R e B AN A R Hi XM i [ 7K B 25 REAIE
S 12, WHERC?, AAIEE 2, Pk, R 3, R
1 RS B TRER S KA R b, R 610225
2 [E R B RS EF AT E bRk SRR AL, JEET 100029
3 KIERFRY, KiE 116026

4 PRI HR X AR R A E L, BT 530022

TR S RRARIR (A I K S R AR ) B BT Sy, AL T I XX e
AN R X B 55 52 MK i ok 7K AT ZE 87 9 T o AR SOR T H F/K BURLG 1951~2015 4
T SRR LIRS (5~10 HD Biom PR FAFEAT 22, x5t K
FFHIRREERALRHE LB FABRAKIE SRR IEREAT 10 b SR8 (1) IRk
KL E, R B AR R X R K TR AR SE . R R, dlit—
RN R — R E AL, EA T AR K R RUBE A LA r i 2 i B AR A A - AR O T
Horb, R IR UL SRR R 512 WAL T 2R — KT (East Asia-Pacific, il 7% EAP)
AR “+ —+7 KR RES, EpOR BRI EAP BUmITRT, AR AR R R
NKRERG, (RZN TR R “+ =7 LB o 5 2oR R R A Ay
R B, AR RE B R R L) HA P K R R i R R 7E
XHAUZ 12 5% Rossby WA, ARJZ 3229w 55 T Al 75 0. (2) Frg = By
et DA s P K R 2 5 2 BT kA S, R B AR SR v R~ B SR B K [ D
ko FLrf, “+—+7 RS RO IS R R KIS 2 R . (3D RS
e Rl i X i e K ) 225 8] 3 A1 AT SOR FRRFALE o

R PR, e BombEKs KRR RIE—A PR i e

MEHS 2021120C

doi: 10.3878/j.i1ssn.1006-9895.2000.19000

R H T 2021-07-105 PIZEFRH AR H 3

BRI A, B, 1997 SEH A, W7t As, B M F M K SR 7T . E-mail:chengzelun@126.com
HWWSEE WHERL, E-mail: xiezuowei@mail.iap.ac.cn

WEIRE HXE AR H 41861144014, 41630424, 41875078, [F 5 5 A0 & T H 2016YFA0601501
Funded by National Natural Science Foundation of China (Grants 41861144014, 41630424, 41875078), National
Key Research and Development Program of China (Grant 2016 YFA0601501)

1


mailto:xiezuowei@mail.iap.ac.cn
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Abstract Global warming has increased the intensity and frequency of extreme precipitation
events. The Indochina Peninsula and South China (INCSC) are located in the monsoon region and
thus are vulnerable to extreme precipitation with flood disaster. Using daily precipitation data, this
study objectively classified the extreme precipitation events in the INCSC region during the wet
season (May to October) over 1951-2015. The circulation features, interannual, interdecadal and
long-term trend characteristics of each extreme precipitation cluster were analyzed. The results
suggest that (1) According to the location of precipitation center, the extreme precipitation in the
INCSC region can be objectively grouped into South China, Indochina Peninsula, Burma—Yunnan,
and Southern South China—Northern Vietnam clusters. Their associated large-scale meteorological
patterns (LMP) are mainly characterized by mid-high latitude wave trains and tropical dipole
circulation. The LMP of the South China cluster features a "+ — +" meridional wave train in the
upper troposphere, which bears some resemblance with the East-Asia Pacific (EAP) teleconnection
pattern. However, the centers of LMP lie southwestward to the EAP counterparts. The negative
anomaly circulation in central East China is the key system. In the lower troposphere, LMP features
a "+ —" meridional wave train located at low latitudes. The LMP of the Indochina Peninsula cluster
is associated with a dipole anomaly circulation of enhanced monsoon trough and Mascarene high
pressure, which is broader in the lower troposphere than the upper troposphere . The LMPs of the
other two clusters of extreme precipitation have a combination of Rossby wave train in the upper
troposphere and the moderate tropocial diople in the lower troposphere. (2) The occurrence of

extreme precipitation days in the INCSC region exhibits a significant upward trend, which is



contributed by the South China and Indochina Peninsula clusters. The occurrence frequence of
meridional wave-train LMP increased the extreme precipitation days in the South China cluster. (3)
The extreme precipitation of Indochina Peninsula and South China clusters are antisymmetric with
each other.

Key Words Indochina Peninsula, South China, Extreme precipitation, Large-scale meteorological

pattern, East Asia-Pacific teleconnection pattern
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FERIRAEARER T 50, M P K AR A A i 5 28 i
(Alexander et al., 2006; Goswami et al., 2006; IPCC, 2014, ¥ F# /K S48 % 2
SRR R E RS SR S IR AR E, W AN A WA
G AERMEIA ORI E M EE (Jones et al., 2004). Hltn, 2011 fEEZE, ZE K,
FIBEZE R F2 R, 2 5 1 X% P BRI, T2 K0k 4 2 H IJEt 9, 800 2 AJET,
1360 2 1 N2 9, 1R 46 104 £ 0 &5k (Promchote et al., 2016). H
- By AR R X HAR R X, 2R FRE S RO 2R X SL Rl e, 7K
VREAF TN, B8 52 BRI R R S B B KUK (Ge et al., 2017). [F]
I, DK B 7K TR TR g 8 5 o BB R SR 1 — AN B L R BRI, I 14
MRS AMEF=A M (Heetal., 2016) o Rk, B 50 A 2 SR04 5 i [X F 4Bk
BRI TS S At B K PR 2 REAE B A B () 2 i SORT R AN

H T 2 B A R X 7 R AR it B K PR A AR ALE R RO A 2 A LR L
VEB IR RI RS R B2 — (BRBUFTEE, 2012; FMVERBSE, 2019). WFFLERM, HEgk
5 AN R b X (R B B B AR ARBRARRAE, R AR mg X (1 B /K B 7E 20 T4 70
AR R 80 AR BE WIS, TTE 90 FARYI AR, o5 EmhX
R K BB (245, 1999; Ding et al., 2008). 7EF1Fg} X, Endo et
al. (2009) KBUBEREHR. 4t AL E PR K EAE 20 4D 50 02 21 HERE
WG o PR e I AN R M DX B K ) 23 ) A0 AT TE 21T 9 RAE B RS b AT R I
T AFRAE . FEZET AT, HEm AR K R E R R R L
PR il R S PR R DX, 1 i PR B K i 22 M X Ay it e B BRI (KL, 2008)
TEERR N, R X AEFOK B R 2 X A T R A i X, |G g
FRYE I DX RN R 8 AR P RO AE B K B R X O BRI, 202000 % TG
HuIX, B (2007) I ZRRE K B R AR DX 23 A7 75 P 0t ORI L 1Ly ik v
M3 X3 . Yang and Wu (2019) 45 H HHRG 2 B R B2k e 2 1 R X = ZLEE 7
VO R AR A A LU DX B

H g 2 5 AR R b XA K PR A S I R SRR ) B T 800, R
FERNIR T KR RS IAE R FE P E A . RRERSHREE N TR
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SARBRAT B Z AR, 2 B2 R M R SRS % R G511 B 2239 (Grotjhan
etal.,2016). WFFIERH, FOAT R &K, FIE K. BOE &2 B ZE 1Y)
BT+ 2 STV ) Al P XL I 5 S R T 4 Bl 1 X P /K PRI R4 (Tao and Chen,
1987) . B 75 Y. i AL 2 I 2 78 DK I BT 1 RE A% P R) 5 0 4 g 1
DX P8R, BV . oy i 8 R G AP 330 R A v s S i (i R B, g M X AR 2
R ETHEEh I, MK (AR, 20050 d N i A e R I
IKIIE RS, FTE R R 1) 8 B SR VR T VR 6 AR RS I R R4 S0 1
Rossby VA EANEL (Zong et al., 2012). @& 4h AR RAEIRE, HFTFEHTES
AR R R, S UCRIT, IR BE R SRR, R ORI A ALk, 5%
STEERIIX AT, AR TR TR K mZ Gk EEFZHRE, 2019) % T
HEg B HIX, Chenand Yoon (20000 &I, B 2= XU /K (147 bRl 26 52 75 T
PEZE XU AR R SRS . Zhangetal. (2002) &, JRT1EME S HX K
SOOI AL A R AT a2 o R e B B 22 KRR R 1 R R

IRHIT FUIS A B R - R R i X PRI, IR 0 T i DX AR i A K
FCIS TR) AR A, o 225 [ 43 A7 R T B 2R (1 R BE RS SO AT A REIORFAE 2 X0 X 28 ]
B, E WM AR>S AT . TR, A 20 4 90 FEAHILLK,
AT DX AW i PR 7K e FEE AT AT 2 R 25 PR AR AR B BT, B s B K AR PR A AR
br_ b A T Bk 5 B = m P K 1) 5Tk (Ning and Qian, 2009; ZXFE-F-4%,2010).
Limsakul and Singhruck (2016) % HLZ&[E 1955~2014 SFEAK 3 f K S04 1) & A ok
HARE, IF HAER BRI FEAPRIRY (Pacific Decadal Oscillation, {&#%
PDO) A hitl, 28 [E M B K F AR R AR 2 | S . Hp g o B FAE R
b DX AW i 2 7K PR 2 T8 43 A7 1 B AT 22 R, A6 R X Ao B /K 2 B A A A7 A2 P I
F TR ES S T AR A ORI R (B R T, 20185 FERISE, 2021,
g 2 5 A it AR 7K SRR B P R AR X = A T4 e AL P ¥ kg G AR A R A
| B ARV, AR A KA RO 7E 40 ) L83 52 . (Yazid and Humphries,
20150, S%f T ARG By A b X AR i B K R R R BERR IR AL, B FE R B, P T
PEEIHRHT 5 R U A DA B A U (A 2 B R T U 46 R 0 0 i 3 X AW i
PR A EER W (FHFBLE, 2010; FAREE, 2011; HIERMTFAE, 2019), 1
RACA IR S T s A KA RGO T A Wi R A o B /K 0 B 4R R = X Gl B AR
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&5, 2006; FHAIEEE, 2014) X THEg A LI, MR B BT S AR E Bl )
JRIINER 7 28 XA, T A ) B0 B AR 2 SRt i, (645 58 2 (/KR gk & e
AR o AU, DO A 2 R BT AAE i R v — e [ g Vi 51 R R 22 R 3G e T
)] (Faikura et al., 20200, #aii THEEL & XA Z 5200 A R 2 B A o B 7K 1 B R
KRG, A FREP RS —ANE (5~6 A) AIMR K E 252 70 3R
JNSEIIEEI, AW (8~9 H) Mtkuf4/K 32k B F & X (Takahashi and
Yasunari, 2006).

H AT 7 - 5 A0 i X (R i B K RO 98 22 9 S b, 3 O AN ]
KRG, T2 X B 3 K ) 3 A [A) 2R A e H R R IR I 2 e AN
Bt o ETXT AR R B AR R HL X R o B 7K, AR SCEERIZDUR =AM (1) %
iy [X 4l i 2R 7K A W e 2 B SR 2 AL R R IR A 2 42 (20 123 X A i A
IKE A AREIAERR . AEARBR K - ARE?  (3) g By A g I A 3 2 3h
X BRI RR i B K A AEBR R 2 RIS 3R = A, A SO P — K 1) o 20 R
AR AR BORE, S e R 2 R A i DX ARt B K A, X AR o A K A
BEAT BN, 53 BT AN [ S 2R it e 7K A2 1 BRF 2 SR AIE A AR 2R 19 K RUBE RS
Wi o ASCHFIARA 7 HAR T 58 2 Fid 7 HER MW 507 28 3 T

WHREE R 28 4 AT IR, 28 5 X4 RBT R 4.

2 BERIF ¥

2.1 F 5 X 43k

FEAHIE FT A 5 SCH) P RGP B AT AR R X B R~ B NN E 2 (i 2R
B, 24 B, RAZE. SoRITIE) MIREEREHX N\ ER (S 5T
WG TIPS AR TS TR R PR BRIy Bk (K
la), B Abwrafic, 2 LA a, HPEbmEbER S = —F e, Hid
PN BRI, 22— — A LR Ry E Rt X 2 —, W&
FEIT B P KU o



2.2 R
A SCAE ) K B H AR S RIT SR WA H AR 455 MR IR G 0t 9T By

SR T 5T 2 57 1 3 3 i o3 S A% AL BE K B BL APHRODITE  ( Asian
Precipitation Highly Resolved Observational Data Integration Towards Evaluation of
Water Resources) s APHRODITE it 1 % 25 V. 91 - [ A0 [X. ) R 5853ty 000 00 B3
ZJ5 R BT 7K 53 A Spheremap 75 SR WL B8 K HE (A FIMS 21 2257 (Yatagai
etal,, 2012) . ZFORHEIE HHTHE 578 55 B WM X (1 w2 e K TE] OO
1951 4ETF4R) Pl oK BERE, HILA DA FHEESE, 20 ZR (ME). % i

(RUD. FRX (MA) ATHA (JP). FIEH T, A SCHREL 1 iR == XX )
APHRO MA V1101 T34, THVEHEA (15°~55°N, 60°E~150°E), 43#ix
N 0.5°%0.5° WFFLRM], TR R FIEEIIX 5~10 H NRZ, ZE RGN,
FeoKFE s M 11~4 A T2, ZAFRGEN, FKED (Zhangetal., 2002; Yang
and Wu,2019). B, FRATEBEDRHN BN 1951~2015 FAEF K B2 1R ZF

(5~10 Ao Bl 1b 43thh 7 iR At X APHRODITE BRI 55 70 A 1
W, A 1232 AN A

PRtz Ab, SBAER T RBRRH R A SR L (ECMWE) 42 45156 AR

KAF W EERAAZEE (ERAS; Hersbach et al., 20200, W[ #ER N 1 /M,
S E R 1°x1°, EZRIHEFE 300 hPa. 500 hPa il 850 hPa KXz (u F
v) Rl (), ULREBEKASERMEZKRERE. U ESERNHT
Bt H 24 BHRBERFFIZE R, FRE AT u Ay KHEAS K.

30°N{”

20°N+ 20°N-

10°N+

S ¢

EIERE ~ MR J DU M 1282
90°E 100°E 110°E 120°E  90°E 100°E 10°E 120°E
<EEEE — A T a0
0 200 400 800 1200 2000 2800




K1 (o) Hrpgf R e m s X BRI 78 X TR, SO (A2 m) AT (b)
APHRODITE %R} % 15 1) 73 Afi
Figure 1 (a) Analysis domain and topographic features in the Indochina Peninsula and South China
(INCSC) region, in which colored shading indicates the altitude (unit: m), and (b) the distribution of
APHRODITE grid points
2.3 Jrik
2.3.1 Midm b 7K I E X

1 TP K 2 ) o AT B AN S, AR SCR AT A 0 Rk e SO Pk R A%
A ESE, 2003), M R HEOKEBEZMEEH (> Tmmd) BKE
THREHBIRIER 95 F i3, IFRIZ MRS i H A2k T e oK o AH EE T i 72 B
Wi 7K BIME, BN KR 9 20 mmd™ . MY 50mmd™", EHET B A4
AELRTE SCREA W s B AR i Pk 7K B A PT DAY B tbds . AU AT 215 R R s, A
B SCH AR B AT LE P (E3E5E, 2008) 0 AR SCUH SR i B4 7K R0 AL ) B A5 3R G
L

(D B, EREESHEKFSIG, BHraEH (FKE> 1.0 mm d™h
T RHTHI T P8 R BT eI ik, B2 PR AIX

(2) HiR, FIH Hyndman and Fan (1996) #EF# 1 B 707 £ vH AR Sk
Fr P 5 X Y 95% 73 (5L B4 D912 m iR e o K BRAEL, - TR RGN T

Xy = Xy +1Xniz — Xin)

Hr:

Ni1=int(qx[n+%]+%)
r=gxm+1)—int(gx (n+1)
Ni2 =Ni1l+1

TP P AIX B AN A8 q = p/100s n NP RIXEIKE, RIAE IS R

PE/KEN 1.0 mm d ' K DL_E R E
FAb, n FETR, R S AR L X B A, R ARE X, DA
FEWT LB O T2 o A T 325 2 B b T 14D 55 e 32 1 AR 2 LA R B DX 3 o 4 A3
Ui K AR, TR R e B R R X DA 5% MR e AR R H R AR R K
PRz X % B R A Wi B K 2 (Zhao etal., 2017). [N, FATIEM T Hi%S
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e 3% 7Y% X Ja S SAE RAIREM, AT IX P B B o P K
FIE AT S S%BIE A RANEL CEIRSD, RFAE 7%. 8L 5% 7%R1E 45
RISEE, FRATINT 5% B T4t 3 (0B o o K 7R R LA JRARFAIE 55 45 R L LA
HAA KM

2.3.2 st B K (1 75 W0 4 2

SRR R 2 I A e DX R o A K A 1 2 B (R A, FRAT TR 241
WL 22 I 26 (Self-organizing maps, f&#X SOM; Kohonen, 2001) X 12 Hb [X 4 Jify
B AKEAT 2053 25 - SOM AE Ny — Bl B35 G- ST o B o 2 I 48 A5 78, F- 1981
A 2R 22 R 3 HE R 2 20 Teuvo Kohonen 2 H, 31 CU7E R AR5 43 B b 45 5
T ZF AN (Gao et al., 2019). SOM FEALL AR H b A 8] [X 35 (1) i 22
A A>T RIS s, MR R IE KB m e S R AR £ MR I R, EIRI B 1%
b iAT IR B BIAE ST, A BB R AR, JEEA 7 IAR4E R BT i AGix
SO iR SARES . O T AR G PR 2R, ok, BRATEAT ST B P R S B R AR
FEHIIX 1232 /M RUTERR S 4 7K H IR P 7K 28 4y LR AN B /K R ) 732 ) o 1
AL, BRI K H B E e L AN aEYy s R)5, HEATE B Bk H 1
[a) & i N SOM JH485E 70 K4 (N, #E47 50000 (RIZR, BEUIZREN I
ot e (BMU) JHBERCE, fafithix e s ic.

£ SOM 42t ferh, HEARBE (N) M, N0 IRRARZE R
BN, RIS (D) W/, SRMIAESE e, T 528488 REA SLhrm 3L,
SRBMENAEKS, B8RRGSR M AGREZER. Bt A7
T DL R B B0 252 E (Lee et al., 2017): OAWEE SOM 432K
HULIRAT 2<N<20 MIFTA /4R @3 TERiZR, RN &t 545 SOM 2
Z IR 2 (A AH R R B A cor (1), WIS NBEART I S ARG R4 (R) 7]
FRN:

R= %Zj’:lcor(i)

SR (N L2 BT 18 (2 IALAR O FRA (RO MR, [ 2 MURAHRER o
Ik, e R RBCE R RIS 7oK, DAORIEFTA RIS A LA 2 i) BT — e Al
s RN, APRIERTA R o B A B 225, BARTNEEES (D)
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WK, DARYEEX R ERIEE (d) 715 (Ward, 1963) :

Np
1
D= N—pz d,(rs)
n=1

2n,.ng
n, + ng

d(r,s) =

”-fr - -7?5”2

Hrp, d(r, s)NHErR S Hs KA LRI n, Ming 705508 S SRS s 551K il A
B, B AN AR RS s IR o Ny ANSEH X EECE . 2 a0
3.2 TR B 1 0 e S AU BAR GRS

2.3.3 Rossby i 1E Hid &

ASCKH Takaya and Nakamura (2001) #€ L] Rossby ¥AFEH @ &R HFHIA
Rossby J# BE B IMEIERRE, '©REEIR I IR L6 1 E L 21 S H Y Rossby ¥ e
=R, EAKFTR, HERERERERAN:

/L (alp/)Z _ lp, azwr N A I:all)/ 61/1' B ll)’ azlp/]\
_,  pcosg| a*cos?q |\ 04 042 | " a2cosp| 04 0@ dAdg

" W'\ _Ue_fapoy oy K [(aw')z _¢,62¢'] )

aZcos@| OA 0 0Adp| " a? |\ g 0?2
HrU, =U,. V.)H 1951~2015 S5 FHIR, ' R TS5 ahi

AL @ MRS AGEMAE, afQRIBEREAE, p A SEEREL 1000 hPa.

3 &£R

3.1 i B 7K 23 A R ALE

Kl 2 4 1951~2015 4Frh g 2 R AR R L X2 (5~10 H) AUl F3 s oK
B R R K BE AR S A . IR (B 2a), A FRKE [ K AE A0
T BT FINRE | e A AN A0 A PEAGER, RO SR AT IA 2400 mm L b
H g 2 S5 A R X A s P /K BRI PR 25 B A (L 2b) A B 50 f T35 S
KB B A BCAAREL, R R AE R e S IX 17 E A R b X R AR . ]
(B R RAB A 7 AL T 2 B B Kk, Lk R L ik, 75 %1 40 mm
d™' Bh b AR RN A R X AR i R AR SRR PR #2343 AT 5 BRME FR) 3 AT AT SO R
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FAHLX MAH 2 . 5 Yazid and Humphries (2015) FURFFT4s SRAHEL, FRATAI,
7 2 5 A it B K AR PR R A X S AE AR AL L X — 7, T AN, I Al 22
S ) JER KT T A 5 A i R 7K A 8 7V DA ST FE e B A 22931

30°N A

20°N

10°N 4 ; /
S
S‘ q«f/ \\ |
90°E  100°E 110°E 120°E
0 800 1600 2400
30°N-f

20°N+H

10°N 1

90°E  100°E  110°E  120°E
L e E— s
8 16 24 32 40

30°N A

20°N

10°N

90°E  100°E 110°E = 120°E
<@ T
80 150 220 290 360

2 1951~2015 Frp gL BAERHLIXIRZE (a) ARk EE CRAZ: mm), (b) HiimbE
KBIME (Hfz: mmd™) A Ce) BdmBeKBx CRRAr: d) i e A

Figure 2  Spatial distribution of (a) climatological mean precipitation (unit: mm), (b) extreme
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precipitation threshold values (unit: mm d™!) and (c) extreme precipitation frequencies (unit: d) in the

INCSC region during the wet season over 1951 to 2015

FERIE TS BEPY, g 2 BRI AR R X ek AR 1428 AWk Pk A, 30 2775
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Figure 3 Distribution of occurrence number of extreme precipitation as a function of event duration in
the INCSC region during the wet season over 1951 to 2015. Horizontal axis indicates the duration, while

vertical axis indicates the number of events
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DOUEEE], N 2 HnE 4 6R0X —Fr B REGIGINIERERCR, SRM4N KT 4
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Figure 4 Mean correlation coefficient (R) between each vector of clusters and the corresponding cluster
centroid, and the mean Ward’s distance (D) between each pair of cluster centroids. Right vertical, left
vertical and horizontal axes indicate the correlation coefficient, left the Ward’s distance, and the number

of clusters, respectively
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by 420 K, AR BE KRB 15. 1%, AL XTI AE 1R R S
PR ELIX (& 5d).
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FigureS Composite precipitation percentile for the four clusters of extreme precipitation in the INCSC
region (unit: percentile). (a—d) are clusters 1 to 4, and right subtitle indicates the days for each cluster of

extreme precipitation
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Figure 6 As in Figure 5 but for the composite precipitation anomalies (unit: mm d™!) . Colored shading

indicates regions where the composite anomalies are significant at the 95% confidence level
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Figure 7 Composite total column water vapour anomalies (shading, unit: kg m™2) and total column
water vapour flux anomalies (arrows, unit: kg m™' s7') for the four clusters of extreme precipitation in
the INCSC region. Colored shading indicates regions where the composite anomalies are significant at
the 95% confidence level. (a—d) are South China, Indochina Peninsula, Burma—Yunnan and Southern

South China—Northern Vietnam clusters, respectively
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Figure 8 Composite stream function anomalies (shading, unit: 10° m? s!) and Rossby wave activity
fluxes (arrows, unit: m? s72) at 300 hPa for the four clusters of extreme precipitation in the INCSC region.
Colored shading indicates regions where the composite anomalies are significant at the 95% confidence
level. (a—d) are South China, Indochina Peninsula, Burma—Yunnan and Southern South China—Northern

Vietnam clusters, respectively. (e—h): as in (a—d) but for 850 hPa
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Figure 9 Time series of the Interannual frequency of extreme precipitation (black), and the decadal
variability (red) and long-term trend (blue) in the INCSC region during wet season over 1951 to 2015.
Green line indicates the annual mean value. (a) is over the whole region of INCSC and (b—e) are South
China, Indochina Peninsula, Burma—Yunnan and Southern South China—Northern Vietnam clusters,

respectively
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Figure 12 (a) First spatial mode (EOF1) of extreme precipitation in the INCSC region during wet

season over 1951 to 2015 and (b) corresponding principal component
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