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Abstract Compound extreme low temperature events have a significant impact on the economy, society, and
people's lives in southern China. This study utilizes daily minimum temperature, relative humidity data from
China’s CNO05.1 dataset (1982~2022), along with ERAS reanalysis data, to explore the temporal and spatial
distribution characteristics and potential causes of two types of compound extreme low temperature events
in southern China during the winter season. The results show that Cold-Dry events are distributed across
most of southern China, with high-frequency centers in the eastern and Jianghuai regions, while Cold-Wet
events exhibit a south-to-north decreasing trend, mainly occurring in the southwestern and western South
China regions. Furthermore, over the past 41 years, Cold-Dry events have shown an increasing trend in most
southern regions of China, whereas Cold-Wet events have significantly decreased, with notable interannual
variability in both event types. Cold-dry events typically occur in early winter, while Cold-Wet events are
more likely to happen in late winter. Further analysis of the different causes of these two types of events
reveals that the early and late winter periods are associated with distinct atmospheric circulation systems and
moisture conditions. The mid-to-high-latitude oblique ridge over Asia and the East Asian trough are key
circulation features for Cold-Dry events, providing favorable conditions for the southward intrusion of cold
air. During this period, there is significant moisture divergence in southern China, which promotes the
occurrence of Cold-Dry events. On the other hand, during the occurrence of Cold-Wet events, the northern
branch of the wave pattern maintains a two-trough, one-ridge circulation over the middle and high latitudes
of the Eastern Hemisphere. The southern branch of the wave pattern, propagating through West Asia and the
Middle East, deepens the southern trough and interacts with the anomalous anticyclone over the western
Pacific, transporting warm and moist air to southern China, leading to moisture convergence in the region
and providing abundant moisture for Cold-Wet events.

Key words Southern China, Compound extreme low temperature events, Atmospheric circulation anomalies,
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IPCC SN URVTAN R 2 i Hh AR RS« IR Bk . TR B2 ) B H 1950 AR BAK,
NFEEEMA] GERE N T M AR AT REE (IPCC, 2021). BHHFFURMY, EEERBRMEFRT, LFH
SRR 1 e 2B I R EE DL K AR AL HE IR 5 ( Alexander et al., 2006; Tebaldi et al., 2006; Fifi%%, 2015),
41 2008 4], FRIF RS RE A X G0 T RREE AR AR IR S S OKVR K T, AT RO E
Zpt ik, BEZRAND 12N, BIRAF KL 1500 £4470 CT LA, 2008; =S, 2008;
ZEU4R4A, 2008; Cholaw etal,, 2011); 2018 4F 1 H FRIE w77 X I BL 1 PRI SRR FAT GZRi%
APNEGE, 2019); 2020/2021 FE&Z=R E AR [AIEBE 1 3 Kopd sl JH 2 Il R E#
R NIRE /7 HIX (Zhengetal., 2022; Yuetal.,2022). A0 70 & DA AR 5K IR AT 5 A0 10 5 B0k
NES, HARZERE (RS, 2010; Orlowsky etal, 2012; ZREAEEALE, 2020). WimlkiR
IS 1) (R B L) 23 A LSS S AT B RE AR 248, 4140 ENSO. AMO. NAO 110D (Cattiaux etal.,
2010; Shietal,2018; Mallick etal., 2022). 53 4MBA W FLIUE BB ImAKIR F4F 10 R 4 5 R R EBRE
PGB R R ), WAL A% 16 % R v] e o (I IR A 1) B B S A (BRI 1L 55, 2012 Park etal., 2024).

NS N 2 A A AR T 0 (IPCC, 2021« Rk AT TR SSE A T b
Uiy S AV AR A AR, R R P R /K 2 TR (o S0 CRERIER AL, 2021 SHZE%%,
2023). AR S P EHAN LU R AR R — I TR), Saka [ RS [ XK AR AR i ) R <k
AEFAA S, 2 SEUL A FA R EIE E W IR K520 (Zscheischler et al., 2017; J7#55, 2023).
20 HHZ g m Dok, AR s i X AR 2 [ X B KRR N, ki s iR i . PRk E S
H{HiK (Groisman et al., 2005; Kharin etal., 2013; Zhou etal., 2014; Fischeretal.,2016; Gaoetal.,
2018; Peng et al., 2023). A=BREE/TFIE ARk F4F 2 AR KIERIN (Hao etal., 2013). H RS
526 Wit S (AT 9 32 BEAE S A s AN T R F4F b (Sarhadi et al., 2018; Yu et al., 2020; Feng et
al., 2020; He etal., 2023) , 5 R3RHIAEHN . MO SRR SE AL 36 Kt T4 X S5 R AN X I i) &2
G T R E AR RRER A SR A BT BT B SRR S R R REAR AT 20
RZH R IERIRIEEIRIR . FEARRIVKR R FERSAS, X A5 F R 300 5
(Bernstein, 2000; Peng and Bueh, 2012; Zong et al., 2014). & AR FAF 73 FE A Vb [X (1) 25 18] 73 A5
2, SR e T A R A 2 8 (Li et al,, 2019). KT E AR KR FIE
FAMBIRFT TR CARL, SHORAN R SRR Z R (E5%, 2008; Sun et al., 2022; Li
et al,, 20230, A FH WML T HE MR FFHI BN 575 L HRBERHE, JF B3R T ARAS
Yo F AR AR ZM GRS, 2022; FMS%, 2024). WORFEFAERGREREBR, H
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FAMSE BRI, % R AR 525 & (RS, ATk e
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2. ENERE

2.1 &H
AT AR A (1D P EBREER AT T O IR AR CNOS.1 S RIS S (=

4, 2013), FEHRAHE: BRTEMMSRE. SRSHER 0.5°x0.5°, a5 PR AZH, 1M
https://cerc.iap.ac.cn/resource $RH. (2) BRPHHIIR IR0 (ECMWF) 5 TR 53 R0 52
ERAS5 (Hersbach etal., 2020), Z#dfa[FAL 17 OCEH OB A DR EdE, AR #R 0.25°x0.25
°, WA HEFE B T MIZEH . ERESEEF LY, FTE 71 200 hPa. 500 hPa Al 850 hPa fi7 %
mE . K. R SR, AKIROE B R BRI 3 MBI it AR B . AT

https://www.ecmwf.int $KE .

ARSCHIBT U BN 1981/1982~2021/2022 FE4ZF, ZZE SONHT—4 12 H 1 HE2 441 2
28 H CAZE FEEAER 29 H) 4L 90 Ko ARSI 7T IX 48 o [ g J7 3 X (20°N~35°N, 100°E~123°E).
SC AP 0 AL VR S A i T A 0 2 R RN R S T AR RAEL, 5 B BTV T 20 B i
R A o R KSR AN KR AR
2275
2.2.1 BERIERRRFARKE L

EARIRF 18 SUBCRE A, 7T LR AN BIE 224 [ B Bl 4k A i b 0 CRERFIR ALK,
20210, ASCRIE G AR I 2 A RIS A o 56T 1 23 B v FUAN i (G I R AF 3
R ZI{E (Heetal.,2023) %I & m A A4 H AT 200 R . X 1981/1982~2021/2022 4E 42
HER RN R AR TP 3 A5 10 H AL CRH2 60 (EAERIER BIES, AR TP 5 51 1 5
10 B30 CR4040) A5 90 B A CEa0An) ABAE AL BE Somin (Somax) » HIILAFE4
Z= 90 RHE H BRI . MR BME . IR I H BRI E <6 HAHRHEE <Sgmim ™ FIEN
ATHEE (CD) H, M3 5 5 H IR AR <8 BAXHEE =60 max M, FIE AR EME (CW) H.

N T R B AT AR I SR AR A, 258 B K R S AR 1R 7 725 (Peng etall., 2021) .
KA SO T DX A [ 3 7 1 R4 T W) BT o n T iz H I S T AR (DX 3 s A

6161), ANPRIESBFAFFEME R, ASCERBGSTH GABFEAD FEmmARTHF R AR 80 H
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Br CEFAD FEAENTRBIES, (Sy). AUEHATHEIERK =S, OF A% 658) HFFLRH
3 Rk bh R s e O — IR ANA T HE (Typical CD), 45 HAMBHAHK S E=S, (K% A%
395) H¥FFB:REL 3 REKLL I ok HoE SO — IR I T34 (Typical CW). fE 1982~2022 4,
Gy BT T LA TS 18 IRAIUALAE S 19 K (R DD,

&1 ARBA G A PERAREF AR L0 ] B e i 4 A 1)

Tablel Starting and ending dates, durations of two typical types of winter compound events

s SRV A BN A
H # Free R¥ud H 11 Free R¥ud
1 198441 H 3~5 H 3 1982 42 H 5~8 H 4
2 1984 42 H 6 H~8 H 3 1982 412 H 6~8 H 3
3 1984 4 12 H 22 H~30 H 9 19834F 1 H 8~11 H 4
4 1987 12 H 1~7 H 7 1983 £ 2 H 20~22 H 3
5 1990 12 H 1~3 H 3 1984 4F 1 H 27~30 H 4
6 1997 4 12 H 9~11 H 3 1984 42 H 2~5 H 4
7 1999 4 12 H 20~24 H 5 1984 4 12 A 18~21 H 4
8 2000 4 1 H 26~28 H 3 1985 42 H 17~21 H 5
9 2005 4 12 A 13~15 H 3 1985 42 H 24~27 H 4
10 2008 H 2 H 8~14 H 7 1985 4 12 H 8~11 H 4
11 2011 %1 A 5~7H 3 1987 4£ 2 A 19~21 H 3
12 2011 41 H 10~12 H 3 1989 4F 2 H 22~25 H 4
13 201141 A 16 H~18 H 3 1990 42 H 2~4 H 3
14 2011412 H 9~11 H 3 2004 4 12 H 28~30 H 3
15 2014 42 H 13~15 H 3 2008 %1 H 25~2 H 2 H 9
16 2016 4 1 H 23~26 H 4 201042 A 13~15 H 3
17 2020 4 12 A 14~16 H 3 201341 H 4~6 H 3
18 2021 %1 H 7~10 H 4 2020 4F 12 A 14~16 H 3
19 — - 2022 42 A 20~22 H 3
2.2.2 G

FE o BT st x s R RIS, PR A B R Z BT Rossby SR 3% . i T PSR I ARUAIRIR:
FERAEN RN TN ERYIR, SUER TN BAF B EREAL, HAes o iR 4 AR5 50S
Tt PSRRI H PG XU Rossby KRzl (&4, 2017).

T-N JA/EH @& (Takaya and Nakamura, 2001) ) =4E115H A0 T -

U '\ o%y v oy oy 9%y
a’cos?o (61) —v daA? l +a2005(p[81 dp —v 6/1(3(/)]
1 I I} n 2 2.1
el el | o
a’cos@| 01 dp 00|  a?|\ de dp?
[ U [oway e V[eyoy 0%y
N—{q) o1z ¥ ar0z) Ta|ag oz Y —aq,az]}



Hry’ =%€ﬂjﬁ2ﬁiﬂ%ﬁ@&, PERINSE, |UIRRSAFEZRRE RN, UFIV 5 52 7- 4 1) KU
L, AR MRIREEMAE, aRRHBRNAR, N2RIRIF SR TT
A, ASCER T EOF J7i: (Lorenz and Edward, 1956). North £56 /7% (North et al., 1982)

At K256 7775 (Bayley and Hammersley, 1946) .

3. BRE S
3.1 P AARIH IR B R S

B2, ACCERIC R B R AR A R S 2 AR E . JRATAMHT 1982~2022 4R
PRSI () 1a Fb). FiR TR IRR SO 2 R 8, AT LB R R
BRI K, A B B R AR R RITE R . A TS M %, KB 7E 3d LA ks
o, KT R I AR R R, (KP4 A AT 6d L L. MBS IR 215 2d
Do by KR A TRIEFIRIIX, #55 K B ASAT) 5d BA L, TR E A RHHE K R AR (g . Xt
WA & AR A, AT SR A 2 T R IX LRSIk, sk, 20l
REFIDIA AR TIAE 62 R Trir e X AL R, RIS b 7 a4 A

1 1982~2022 E K& FAFRIORB A (B 1o Fl d) ORI, A FFHRAEFES
AR TR T W MUK, T AR R A AT A M 5 R A TR A X S A
IR P A SRR AL 41 ISR, EERIDNA TR, AIEF R
o AT R MR AN S FLESE T 90% MBS FER K, K HE 4 A I P
it 1d/(10a), TEZ L SN AR . VI PR B e S o P MO X 2250858, 15
AR MR 17— 5 (MR BB A 35
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Fig.1 The (a, b) frequency (units: d) and (c, d) linear trend (units: d/10a) of winter compound Cold-Dry
events (CD, left column) and Cold-Wet events (CW, right column) in southern China from 1982 to 2022.
Gray shadings indicate the Tibetan Plateau region. Black shadings indicate regions with the frequency=3

days, black dotted areas passed the significance test at a 0.1 level.

ik TR B 7 AR S A R IR A B B AR AR, X 1982~2022 43k 41 AFEFTRE
AW F A R AARGHAT AR IE S R R (EOF). & 2 4y EOF /M B /5 2 i P28 B A R KR,
FE AR A I A R BRI R F 5. AT AR R AR S — B 7 25Tk R
N 37.57% (42.31%), Hifid 7 North #%: (Northetal., 1982), B S MA A7 E 123 22 51 HAH Bl
S, BRI RS T 2 ST AR, U S — A R AL R T AR T AT AR
FHE RIS B A ARE o ¥4 T FFE — SRS 0 242 X — B (B 22), 7EAREAM
J AR XA AE R R IE Py, RIZ XA S R AR AR BR AR BUR o X2 PC1 IR TR] 751
2b) A MM BERFE, UiHA TR S, EHERRREY AR, FERINERR

A5k, 1984, 2000~ 2006 2008, 2011, 2014, 2016+ 2018 2021 4ERF A FH IEAE R A, 150 HHIX L
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VY| Z PG A W B bty T B BN P R 70 DXOR AR AR B IE e i o PRI R
— RSN B 751 PC1 AFAESEBR AR A ARFE (1 2d) |, 1982~1995 £EH[E] PC1 E# %R
WUNIEAE, BAIRSEAEIUR, 1 1995 425 AR R AAROR D, BB AEER b W 2 4y 3L
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Hy B 1) 3] 0 AL 2o

Fig.2 The (a, b) spatial patterns (units: d) and (c, d) time coefficient of the first mode of EOF decomposition
of the frequency of winter compound Cold-Dry events (top line) and Cold-Wet events (second line) in
southern China from 1982 to 2022. Gray shadings indicate the Tibetan Plateau region. Black solid line is the

long-term trend for the time coefficient.
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B 3 1982~2022 F & E @ 4 F (a) BAATEMS (Eei) ARALEFSH (REAE) AR
(a)o #89 L (TF) AL R FMHT4E (BR) BM, BRKEMEFHFLERE (B2 D), HA
EIREI L F AR B S SRR T e (B2 %)o 1982~2022 45 4 4) (b) #AVLTF 4+
B (c) #AVAR FAG Ftma (Ro4) Fedr g (Zu4E),
Fig.3 Time of occurrence of typical Cold-Dry events (blue bars) and typical Cold-Wet events (green bars) in
winter from 1982 to 2022 in southern China. The bottom (top) edge of the bar corresponds to the start (end)
date, the length of the bar corresponds to the event duration (units: d) and the color of the bar corresponds to
the percentage of grid points affected by the event out of the total grid points (units: %). Cumulative
occurrences frequency (solid bar) and duration (hollow bar) of (b) typical Cold-Dry events and (c) typical
Cold-Wet events in every dekad in winter from 1982 to 2022.
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T 5 T A M X Ve 2 R TR, 5 P 51 R A 1B R S F T X, AT
AT REERRFMRARI S . BER AR B R0 iR PR E A A & o R i E 2
FRIEHEM (B 4d D, HEEAEELMALRAR, BOEMR4e = RN ZER: .

o (a) Reg CD & 200hPa 2ms .. (b) Reg CW & 200hP.
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B4 ATEH (E7]) AR F 4 (B7)) KAME EOF1 A 47 LE 5 7] 5 (a,b) 200 hPa.
(c, d) 500 hPa #= (e, f) 850 hPafz#m &% (A%, #4%: dagpm) #=R3% (k&, #£4i: ms!)
HE)E, REMBERAFTESRER, aEITEEBAEHSEE-FEITEERKFA 0.1 &
i, LEXEMKRARNGBLT EFBRKFA 0.1 69405,
Fig.4 Regression between the detrended and standardlized time coefficient of the first mode of EOF
decomposition of the frequency of Cold-Dry events (left column) Cold-Wet events (right column) and height
fields (shaded, units: dagpm) and wind (vector, units: m s!) at (a, b) 200 hPa, (c, d) 500 hPa and (e, f) 850
hPa. Gray shadings indicate the Tibetan Plateau region. White dotted areas and black arrows indicate height
anomalies and wind passing the significance test at a 0.1 level.

(81 73 A Bk 78 T A SR AR i A A T AT A& AR & RS U IR 2 5 . A RE S m kiR
FUFR R AEHOE AL 10 RULT (B 1D, Byt —BIRIEPIR A AN 21 AR 2 5, f
MBI R AR (R D B H LSS AT G Rt 8RR, WRIER SRRF A
I, AR ARG X A7 B S ) G TS A0 30 T 5 1) AR M v 3 PE M X SE AR A, 2R KA InER (& 5a
Ao o Mo I P S A 5 P KU KA &, A AT A AR R E GRIEEESE, 2008). 73
bb, SRR R AR, BIALE AR SR R RS, DA R 3 X B 9 i s 4 7 3 50
WIEAR LR A — 2 fBE LR (8 Sb). MRAFFF R AR, 400N DUALIE w4k
i DCRRAT KRR - R IO SR . R A T SRR 2R 8, A AR M AL i 5] v =
U R IFAEAR I A B XCHERR, 38 b i i DX T U R 2 s (B 5S¢ i e). PHAHANE ik
FARMAR AT PO AWK, B IR . TR S A ER, AREER b i X
B ) O R — 3 B G R R AE o o 38 B8 A9 DL 20 PR 30, R 5 i A 1 i U S 3 g,
fr BARA GO AR M Y W, SR AR b s R T S 8. (B 5d A Do i
b DX A G225 G B v BE BT TP 3R B, N R SO ik, HL o TR S S S8 ) 1 R i 5
i DXCEIE KR RBEIA TR SE,  PE KT PR g 1R 5 67 T I 2R 0 28 PO KPR I, A 1 P8R

FERR IR IR A% -
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Fig.5 Composite distributions of 200 hPa geopotential height (top line, contour intervals: 20 dagpm); 500
hPa geopotential height (second line, contour intervals: 8 dagpm) and its anomalies (shaded, units: dagpm)
and Sea Level Pressure (bottom line, contour intervals: 10 gpm) and its anomalies (shaded, units: hPa) during
typical Cold-Dry events (left column) and Cold-Wet events (right column). The dash line in (e, f) represent
1030 hPa isobar for climatological winter mean. Gray shadings indicate the Tibetan Plateau region. White
dotted areas passed the significance test at a 0.1 level.
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Fig.6 The typical cold dry events (left column) occur at (a) -5 days, (c) -2 days, and (e) 0 days, with the 250
hPa potential height field relative to the 1986~2015 December and January average disturbance field (shading,
units: dagpm). The typical cold wet events (right column) occur at (b) -5 days, (d) -2 days, and (f) 0 days,
with the 250 hPa potential height field relative to the 1986~2015 January and February average disturbance
field (shading, units: dagpm) and the composite distribution of T-N wave flux (vectors, only showing values
greater than 10 m? s 2). White dotted area passed the significance test at a 0.1 level.
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Fig.7 Composite distributions of (a, b) 100-123°E -averaged vertical wind anomaly (vector, units: Pa s') and
vertical specific humidity anomaly (shaded, units: g kg™'), (¢, d) mean water flux anomalies (vector, units: kg
st m! hPa™!), water flux (contours, units: kg s' m™! hPa") and anomalies (shaded, units: kg s”' m™! hPa!) at
the 850 hPa level during typical Cold-Dry events (left column) and Cold-Wet events (right column). In (a,
b), the black arrows and gray dotted areas indicate that the vertical wind and specific humidity anomalies
passed the significance test at the 0.1 level. In (c, d), the green arrows and dotted areas indicate that the water
vapor flux and water vapor flux divergence anomalies passed the significance test at the 0.1 level and the
gray shadings indicate the Tibetan Plateau region..
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