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The interaction between tilted ridge-rough systems and transient
waves and their impact on extreme low-temperatures in the arid and
semi-arid regions of China
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Abstract: This paper used the ERAS5 reanalysis data to investigate the atmospheric
circulation configurations and their evolution processes for three types of extreme low
temperature events in the arid and semi-arid regions of China (dryland for brevity)
during the winter half-year. This study examined the activity characteristics of
transient eddies under different circulation configurations and their feedback forcing
to the abnormal circulation. The results showed that the continuous amplification of
tilted ridge and trough over the Eurasian continent was the key reason for extreme low
temperature events in the dryland. This pair of ridge and trough was primarily
maintained by the incoming low-frequency Rossby wave energy. Under its influence,
transient eddies were abnormally active on the southern and northern sides of the
titled ridge and trough, in which transient eddies in the south of trough guided part of

cold air masses southward and further intensified the extreme low temperature events.



In addition, the convergence and divergence of transient vorticity fluxes favored the
continuous maintenance of tilt ridge and trough, which was conducive to
amplification and eastward expansion of the low-level Siberian cold high pressure,
and thus led to extreme low temperatures affecting the entire dryland. When the tilted
ridge and trough were elongated longitudinally, the ridge over the Ural Mountain
weakened and moved eastward as Rossby wave energy emitting downward.
Correspondingly, the low-level Siberian cold high pressure also exhibited an eastward
displacement, and the activity of transient waves was suppressed. The extreme low

temperatures are mainly confined to the eastern dryland.

Keywords tilted ridge and trough, transient eddy, extreme low-temperature, cold

wave, the arid and semi-arid region.
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FEARAERT RN, BmRAFMFRE. R HR, AT AR %
H ULSBUR B8 T 3 D196 (IPCC,L 2021; 2 %25, 2020). #ilUn 2016 451 A,
Z AR KSR AR, P E G R R AR IR AR R S, O T i
e H GRS, 2016); 2020/2021 fEEEE 2 bR, HERA =S
ARSI 32 T P UCESL 8 E4 FRIRAEM, 1A 7 AR RIS
Ii%-30 °C, A 1972 4K EA (Bueh et al., 2022; Zhang et al., 2022); 2024 4 2
A 18 H, Brad s s T, BT X AR EIE 4 SRR TR 30°C
L b, @2 R Rt 2 0 HERIR R £ -52.3 °C, FTHGHT A 10 3¢ DOR R AR
PR o B R A P i i ™ A B N B A e N 7 22 4, DR U T 45K
FR A S AR 2 B AR AIE , R B 3 R A0k 9 25 ) B 0 T e 0 4 e BT L
o

At ol T T R 2 B I, 23 O 9 [X 78 2 S 34 D3R K B BR I
WK, AR TR RAERE (RFEEATARE, 2021; Zhang et al., 2022).

WU, ACBRBR s 15 22 1 1) WO K Bl 3% (Zhang et al., 2016). 61
UL A T e R TGS, LTI S A 1 R AR AR Y A a5
HARRIARAR S (ZE RIS LIS = T PO 2 R MR IE (4
FEXFPRAEAS ), T AR AL A2 38 TP 970 S - o 22 0 0 R A o BRIV K o e
FEHLIX o 25 SR P2 AR BB R (Zou et al., 2024). [RIBL, AR & SR AT AR
HFEHIATI A5 5H7 . VORI A fa e B2 o o S vA v R 2 T b K2 /<
R, &M A B SHE AR SRR R G, HomE Iy s S fE “48
b7, KO BE B RE TR TN B S, RIEMIR AU R iR R (¥ 1



MRARG (5%, 2019, S TR KK, AR T AR X A 5
JEMAJE, X AT RE 2 T TR R 1 — A EE R K

FE IR I ML AR5 76 XUy KT PR IAT IR B AR 6 o 24 5 hr JR LB FE T 343
WA, BRI B b 1A R R R 1) SE R KR, 5] S A
JEm R, EMFEHARS (T-—IC%, 2008; Luo et al., 2017; Shi et al, 2020). ff
TR, A 80%HH A2 X R i I IR S0 5 5 B R 1L 2 e P oK e - SR R IR
SO HIBH ZEE A UAREL &R (2B RS, 2013). (HXLLmHhBH ZE = RG4S,
M LA 51 AR TS B 4 BV AR AR S, B KRB RO R RS R, ol &
R DR Bl ¥ 2 U AE PO AR R I 3 X HE AR, A7 AT P A1 M) . v s i 2 A R A 1) g
VIR, SEMHEIRFHRLE (Bueh et al., 2011a; Xie and Bueh, 2017; A fl1#]
B, 2018), WFFLERM, FREM R SRR R 55 H/K L P28 o R Bk
KRB R REE #O & WORFM R 3. Yao et al (2022;2023) e, #E9 &%
PEAREE B S T =, SRR SRS TRAE gREH, ik
% T 2020/2021 SEHIAAT 2022 4E 11 F 26 H & 12 F )% FERI Z4F . Shi et al
(2023) KB, DUBRZRT LAZR H AR it i W I 2 Wiy S A R P A6 L 5% A, 2R
ERHEPRIE I 58, 51 39 2 U ) 0 AR DX i, DT T Bt o € 0

R R MR B TR % 2 e I 14 K LA FH A2 OFL 2 v e 4475 (1) 3 2 J57 [H] 2 — (Shutts,
1983; Jiti T, 2013). i R i X PH%E & R 4 RE, R0 A4 PR e PR A

P X 7 A SR AR X8, T REA A T R U B R AR S B GE AR,

b

2023 [FII, e A U5k e ek v A e R R e ) e T S T B v R R
JEFAERF (Bueh et al., 2011a; Xie and Bueh, 2017; Shi et al., 2022). =il As ik 5

RS EAE A, AR T SR B2 e T R AR, AR AR AR A R E



IEVEAHAEHLIX. (Zhang et al., 2018). BFFLIERIT, BrARH: R HMIZINGS T
FERRIE R T, SECPTERRMIKGS, A FlTBHZE & S 1) kR K e (IRHE
FMEAE, 2011),

eEaES i e S e PO 716 Y D B YA it |2 1 = S P el A

X

ANa) 28 B A A R R B IX, PRIk, AT 2R 30 P AT U S At AR B 5 X i 2 e i
HFE, 412016 1 H “HAlFER” 12021 4 “FHEH” %W, Hik, AEEW
HERVFEAZ I DO 8 7 R Z I RHE N, AT KRR R SRS R K
B 98 123 X R AR o AR T A2, A BT L g K RUBE PR AAE AR S b [X 452 i A e I 3
e [ R B X M IR S I R L. ), RRBRETY SR, b X R
HaWE, ZrIARIG R, FXR UG KRG s 4 5 T 5 W s R AT REsg
B (Liu et al., 2012; Screen and Simmonds, 2014; Feng and Wu, 2015; Yao et al., 2017;
Ma et al., 2018; ZEAREURIZ fiE, 2019). KUk, FRATER S XA X IR,
G5 JH Wi AR = b R PE RN IBR AR PR B0 A 1 5, LR AT TR vA 2 S B
F o F5oh, BRSNS R T KR — PR AR IR A A R 2 A SCER )
DAL o) B, = o Wb T A AR AN R Wi R A P KPR B M i AR i
P, WFAA RPN B BB RS SRAE, I A BEAZ il s e 1 F 10 A8 B 23 A
EXPRRECE MER, 1B IR S (2= A TR S %

2 BRI
2.1 GORREELS b2

ASCAE T WO bt B8 AR A M B4R (ERAS) & /NES FE 43 #7 55 )
(Hersbach et al., 2020, Z R R HCA8 FHZR-E T R G2 4 4738 77 [RAG R

i Cy4lr2 BRI A R, et — B RAL 7 2 W BRI AP Bkt AR SCfE



FIBRH BN 1979-2018 FE4ZE (RIAE 11 2R 3 AL 5 MDD, Ko
Jy 1°x1°, HEE T4 1000-100 hPa &K 50 hPa ) 19 ZUEE, FrEHAE
FEEFRAFEMSY . REY. g, HZEERAN 2 mEES. 10 m KR
Gy P <R .

2.2 MR IR AR e X

RILEERH] T Zhang etal (2021) R FARImARIR FAFH) FE 7%, e
A NELR =28 (1) BRI BRAE : AEANR st — H ol SEEAT /S & 7
HHBARSIR, RS H x40 BRI F 51, Kzt 8] 7 51 48+ P HES 1,
T HNE 10 B AMAE E SO &% B AR ICR BIE, ST 7 X RN
I 1% 5 A 2408 H B IR BRI s (2) R H . 24 H SRR T BB
AR IELAR S B8 AT 70 DX A P A a5 K 30% 00, T % H AT Xk A 26 7 — 1k
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0 K)o WEEHRT ) BHM “~ (57 Fox, “n (+n) K7 BIEEHRT U5
28 n Ko DL ER eI, 78 19792018 AT T 87 KAk
HAF,
2.3 SRR i A S At e

T B I R AR i Eh IR BRaRAE (TEFF) % m EEME . AT
Lau and Nath (1991) 757%, A4 s (Lancozs ) 8 Kisyil) HIisfE
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Tabel 1 Extreme Low-Temperatures in the arid and semi-arid regions and their

classification
s H4EmE HHA&IEH HFEE A el
1 19791108 19791124 19791121 1
2 19800128 19800213 19800205 1
3 19800311 19800314 19800313 3
4 19800329 19800331 19800331 1
5 19810123 19810128 19810125 1
6 19810222 19810226 19810223 1
7 19811104 19811109 19811107 2
8 19811129 19811202 19811201 2
9 19811217 19811219 19811217 2
10 19830106 19830109 19830107 2
11 19840125 19840206 19840131 3
12 19840221 19840303 19840228 1
13 19841215 19841230 19841221 1
14 19850107 19850113 19850112 3
15 19850216 19850223 19850216 3
16 19850307 19850314 19850310 1
17 19850318 19850320 19850319 3
18 19851206 19851214 19851210 2
19 19860225 19860302 19860228 2
20 19861123 19861128 19861124 3
21 19870323 19870326 19870324 2
22 19871101 19871104 19871103 3
23 19871125 19871206 19871127 1
24 19880212 19880218 19880216 1
25 19880226 19880307 19880301 1
26 19890112 19890114 19890113 2
27 19890218 19890220 19890219 3
28 19890303 19890308 19890304 3
29 19891105 19891107 19891106 3
30 19900221 19900224 19900223 2
31 19901129 19901203 19901129 1
32 19910218 19910221 19910219 3
33 19910328 19910331 19910329 2
34 19911225 19920102 19911227 1
35 19921106 19921109 19921107 1



36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79

19930113
19931116
19940116
19940307
19950314
19960112
19960219
19960322
19961204
19971114
19971124
19980116
19980317
19990325
19991218
20000126
20000223
20000321
20001106
20010306
20011211
20021101
20021223
20030305
20040202
20041229
20050206
20050216
20051203
20051212
20060105
20060311
20080120
20091111
20100210
20100307
20100328
20101230
20110318
20120120
20121102
20121221
20121228
20140209

19930119
19931123
19940120
19940314
19950318
19960115
19960223
19960324
19961210
19971119
19971211
19980120
19980321
19990327
19991221
20000202
20000227
20000323
20001112
20010308
20011220
20021103
20030105
20030307
20040205
20041231
20050209
20050220
20051206
20051215
20060107
20060314
20080214
20091121
20100217
20100309
20100331
20110117
20110325
20120126
20121104
20121224
20130108
20140211

19930114
19931120
19940117
19940312
19950316
19960115
19960221
19960323
19961205
19971115
19971201
19980118
19980318
19990326
19991220
20000130
20000224
20000322
20001110
20010307
20011213
20021101
20030102
20030306
20040204
20041230
20050206
20050218
20051203
20051214
20060106
20060312
20080212
20091116
20100215
20100308
20100331
20110109
20110321
20120122
20121103
20121222
20130103
20140209
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80 20141211 20141216 20141215 3
81 20160122 20160125 20160123 2
82 20160212 20160214 20160213 1
83 20161121 20161124 20161122 2
84 20180106 20180108 20180107 3
85 20180127 20180205 20180129 3
86 20181114 20181117 20181116 3
87 20181205 20181212 20181207 1
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B RN R 2 m IR GHE, Bh: C) A0 m KR
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Fig. 1 Composite 2-m air temperature anomalies (shaded, units: °C) and 10-m wind
anomalies (arrows, units: m s~') for the three clusters of extreme cold events. The

stippling marks the regions with statistical significance above the 95% confidence



level. The polygon designates the arid region of China. (a) — (c) are for clusters 1 to 3,

respectively.

B RFAER R X PSR R — BRI R A, SRR X
AT S0 X (1) AR e /R o, B IR AR B ASIMAS 11 Co AR IX SRR
P b RS 8 S, 2R 9 T b XU ], R X O AR b RS s (B 1a),
X PR IR 52 o e R v e ) TR B XA o AP TR 53 & s Hh Al
W (B 22), H—FHEMF, SRIRLHKIE IR N IERT, FHRRE T
[Fi) SE A 22 3 [ AR X o 2 OE i XARE A e o, — ML TS R0R L, H
AR BB AR AE XU e J R 8B — s Sy — M TR e R, HARAEE R P AL XK
A ik B S, AR O AR 5 X e A RIS BT HERR
o B, R GR R A, R RCOR.

5 RN IR F AR, BRI B R W AR S, Hh S
HE DX 5 2= 540 f IR UE SRS 9.5 Co FIXRFAZ I AL XG0, 5%
JERCE R Rkgs, TR X G E R AR R EEE (B 1b) . - UK IR 57
HYCE RN (& 2b), FEATT 5 EA R ERLX, XL AE LA A
ST EHERR, AR T2 A R IR o PRI i He e O 24 T
B b T X, AR Db AN TR 74 7 ik 22 B X R R

o =R AR A rh, TR X DG 0 A 48 X R S R XK B U B AR A,
THEVES /R A B R AR B S E SR 8.8 Co BIX R EATI 2 G L XGEm, P [X
W52 55 W 8 sz (B o). REZRFM S RF AR I
A (B 20), AHIERH X F A T SRR WL DO B4 50, Hn 4R 5
SR 2 8 2R S e DX ) S R P A — 2R W R A S5, TR S O T SR [ R

S LT R O 2R SRS, 4 R B A A S IX PG R



B2 = RHRm AR S T T RS 0 A s (AL hPa), SR {ELZRIRIRE Y 1
hPa, KB R A B T 95% 5 2 MEAT 6, 181 vh i S0 1030 hPa 2k,

FRBSEA AN RX, WRPFERRERSR. (@) — (¢) 7FalAE—RKEL =K,
Fig. 2 Composite SLP anomalies (units: hPa) for the three groups of extreme cold
events. Contours are drawn for every 1 hPa. Light gray shading indicates composite
anomalies statistically significant at 95% confidence. The blue solid line indicates
1030 hPa and black thick solid line designates the arid region of China. The heavy

gray shading is the Tibetan Plateau. (a) — (c) are for clusters 1 to 3, respectively.
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B3 = Rpm iR ST 500 hPa A (SR Zk, A7 gpm) KR
(A Gy, SELIAGA 50 gpm, T RERE B IEIT 95% W3 i

5, ERHESRENRX . (a) — (o) RN —REE =2k,

Fig. 3 Composite 500 hPa geopotential height (contour, units: gpm) and
corresponding anomalies (shading) for the three groups of extreme cold events.
Contours are drawn for every 50 gpm. Stippling indicates that composite anomalies
are statistically significant at 95% confidence. The black thick solid line designates

the arid region of China. (a) — (¢) are for clusters 1 to 3, respectively.



AT VEHIEIRECE, B 3 45 H T 500 hPa fr 3 m BE S T A g .
AT LA X = MR AR AR WO KR b2 = 2oy — i, Hdrg B mdl, f
PR X 1) 70 B VRN R [ PR B I, SIS Y ) R R O RFAE (Bueh et al.,
2011b). 7E55— KM iR S, APEAL T SRR X, AHEA T DUn /R i
i (B 3a). 53— R E AL, 28 A IR R 1 R R
FEZEUDN, R AT IEAAEIX, RS0 RE (K 3b). 5 =R m iR
FHRPE RHEAGCE N TR, SR, HAVE AL AKX, I 5T FF 4T
W, XA T WOE KRG, RHEEARIE (B 3c). IX = ARG IR S0
FIAFFEHEACE S Zhuo et al (2022) #&H S H7 /R 1L BHLZE AT AR AL LA i =
R FEAE AR & o 55— 2R S 0TI S R R B ZE T AR T ARG B2, AR 0 1) Bk 1 1 22
R RGP ZE- SRR FHZER D RUAHGE L, ARA W 4R H, XA
iy DX BH ZE v s f4) lp [R] 4 FH A4 2% IV Bt il g 52 B ORORRR R A B 4K o AR SORE f E
TP R ST IX. 36 13 B R A L 1L L v He A 2R G SIE 4 3 e IV R iy 2 39 P O

S E -

4 TR R A PR R

DAL 43 b7 3 B 7 5 XM o AR Ik 1) 2 18] 3 A = SR e T PG AR ¥4 v TS 11 5
JEMFARN, B . HFFERIT, TEAARE & R R R 32 B &1 2 e 8 PRI A 3
3f] (Takaya and Nakamura, 2005; AIFIFHE5E, 2018). H B2 — KR X AN
TS B DX AR TR AW i AR AL VG AR e R IR A R 22 R, AN R BN L

3 M T P SRR A L = A X R IR I A A T R

4.1 BRXARRKESH



K4 45t 15— R IR -4 K242 K 300 hPa A7 54 i 2 7 A i S
XF AR R . ATRLE ), fE-4 R (B 4a), SR —R R Ze i ik b —
R ZW—PHALK T HEAFAE “+ — + =7 I Rossby 1, Hrfr, SRRl AnpE{H
A Xy — R RS BEE R LAWK Rossby SREEAAL, PBSIABINGE I
K. B2 K (B 4b), Sir/RilER & LIS R - M5, Bl /R% L fk— KM%
We—PYILACPFER “— + =7 WA D R B 50 — HARR—IE T, R
A 2 UL 20980 B B v i B SN R AR R Y BRI K W I (1 4,
£ B HIX, 4 Rossby ¢ AE B AR BGAE K B 5 5 Aol [ SRR s XATAY, €
RS IR B A ) 1L I S P S ) P8 SR AR R R A S5 K L3 X T S 4k S
e ) U BE B AT SR, S M DX AR R O U AR RS 2 5 AR A IR E
ARAEHBIX,  BRIE K RE AR ORI RS . I E 5 2 K (B 4d), SBHUR ILHIX
IS AR E 4ERF, A7 Rossby I AE R HH [A] /R AT X i, 5 B2
IRWEA A HASTE ETE ) (0 S e BE e W 30 e p I mT L, A2 58— Sl m s S
A B K L DX T S R M AR, A A I A AR R ) AN
T 5 R A DG A ) 0 g s 455 S48 47, i (I IS MR K AR A% » PO AR R I vt s 1) R 97

M 3 BOREAS T2 X B A R A (0 A



B4 - RmEER 300 hPa A3 R (SR Lk, AL gpm) S HU
AT AR L RS L B8 A G B (R 2k, Bz m? 572D o SEAEZRIRIRE 15, 3 ()
SRR & ST L 90% (95%) BEVERL. (a) — (o) 2HINEE-4 RE
+2 Ko

Fig. 4 Composite evolution of 300 hPa geopotential height anomalies (contours; units:
gpm) and wave activity fluxes (arrows, units: m? s~2) for the first type of extreme cold
events. Contours are drawn for every 15. Light (heavy) shading indicates statistical
significance above the 90% (95%) confidence level. (a) — (c) are for days —4 to +2,

respectively.

2 LRI R T RS R R, 527 X AR P B 35 T B SR
SBHEAREEM, A CHE Simmonds and Lim (2009)H&HEEE X, HHE T 750
hPa i K Eady H§K 2, Z73TH B ET/Z450 708 650 hPa #1 850 hPa. K] 5 45t
T R IR R H R SRR M2 )40 A1, 15 R oR s R, A]
5 ORGP b 5 Pt DX Ay B T F) 7 S, S U TR0 R AL T 5 X
IR S0 M AR M B R R . R AR M O R AL T FIARPE RHE ),

—HEAMTRIEREENRR, (ebRE RS 4ERr (S SE, 2018;



Zhang et al., 2021), 53— J7 [HA FI T B 2L P 5D o

[ [ N N A N N N N N N N S B

05 -04 03 -02 -0.1 0 0.1 0.2 0.3 0.4 05

B 5 AR iR S E H 750 hPa RARUEMERE G (A2 dh),
B E N R X

Fig. 5 Composite 750 hPa atmospheric baroclinicity anomalies (units: d!) for the first
type of extreme cold events. The solid black line represents the arid regions of China.

R R I A R RIA R IR R AT AR, 238 1 BRI KRl AT B P AL, 5%
AR 7 4R v s = A N T i R 1 L A S SO Sl 1 7514
WG BN A T BB AR R SIRE, B 6 4ot 158 — B Mim s —4 R EI+2 K 300
hPa AT BN RE S8 S . AUas b, BRAR I 1 BRI P R X R B A4
L FIEAX,  He A SRR P A S A 22 08 PR AP SRt X . #E-4 K (18] 6a), 25
PR L IE S RS AE SRR A ENE, FCAB N 22 A0 B 1% 22 0 3t [X B A2 6 3 S
9iR, TS 4 2R LI S DX P S L Y A YR i R X A2 B . -2 R A
EH (& 6b A 6c), 5t U M X AR 7 5 3k K X 1) 2 B 97 e 2 52 vy [ AN
B, FLSRHEER X 2 [P 0 AT e N2 TR 3 A, IR, B IXR AR A A R A
ey, TN TR RER (BRiELSE, 2012). MEREHE 2 K (&
6d), FXAILMITICH BB BIES), XAREH TARTUBRBKE R, RER
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Fig. 6 Composite evolution of 300 hPa high-frequency disturbance kinetic energy

anomalies (units: m* s?) for the first type of extreme event. Contours are drawn for
every 15. Shading indicates statistical significance above the 90% confidence level.
The solid black line represents the climatological mean transient eddy kinetic energy,
and the solid brown line represents the arid regions of China. (a) — (d) are for days —4

to +2, respectively.
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Fig. 7 Composite evolution of 300 hPa TEFF anomalies (units: gpm d') for the first

type of extreme event. Contours are drawn for every 6. Light (heavy) shading
indicates statistical significance above the 90% (95%) confidence level. The solid
black line in the figure represents the climatological mean TEFF. (a) — (d) are for days

—4 to +2, respectively.
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Fig. 8 As in Fig. 4, but for the extreme cold events in the eastern dryland region
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Fig. 9 As in Fig. 5, but for the extreme cold events in the eastern dryland region
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Fig. 10 As in Fig. 6, but for the extreme cold events in the eastern arid region
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Fig. 11 As in Fig. 7, but for the extreme cold events in the eastern dryland region
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Fig. 12 As in Fig. 4, but for the extreme cold events in the western dryland region
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Fig. 13 The decadal distribution of the three clusters of extreme cold events
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