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Analysis of the potential causes of extreme precipitation in

northern China during the autumn of 2021
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Abstract In recent years, there has been an increase in extreme precipitation, leading to significant
impacts on residents' lives and causing urban flooding. Therefore, it is important to forecast
extreme precipitation and analyze the precursor factors that lead to it. In this paper, we analyze the
spatiotemporal characteristics of extreme precipitation that occurred in September-October 2021
in the northern region of China and reveal the circulation background and factors affecting
extreme precipitation. The results show that the extreme precipitation accumulated over 220 mm,
the strongest extreme precipitation event since 1961. The autumn precipitation in China is mainly
affected by ENSO, with the developing La Nifia forming an anomalous anticyclone that enhances
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water vapor transport. However, the influence of ENSO is mainly located south of 39°N, and the
area north of 39°N is mainly associated with the anomalous activity of the MJO. The MJO was
anomalously active in phase 3—5, which was 2-3 times the historical climatological state, and the
anomalously increased intraseasonal-scale upward motion caused the water vapor convergence,
which resulted in the formation of the extreme precipitation. Statistical analyses also show that the
probability of extreme precipitation in the northern region will increase by more than 60% when
the MJO is active in phase 4, which provides an effective idea for forecasting extreme
precipitation in the north.

Keywords: Extreme precipitation, ENSO, MJO
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TEARRARRRNTS 5 K, At B K 44Uk (Alexander et al., 2006; Kunkel et al.,
2012; Daietal., 2024), FREMumbFEKELFIEEM CRIBE, 2009; FhZESE, 2017; Guet
al., 2022) o DA IR B PR K R FE 2 6 EE 2 (Hsu etal., 2016; FFoF=25%, 2017;
Tangetal., 2021; Heetal., 2021) , ZRMIAKERImPEKFA R A LKA, R 5 RS
(AR, B PR ARCKE o N B i W 7= 22 4 J AR B AE 77 s R B T LI g ) (i 0% R 55
2003; MIHESSE, 2012) .

2021 4F 9-10 H, i, KL, POLAEEE MR, SR ER 1961 LIk
L EASRZ, Fel2 9 A 16 HZ 20 HigfFmid R S8t iiss o8 (AWK, B
) 3L 58 RE MBI RN, B ORI Lidxk (hESR ). 1
7510 H 2 HZ2 7 HE RPN S8 175.71 52K, LAEVZ R 357.69 HH, HIEAT
ok 5029 Moo, g & WA & B H & W kT ™ E W
(https://news.sina.com.cn/c/2021-10-12/doc-iktzscyx9191907.shtml[2023-12-14]) . [AlHtiX—K
0 ] PRI AR i e /K ) R (B AS R NI A, A 85 SR T g b e 7 110 TR T i 41 S 2

DIAERF SR, KA R G AN A PR -2 U Ak R i A B RIS B 1 R R R
FHE (1958) FLTE 1958 A H H R RK Z= B /K 5 S 3 30 1) v 2 it A B 2 XL
B Z AAELE Rk o Bl S A /DB i g 78 AP35 B AT = e o B ZIAE AN DU RIS A 2 s K
M AIAZ O R G 4 DU R WA R ED GRS N5, [ 76 AP35 B AT i i f it o ELA B v
by, KBS (FHEE%, 2004; Niuand Li, 2008; Z5L3E%, 2015, F&H%,
2020) .

B 7 B3R RSN RGN KBRS, AR — AN IR, v Do A
HAEFAXT A=A, JE/R e SR 7% 50 (El Nifio-Southern Oscillation, ENSO) &4
B R _EAERIETE R SRS RSN EER (Bjerknes, 1969), AJ LLIE I KB S5 4
BR K X3k B KK Rl (Ropelewski et al., 1996; Yang et al., 2018). KEMF 5K, ENSO
X E K A R, 1 AP R CRUE) RN ENSO BUR 1R F -
H 4<% (Pacific-Japan, P-J) REAH G 733, 72 4% ENSO AR B 5 7 1 3 M2 (Huang
and Wu, 1989; Zhang et al., 1996, 1999; Wang et al., 2000) . £ El Nifio & JEEH 7,
PEIE AP PE S S e S, H I B 7 Ui X R VeI KR 2, b7 X P K b (R
ORI AR, 1988) o El Nifio KBMEKTE, K 2 bR 4, KL R
X K mD, mE7 X %K% La Nita i, REKEILEHEKFRES . BEEBEKmRD> (E
BN TR, 1999; ERAFERE, 2003) o XMk, GHFFds 4 HA El Nifo

FAF RIS, Herg b X K IG 2, 1A 3t DR o B K DU kb, La Nifia 4 3
2
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AT H AR s B /K AR BE v (Lietal., 20115 8 T#0%%, 2023) . {H/& La Nifia %1 85 F#
IKEIEZm L R A%, 1X5 ENSO B AL AH AT FR 51 AL N A FRAA % (Burgers and
Stephenson, 1999) . WA FIAAEIEEFEMEN T (Indian Ocean dipole, 10D). JbKFEHAN
R PEE#R 7% (Sea Surface Temperature Anomaly, SSTA) St AT DU R [E K 2= % 7K
(XE C M EE, 20065 Lietal, 2017) .

Br 7 KRR LIS, MIO AR ARG KAERIZETT N AR ZR, W] DU I U By n) #4
T AMEFE ) Rossby B MR 15 R SIHAFEL I 42 BR R UUf%  (Madden and Julian, 1971, 1972;
Jones etal., 2004; Alvarezetal.,, 2016; Zhaoetal., 2019; M 32AZE, 2020). WFFRE,
MIO V& ENAE — Lt S A A 2 T OCEER . BN, 2020 5 E Z kA AR 3R E 1R R
HERY 5 MIO TEBNVEVIMIOS, HASE R ARG B2 (13 A, FEPALRPE B2
WOR R RSBEVEIR R 2020 -k st P2t 1 IRIEA Wi 7Ky<fiiE (Zhang et al.,
2021). 24 MJO Wi EAAL T ARENREVE (58 2 A I, HRiG XS P K B K IE 5
GRMEESE, 2016) o

XFF AR 2021 4 9-10 A BIMSm K FE, CA B HEFEIAN 2021 48 9 I
i {26 7K 55 P G R TV ATy v s 1R 7 i b A B B2 55 28 U 5 5%, "B PRI KRR
YA s 2R E AL T Hu X o i S B N O S BAE L Liuetal. (2022) AN
TEEE DR ik b (RS I e DA B 0 1) A DR P TR Y 17 7 AT B A v s PR it B AR 22 ]
fr BT ER E 77K Gu et al. (2022) figH K EH ) La Nifia 0% TIRmIRA, 5
R SRR PR3 TR (2023) A8, 2021 FERsFE K-S0 A 3 %
PIE S H IR % IS¢ (Sunetal., 2023) .

G FRB R AZ, AL 2021 R K R K2 B AR, EREEw. I
H, R o B K B3 B AN & BR T4 4o s X B AR A6 X, 52 | s
HAGHHLIX o PRI, P IX —KC I DR ] A AR R SR AT A T AR N BRI T A2 S 0
ASCHGHE IR TR B 2R 9 A FEER 9T ENSO S MJO 78 I R S [ 7K R PRS2 e K% ] RE ) AL
il o

2 BN 5%
2.1 &R}

AR 1 EEBEZEERSERR (NOAA) 3 FR R EMAEREH
PRI TR (ERSSTVS), /KF 73 ##% 0 2°x2° (Huang etal., 2017); 2D KRiHHL
RATHRF L (ERAS) $RALFIE/NS M ekl HAREZR N KX (UL V 58D,
FEHEEE B E R BEKREE LEUE . TR, KCE2#ER N 1°x1° (Hersbach et al.,
20200; 3) CNOS.1 # sA LI B Hs e AL iz H K BTk, 1A 3 #3808 0.25°%0.25° (=
FEFIEZETS, 2013) 5 4)KFIE S R 55t 152 m) 2 28 S 45 20 (Real-Time Multivariate MJO
index, RMM F5%{, http://www.bom.gov.au/climate/mjo/[2023-12-03]), B MJO f#)i% H #RIE
FAUFTEAL A o B FREUAGHT HBIX (15°S—-15°N) ] OLR. 200 hPa Fl 850 hPa £fi [r] K37 125
WiES, T2 RALK IFEL MBI R (multivariate EOF, MV-EOF), FK; SZif ¥R
F] EOF1 A1 EOF2 5% 6] ¥4 RMMI Al RMM2, RMM H RMM1 #l RMM2 5455,

B VRMM1® + RMM?2> (Wheeler and Hendon, 2004). 4~RMM1? + RMM?2> > 11, 5ESUH
MJO VERH . %R (R YE B IR %1, 5 MJO FEIS 20 B AR JE R BCA 19802021 4,
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HABIEIE 19612021 4. HEHL 19612020 FAENSMELS, NHEBREERARRE IR0, %t
BRI T LR abE,
22 KBRWE H1Z

NT 53T MIO MR KL RS, ASCIEZFETTN (10-90 KD BFERE FXfK
RBCC TR EN . X (D R, BMEAKRCEFTETARERE (@ MELZKFK

VO EEUKICTIRRTASIATE (0, MM, 0, HUAs (b 1B As B S RTEC A I R
VIR B A 6

4 _ _yoon_) %a|_ O

o=V {wap} {L} )

t RN E], VAZKPEREE, p FoR kK, L2ktaiigh.

N T HE S MIO WEBSIARII KRR, W DL AR N T IEM R, REmta
% MJO F14E MJO 77 .

X=X+X X ={X}+X )

FARFRIRZEATTYY, WS RN T AP . BT O MIO X MR P K 5
Wi, DRI B T o B AERR AL, A 19802020 4F 9-10 H HISFIME. KiET
AR S AF 7~ MIO FIHE MJO 43 . (X'} 42T (X}, DDA (X7} Bl T2 H o] DA ZESAS
The Bk, ZET Py AR B R AKVR YRS AT BAE— 25 4 R LU T LT

Y _ o)l 1L
o WWM}{”@}{L}
- _{(V+ V') (q+ q')} _{(Z)+ a)’)—a(cﬁ ql)}_{%}

op L
’ , (3)
=—iav{ﬂ~{V}V5—{VﬂV¢}—Zég?n{aﬁgg—%d%%}—{%?}

X B iy u Ml v 73R m RFNZ ] R, AT 5 T2 T35 R 215 N KIS
Wis CAKZENT P XU T3P 34 KPR 4 Rl AR )P0, DA B /S % 0 23 P e ) RS - 1
AELRPEA EAEF o B 1 = I 1 BEKVAFI, 43 B0t B 2R 5 P /KR BE P 5 P35 1 B S
(AR ELAE S ~P38/KIR S 2270 P 3 B e 2 (R A VR, DA 3 PE 221 A I )
B F AR TR . e — RN BB AT =
2.3 HRimPEKREHENX

T GEE i MIO S Wi B 7K MR 2 (1) 52 0], AR S5 SCT A 4 5 P B /KRR B B /K HE o
£ 1980-2020 4 9 H 1 H-10 A 31 H3L 2501 MEAH, M5 — R K E BT SRR
75 B, WPKZH e SO R K H M3 — R B RK S SRR 95 L,
¥z H e SRR H .

32021 £ 9-10 ARFK R KSR FEEFHE

2021 4 9-10 A, FREKITBUILH A KR T HIRIRIEK, B la 4 7 ix— g
KRB A, T ZEDU I35, BePh. IR, BURB. AT X 2 B T 5%
BOTE RS, B4 Hb X S 3 i 2mmyd LA b, 50K B K BRI BR K 0 B 255 81 6mmyd L
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b MWBEAKKEEX (K 1a FPATIAEFR) HRKERNZHEERE (K 1b), KR
Ay GO D 4EREE Smm/d LLTR, 10 2021 4E 9-10 A WA H B 32 R H BokE (i
AR I T sSh SR IME, ORI H oK EE RS EESR) 8-9 5. ] 10 AJE,
KEX KRRk E (LEihsl) @8 220mm, T S FHRE &I 1 EtrEzE GE
2R, 2 H 1961 FH KUk 2 1—4F, NEFRRZN EFE (B 1e), 2021 4 9-10
F R i fe KR I 4 A bRz

XK RS T WS 2E . 200hPa b, Aifa) KIEAE 40°N BLIE N IEREF, A
IS5 ESARLG, 2021 s e E B K, JFrREm, 2ififkie, HiRX
T 40m/s (B 2a); £ 500hPa I, FRALWWR R SA6 R FEErpaa A 3w B iRty
PG RSP B AT = R NSRS F PR AR 22 110°E LAV, Fee 4ERFrE R E R BB B b E il
7%, [FIEF 850hPa 37 2 R ASBE L R SUNE P I AR P8 R ORI IR A W AT
FrBE K XS (K 2b), XEREE/KRE RS FINE BRI, B R R AR 9 A
KEFEEGX (E 20,

a) 2021 Precipitation anomaly(mm/d) (b)
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(c) Precipitation anomaly index
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]
_2 1 1 1 1 1 1
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K1 (a) 2021 4 9-10 HBEKESRH (B8, B4 mod). (b) Bl a FrsBEK O X FE1 H K8 E
20219 A 1 HZE 10 A 31 ARZE HEA GERE, A mm/d, 2y $iD FERTFEBKE (04, 3.
mm, Ay #HD. WERSFRUESOMKE (B mm, 72y HD, WERRIEIRAES RO RK
B CAAL: mm, Ay HD Sz, SO =MIRORHARER (19612020 4£) RitHEKE (PfL.
mm, A7y Hl). () 9-10 F S5 X35 Bk KB 7 o Am AL H IR AR
Fig. 1 (a) Precipitation anomaly during September-October 2021 (shading, unit: mm/d). (b) Daily precipitation (bar,
unit: mm/d, left y-axis) and daily accumulated precipitation (red line, unit: mm, right y-axis) in key precipitation
areas shown in Figure a from September 1 to October 31, 2021. The blue dots indicate climatological daily
precipitation (unit: mm, left y-axis), and the blue line and shading represent climatological daily accumulated
precipitation (unit: mm, right y-axis) and one standard deviation. The purple triangles indicate accumulated daily
precipitation (unit: mm, right y-axis) in all other years (1961-2020). (c) The annual evolution of anomaly

standardization of average precipitation from September to October in key areas.
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... (c) 2021 Moist Flux & Div anom 1ook%~s
0 N R R T T T N W S RS LU N B B ]
R L S Y TrY v
50°NF "~ SR TPOAN
NN
40N LT 1
‘ s
" i
= A
- Y O R e N
v S ARINT  ry ve TRN—]

10°NF
4

]

0"S)O"E 110°E 1.30°E 150°E 170°E 170°W
-8 -6 -4 -2 0 2 4 6 8
K] 22021 429-10 H (a) 200 hPa £ 7% (52, BA7: m/s). (b) 500 hPa Ai3A & s (52,
fii: gpm) J% 850 hPa RI7 5 (Fisk, PALL: m/s) M1 (o) BEEAKVKIBE S (Fisk, ®A7: 100kg/ (m's))
JeHLBORE S (B, BT 10 kg/m?s) . [ a RN (S5 28 20 B AR 2021 E46 1) XUH 35m/s.
40m/s SF{EL, Kb PLLEFIE BB L5 S EAS AT 2021 4F 500 hPa 7 %45 & 5880gpm (A 2k

Fig. 2 (a) 200 hPa zonal wind anomaly (shading, unit:m/s), (b) 500 hPa geopotential height anomaly (shading, unit:

gpm) and 850 hPa wind anomaly (vectors, unit: m/s) and (c) integrated water vapor flux (vectors, unit:
100kg/(m-s)) and its divergence anomalies (shading, unit: 10~ kg/m?’s). The red and blue contours in Figure a are
the climatological state and 2021 zonal wind speed 35m/s and 40m/s contours, respectively, and the red and blue
contours in Figure b are the climatological state and 2021 500 hPa potential height 5880 gpm contours,
respectively.

4 ENSO Xt AR i P& 7K Y A BE 52 M)

AN TAEC &R, REMKERNFKZE RS ENSO BIFZM, e KSR
S P P R B R R s R E I BE K. B 3 44 T 9-10 H Nifio3.4 F8 %A1 JH 1) [H]
HAFE /KA 850 hPa W37, 1XH Nifio3.4 ¥853k | (1), FoR[FBAFH K La Nifia
TR E R . WEDARISE R AT VR H, GG KPR SST R iy, 7EFRHE
B VA T 0 S AT AR T Ui R X B 3 AR K SR, T R e e DX ) R R K R B
TEXIZ EABA R R SREIR R 5, R ENSO MHCH) SST 54 51t 77 4 1 I S ek
I, SR I VG LA R SIS 5 2 () AT BRI KRSk 2R E . 2021 4E LA (1) R
# La Nifia 4F (Liuetal., 2022), AT PAG|RSFRE 47 R KT A R il 20 3 X 7K AR 22
X581 N4 ie—5.

{H2, ME 3 TTLUEH| La Nifa i B0 FEK R 5 AUNAL T 39°N LAFg X, FHARER2m
JEEBREFEMX . 5 2021 4F 9-10 A BIREKXIER (B 1a) #XTE, B0 La Nifia AJfgA2
39°N LA Hi DX AR i B 7K T S ) = 2 R DR,y R T 8 e DX PR o 7K T i 52 1) A R A S
RLtE, ZRSCRA 39°N 5, KB X 2 A g 0 X A AL T X3, ] 4 45 T R B X A b
DX 35 35 1A B 7K S TR VA PR [R) 47 SST AT 850 hPa K7 S o 4T 38 X 48 P /K Al 22 B, A K
PR B FAERR R, R EN AR (E 42), MEXEBMEKRES
[} Nifio3.4 FEEUIAHC R AR —0.43, IS T 95%M B AL (B 40). bk X Ik

B 7K S 5 U 5 A AT PR IR A B R R R, MR R BN —0.22, BRI BE MRS
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3 19612021 £ 9-10 H Nifio3.4 8t [ml A HIFEK (B2, Hfi: movd, FTRFRET 95% 5 5 PRI

XD #1850 hPa KI5 (Hidk, HAr: m/s, (URRMEET 95% % & MK HI(ED.
Fig. 3 Regressed precipitation (shading; mm/d; the dots indicate the region
significant at the 95% confidence level) and 850 hPa wind anomalies (vectors; m/s; only showing values that are
statistically significant at the 95% confidence level) onto the (-1)*Nifio3.4 index in September-October from 1961
to 2021.
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B ERIX 5
Fig. 4 Regressed sea surface temperature (shading, unit: °C) and 850 hPa wind anomalies (vectors, unit: m/s, only
showing values that are statistically significant at the 95% confidence level) onto precipitation anomaly in the
southern region (a) and northern region (b) in September-October from 1961 to 2021. (c) Scatterplot between Nifio
3.4 index and September-October precipitation anomaly in the southern region (red dots: La Nifa year, orange dots:
El Nifio year, blue dots: Normal year). (d) Same as (c), but for the precipitation anomaly in the northern region.

T 18 DX 3l A 8 IX e W i B K AR DG (R R SR IRARAEAE AN [F] o 24 T 308 X 3k % 7K Al 22 BT
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B XUB G O BRE 2 S  AE TE AV R R X s, SRR HIEE S (B 5e). JbEBX i
WA AR, 244630 X IR %K W2 5, 200 hPa 4ila K7 A 5 & 1155, 500 hPa - H19%
ﬁmﬁﬁgm%%}#ﬁf%*‘u TEXT I Z MR TR B AR b X (g KGR 0 78 (B 5d-D). [,

X PR ER I R R X A R B /K S 5 ENSO 51 EE RS REAR A O, B R EH 1) La Nifia [
VIR R A BER 5, 51ERAGT HLIX VRS, AL X380 L7452 ENSO HI52MH,
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Fig 5. Regressed 500 hPa geopotential height (shading, unit: gpm, only showing values that are statistically
significant at the 95% confidence level) and 850 hPa wind (vectors, unit: m/s, showing values that are statistically
significant at the 95% confidence level) anomalies (a, d), and 200 hPa zonal wind (shading, m/s, the diagonal lines
indicate the region significant at the 95% confidence level) anomaly (b, e), and integrated water vapor transport
flux (vectors, unit: 50kg/(m-s), only showing values that are statistically significant at the 95% confidence level)
and its divergence (shading, unit: 10-5kg/m?s, only showing values that are statistically significant at the 95%
confidence level) anomalies (c, f) onto the precipitation anomalies in the southern region (a-c) and the northern
region (d-f) in September-October from 1961 to 2021.
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Fig 6 (a) The average power spectrum of precipitation in the northern region in September-November from 1980 to
2020 (black line: power spectral density line; red line: Markov red noise line; blue line: Markov red noise line 95%
confidence test, blue shading: one standard deviation of power spectrum line). (b) The phase space diagram of
MJO from September 1 to October 31, 2021. Dark blue and orange represent September and October respectively,
and the numbers represent the corresponding dates. (c) MJO active days in Phases 1-8 during September-October
2021 (orange bar; unit: day) and the climatological mean (blue bar; unit: day) with corresponding one standard
deviation (blue error bars).
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Fig 7 (a)-(h) The percentage changes(shading, unit: %) in the probability of extreme precipitation in each MJO

active stage (NRMM1* + RMM 2* >1) compared with when MJO is inactive (v RMM1* + RMM 2> <1) in

September-October from 1980 to 2020. The percentage change is calculated as follows:
[(PX =P s10)! Pronosio * 100%] . P_represents the probability of extreme precipitation occurring in a given
active MJO phase, and P, ., represents the probability of extreme precipitation occurring in an inactive MJO

phase. The diagonal section indicates the area that passes the 95% Z test.
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Fig 8 The area-averaged probability change of extreme precipitation in the active MJO phase relative to the
inactive MJO phase (unit: %). (a) The Southern area, (b) the northern area.
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Fig. 9 (a) Averaged 10-90-day precipitation anomaly (units: mm) from day -10 to day 10 relative to phase 4 (bar,
unit: mm/d) in the northern region in September-October from 1980 to 2020 when the MJO was active in phase 4
and precipitation reaches moderate precipitation intensity. The red dotted lines are the -3 day and 2 day reference
lines. (b)The 10-90-day-filtered surface to 300 hPa moisture budget terms (from day -3 to day 2, in 10~ kg m?s™)
in the northern area. (c) is the result of the decomposition of (b) items 2 and 3 (unit: 10 kg m2s").
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Fig 10 (a) The 10-90-day meridional averaged (39°~45°N ) wind anomalies @ x (-100), the green line represents

o < 0, unit: Pa/s) and the seasonal averaged specific humidity (shading, unit: g/kg) for day -3 to day 2 of phase 4
in September-October from 1980 to 2020 when the MJO was active in phase 4 and precipitation reaches moderate
precipitation intensity. (b) the same as (a), but for 2021. (c) Regressed vertical velocity anomaly (shading, unit:

Pa/s, the dots indicate the region significant at the 95% confidence level) onto (-1)*Nino3.4 index.
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