 (Japanese 55-year
Reanalysis, JRASS) & #5, v]= 3%k th7]3 (National
Oceanic and Atmospheric Administration, NOAA)2]| 7]
% o= AlE{(Climate Prediction Center, CPC)2] & 7}
T ARE ¥ HASArh Table 1> ERAS, GPCP,

Table 2. Summary of datasets.

Table 1. Pattern correlation coefficients of JJA climatology
precipitation over Asia [60°-150°E, 10°-55°N] among datasets.

Data ERAS JRAS5 GPCP CPC
ERA5S 0.85 0.88 0.39
JRASS5 0.85 0.84 0.44
GPCP 0.88 0.84 0.40
CPC 0.39 0.44 0.40

JRAS55, CPC H|o|HE ARS8 oFAo} 29 (60°-150°E,
10°%-55°N)2] 19799 28] 2022 7kA] Euk2 o E(JJA)
Ht 7ol 3ol digh sie Al (pattern
correlation)& HoIFH, o5 T3l A8 7+ 7+
o] fojue Ad AAE It ERASSY A
GPCP (JRAS55)9} 0.88 (0.85)9] =& A#AL 71AH,
o2 A zZtset B2 HHe fAMS B wh,
CPCE th2 EE A= i8] 0.5 olste] Ao
2 92 JEe fAME BRI 5 AT ol F
7+ e AR <l Az AlEEh

S ofAlo} A Qo] e AXA T sFH 2=
W5 DA JBdE Hola 7] ol (Yao
et al., 2010; Xu et al, 2022; Wang et al., 2024),
NOAASIA Algshzs 4 BZF 4™ 2% (Optimum
Interpolation Sea Surface Temperature, OISST) HZ 2
A5E T Q=g SAHEG 47 A9S 23
gk 219l B4 £ OISSTY] 9 =+
0.25° x 0.25°1H, 7]7+& 1982dK-E] 2022171 €]
A2 E AFESIATE 2 Aol AMSE AEe] FH
= T o] A 2]stth(Table 2).

| 2hEA

Al
T8 A WA (moisture budget equation) 744
of JAL mA= 7 2459 Jdxe} HAUSS

Data Variable Level Horizontal resolution Period
precipitation, surface pressure surface
ERA5 u, v, 0.25° x 0.25° 1979~2022,
specific humidity (q), 1000~200 hPa JIA, daily
geopotential height

o o 1979~2022,
GPCP 0.25° x 0.25 JIA, monthly
JRAS55 precipitation surface 1.25° x 1.25° 1979~2022,

CPC 0.5° x 0.5° JIA, daily
Sea Surface Temperature o o 1982~2022,

OISST (SST) 0.25° x 0.25 JIA, daily
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o] 719%t= L4AE FEI] Al FE A HE 4
S EA3519tH(Chen and Bordoni, 2016; Oh et al.,
2018).

&P — E)=8DY + STH + 50D + R )
AP - E)= —(V-(dVq,)) —(V-(69V,))
—(V-6VSq) + R Q)

A1), °IM P AFS UehlH, Bx S8,
V= 79 4, v), g Y52 YeRATh A 1)ellA
DY (dynamic), TH (thermodynamic), QD (quadratic
components)= 2}z &8t ghmpge] W3}, st g
(159 ®¥sh, HA9 ek vEe] Wshs on
gtk el ARl FE AR VIS ()= 2AF
7 Ais VeErH, ZF "] HA ex 19799
B 2022 d7bA] 44d7k0] 7155k, s A WFES
D el 155k W Aol 2 epdT

&P~ E)= ~(6V-Vq,) ~ (q,V-6V) ~ (V,-V &)
~(&qV-V)—(V-Vog) {6V V) +R  (3)

oAk 3 WA, Al WA 2 oAl AR aA,
B B ol WA B ol F(E-EAhsl Bl 9]
ou], 7t ge] 2ol S AT FH2)e o
F2 ojnja.

2.3 ETCCDI 7|4t =28t 2 X|= "9l

ETCCDI (Expert Team on Climate Change Detection
and Indicesy= AlAl 717 717-(World Meteorological
Organization, WMO), A|A] 715 A+ Al€](World Climate
Research Programme, WCRP), =#)| a1 713 717-(Joint
WMO/IOC Technical Commission for Oceanography

and Marine Meteorology, JCOMM)7} @& 3ate] =3t
7199} WstE olalfstr] flal EFstE A EE st
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o2 S35t 7k AFE Ao K(Table 3). 1 mm ©]
Fe] e V15T ES F3 HH(wet day)E KL,
S8 gol thal 7t XX SAE ol algehe %S
=3 Zhrol tigk AR SR FYstdt zF dARk
2 dE Arue 158 45drel 32 % 39
74 (total rainfall days)® AHolgom, I3 7o
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o2 Ao}, x| e g 719 7= (rainfall intensity)
£ 3 AR 3 AAFR Yol Avingi,

o] APATFoNA ZF AL - A AT I
Aolu} stz Qg A Wyt A4 vehd &
oo} Ao} %, = T oo} ste] A 9
F2 YA THFang et al., 2023). Li et al. (2022)
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Table 3. Definition of the extreme precipitation index based on ETCCDI.

Index Definition (unit)
Wet day Days with recorded precipitation of 1 mm or more (day)
RXXP Value exceeding the XXth percentile of precipitation on wet days (mm)

Total extreme precipitation

Total precipitation on days with RXXP recorded (mm)

Total extreme precipitation days

Number of days with RXXP recorded (day)

Extreme rainfall intensity

Total extreme precipitation divided by total extreme precipitation days (mm day™")

=t717derE] 7]l A34 35 (2024)
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Fig. 1. Characteristics of extreme precipitation in the EASM region during JJA from 1979 to 2022. Each column of the figure
corresponds to R90P, RSP, and R99P events, respectively. The first row (a, b, c) represents total extreme precipitation days with
RI0P, R95P, R99P, respectively. The second row (d, e, f) indicates total rainfall days above each criterion and the third row (g, h,
i) presents rainfall intensity. The black rectangular boxes indicate the East Asian sub-monsoon regions (a: YR, b: KP, c: JS).
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Fig. 2. Same as Fig. 1, but for SASM. The black rectangular boxes indicate the South Asian sub-monsoon regions (a: IC, b:
HM, c: BoB, d: IW, e: WG).
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day' o] A7t WEle &, g %
£ Holz Zo] A olthFigs. If, i). &
7b Bol st Al A Ar F
Yelg= 18 4 AT

HHH SASM A2 AHH oz Fgt 747

= A97 JSHA %= AYgo] B¥I3
e THFig. 2). webA] dolrlol Ao S35k 7
o] A HS o AFAR Aoz TS| ola T
J 87} ATk Figure 20014 = & 74+ F(Figs. 2a-c)3
A<= (Figs. 2d-f), 74§ 2= (Figs. 2g-i)7t dl1&et
of Abdl wlxwh My A XAg F4om st
Al vebdth S QIEe] FEF A9 F AT
o 3] RO9P 715=2] 749 A=7E 733 S (Figs. 2,
i), 53] 7P S AAR RIPE 7FLE WS
o, 80 mm day”’ ©]%4e] ¢ AEE B B2
M AL AAH R F3 o] EHo] BF 7
A Vel F3F b Ao 7hg FH ks, AR
7 gk A|go g gldn}. o|jgt S35 A
o] EAS 7|uko 2 EASM A9 9F227)(Yangtze
River, YR), 3+ =(Korean Peninsula, KP), Y& F3

[

73

(Southern Japan, IS), Al A9z U533, SASM
A gL olx FE-H(Central-northern India, 1C), 3%
g}ok Akl (Himalayan Mountains, HM), ¥-&%H(Bay of
Bengal, BoB), ¢1%= &% (Northwestern India, IW),
MLz b (Western Ghats, WG)7FA THAL 7] 2] A3
AH o2 FAth(Figs. 1, 2).

ofAJo} o Eo] Al (onsety> A with A7)
2 zo]E HolH, oY B4 F8IF AU w
2} gl 7|7ko] AojAa o EH el UM
UL ST Aol FFS mRIth o]HE A5 A
Aol mE F3F Ao A3 RIEe} ZAEo] ¥stE
AL ol el A2 wig- F83sth

FolAlol A Ag- 2 AIFALS 69 TwollA 7
Y %o YeEh}=d(Moon and Ha, 2019), = % YR
I IS A9 74 717 T A 58 ZFF(RISP)
= 203Y T 50% ©]/de] 6¥el YElI o]F Ta
ale] g¥ollE 7+ A9 19Y, 30¢ = LhelTh(Figs.
3a, b). T AHe s sEle] {FALSHA HERS
AL T A F% AUt KA 2 AlIRE S
71 o] f-1ko] f-(Meiyu-Baiu) Aol ola) 2y
Ao 2 HItKTakahashi and Fujinami, 2021). ©}9k,
B4 7174 443 F 200098 7o 2 Zuky] 22
(1979~2000%)3 Z8E7] 221(2001~202080) 2.2 LHF
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Fig. 3. Daily extreme precipitation days (bars) and its intensity (-*-) during JJA from 1979 to 2022 for (a) YR, (b) JS, (c) KP in

the EASM, based on R95P.

71 7] A349 35 (2024)



sk - apdAk - Aed - o8 263

e o, YR N9-& dAutr)o] RI5PY 61%7} LA Z 89z 67U E F3 7F5rt vidsHA wAE] &
Thnot shown). HFA JS #|9J& FRb7]o] ROsPe] ¥ o] F A= b2 IS B tK(Fig. 3c). T3 9]
A H]Eo] 52%E ¥ EA JERon, 89 Fe & £ ke Yo B Fgdo] AAHHA e

W7o RSP HAINIEY) 8Y | e Aoz B o] FUe F& A AstEed ¢S FUS A
ATk W KP A 9] 79 ¥k =] YR, o2 FHETHDo et al., 2023).

IS A nt 9wl A8, # Alxdo] 68 F dolrop o] A 1C9 IW A dolA 68 S5
o YEHE 7 A3 & 104 B F 6¥ °]% RSP 747t ARH o= Frtsitzt 7€l

279 %o LhehdTHMoon and Ha, 2019). Wb, HRHL 1S3k AR ATS BAOH, W A9
KP Aoje] S8 450l 4% 720l 812 g ¥ o) 45U% Aol oF 59 Y= AdE Aoz v

Q) 2=

o U5E J)=sgon, BED 24 gule] 9o WTHFigs. 4a, d). EF IS W AL AuHOoR
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Fig. 4. Same as Fig. 3, but for (a) IC, (b) HM, (c) BoB, (d) IW and (¢) WG in the SASM.
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