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Fig. 1 Geographical location of central and eastern China

and spatial distribution characteristics of annual average

temperature (coloring) and annual average precipitation

(contour lines, unit: mm)
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Fig. 2 Schematic diagram of 26 three—dimensional

connected units tracked along latitude, longitude, and
time (#-1, ¢, t+1) and 3D evolution of a spatiotemporal
continuous heatwave event during 1-3 June, 2008
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central and eastern China from 1961 to 2022
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CDHEs in summer over central and eastern China from 1961 to 2022

B9 JE/R T rp AR A i il T R AR
AR, e LRI R BUS R R BEN Y
JC 7 B AR B i S 2 R Bl
PFRYOLAS [, B P oy Sk RS R AT B B
i 2 BB, DT 2] 1 S B R AT A Uy 6]
SRR o BB SR A S A S R 1] e
A7 I8 — A Ab BEIF UEAT R M, FE R PRI B 7 A2

] B AT K ARSI R0 ek 8, 2R E
Hh PR b A 8 AN FEA T AL (AR AR Fd R P RS
PO VAL b ARAE) RS 8 A4 B AT DL B
B R EERE Jr . WEER B RVE 1) P8
AR X IR A il T R R F RN I
Horb S 1FE (69 1K, i 23.2%) M 7#5 (56 4k, 15
18.9%) &t ik 42. 1%, X —45R%M, k%



%5

VRREAE, 45 - AR Hh [ 2 A2 Wi o B 5 R A I 2 G R 71

B A TS o R v B 2 ) 4 1) RS BhARRAE
WoR S L i 2k . R, RS
SR AE R ARFEA L o5 A AR 2 Lo, 32 AL FE AR
A6—74 1 1] F1PH Jb— 2R Fig 1] PR 1], 3 531 6T 26
2R (46 K, 15 15.5%) M 57 (51K, 15 17.2%) ,
B 32, 7%, X RITEL M B 3 iy 5 5
T HFEEIN—E & 5w, SR
] (3% B AT

1601
v SRR
3N =3 32°N
30°N ' i

28°N "] 28N £ d
100°E 105°E 110°E 115°E 120°E 100°E 105°E 110°E 115°E 120°E
PRI A9

o HIEGIIIHT) o AR ORIE)

32°N 32°N 3

30°N S 30°NI N\

28°N — 28°N & -
100°E 105°E 110°E 115°E  120°E 100°E 105°E 110°E 115°E 120°E
! SESHEG1IRIHF) SEORE(3UIH)

34°N S 34

32°N \\\%Q 32°N

30oN] N 30°N c

28°N L pgont LA
100°E 105°E 110°E 115°E  120°E 100°E 105°E 110°E 115°E  120°E

82U )

N3 N =5

32°NT 3 = & 32°N{ 7 y

30N T o= Sl $| 30N ‘/@%% %? %

28°N LRI — 28N / - -
100°E 105°E 110°E 115°E 120°F 100°E 105°E 110°E 115°E 120°E

B9 HEPRHI6I20202FEEFEE5HETREEGN

BHBRERELER
Fig. 9 Clustering results of movement paths of CDHEs in

summer over central and eastern China from 1961 to 2022

A, b p A% s B dL7E RIS A5 R b oA ik
B8 3RS (1K, 4 10. 4% ) I HO ML ALY
ACI R FATRR ShBE . SR, E AR AR
P, IR BT 0L ) R A RS S AL, R S
TEZE W o bR B AR FRYE o 3RS X PR AT
A5 B 2 BRCR Bty v s 46 P2 A I 9 R 2 2 DR O
ol SRR Bty b 23 % 2 b B2 AR B RO 2R
JETRZE v . ) R A% 3ok 28 2R 0 A BV P o, TP B 26
) 22 94 =z % 1% AH A2 (Silk Road Pattern, SRP) f
W oA o RS RA W R4 ) S 1 P S AR
SIS 9 Aok i S R S, AT 3 v ki TR 7K Al 2
AU SRR 2RI, A e il T R S T
P 2R 0 1) A% i 1) g AR T B = R
R shitAE . HARRE D, S 45 (9, 1 3. 0%) 5

675 (133K, i 4. 4% ) TS 8 & (221K, 1 7. 4% ) it 4
B0 F A AT D TR T M R Ak, R TE
LSS H I 3 A DRI T A D B R A%

SN SR, SR GE T T L s T B AR
B4 m R RER ARGy BRI . — 7
T, 2R PG o) S e %) 32 5 0 1), WA 26 1) - A% J2 A
AR B BEAKEAE ; 53— 5 T, Rl AR IR 2, 28 ) B
— Sy AR XTS5 R R D p g 1 G R R B
AR FRYE o

4 i

ARSCHET 1961—2022 4F CNOS. 1% H fi i <k
FRE K EE , R CC3D Jr ik RGEIR BI04 T v
R ERE AR T 2R M. RERTH
1 B4 BsF 28 43 A REAE A 300 VA e A D R SR ST RS
B

a) B A e T R A v AR R A
ol 3 2 XA R A 307 ~32° N H s JER , i 2 pu i
B VLDOP R —af o SRR R Y R
IR R SRR S 2 aing i Bl P 7 N A
¥ BURVCR A R AR (3~8 d) 7 B
R AR R KT SR FU R F 1 &, 2022 4R T 23k
B Dy s AR A ™ AR AR R X A i g
PRI F o )

D) By m ARV, Z 4R T 2R MR
BN FEAE IRV ) 5, S 2 1) B e
— B 1) P RS S 0 S R AR A T K RS ) A
TSR B IR IR A A T AT B
HE— 2 1 K BE R B RN T 8 R FH T
%, HP RGP G R & (42, 1% ), ZRA6—78
SRR AR Z (32.7%) , b EE T
Y& T2 10%, k= i Eg AR, R 28 )
AT FRIE . X —25 R R S TR YL
FEAEZAEPE (H SVA B 32 XK RO B 5 ),
IR Y S ) 2 o) — SRR R AR A B T ) 25 R

il MM TP ETAREE SRR T RF
PEAE it KOS T AR AR ) R IR K AW E R
5 ISR B Sl ) e — B E . ik AR Ak



72 N ERERIT

2026 4F-

T AR AR B T 5T 12 DX i A4 I 3E AR e i
T RFA R E R o AT HE— P A5 5 R R
TS AN AL, BT R R R R KU LA &
T I DR R A B R I S A AR Bl AR Y
PET S LA XI5 5 i ¢ R o7 e 22 A S A3 S )
AR

B2k

[1] 2B KT, W04 45, 3560 a BT I 30 bt < M 6 At
2 A RRAE M ARk A B (7] AR ERTL, 2025,46(7)
61-73.

GONG X, DAICL, LIS L, etal Spatio-temporal distribution
characteristics and future trend analysis of extreme climate indices
in Nenjiang River Basin over the past 60 years [J]. Pearl River,
2025, 46(7): 61-73. (in Chinese)

[2] HAOZC, HAO F H, XIA Y L, et al. Compound droughts and
hot extremes: characteristics, drivers, changes, and impacts
[J]. Earth-Science Reviews, 2022, 235. DOI: 10.1016/;.
earscirev. 2022. 104241.

[3] ZHANG Y Q, YOU Q L, CHEN C C, et al. Characteristics of
flash droughts and their association with compound meteorological
extremes in China: observations and model simulations [J].
Science of The Total Environment, 2024, 916. DOI: 10. 1016/].
scitotenv. 2024. 170133.

(4] &5REEK. XTEGNImS AR RT]. K
SRR, 2021,44(5) :645-649.

YU R, ZHAI P M. Advances in scientific understanding on
compound extreme events [J]. Transactions of Atmospheric
Sciences, 2021, 44(5): 645-649. (in Chinese)

[5] BEVAAQUA E, ZAPPA G, LEHNER F, et al. Precipitation
trends determine future occurrences of compound hot—dry events
[J]. Nature Climate Change, 2022, 12(4): 350-355.

[6] RIDDER N N, UKKOLA A M, PITMAN A J, et al. Increased
occurrence of high impact compound events under climate change
[J]. npj Climate and Atmospheric Science, 2022, 5(1). DOI:
10. 1038/s41612-021-00224-4.

[7] WANG C, LI Z, CHEN Y N, et al. Characteristic changes in
compound drought and heatwave events under climate change [J].
Atmospheric Research, 2024, 305. DOI: 10. 1016/j. atmosres.
2024. 107440.

[8] TRIPATHY K P, MUKHERJEE S, MISHRA A K, et al.
Climate change will accelerate the high—end risk of compound

drought and heatwave events [J]. Proceedings of the National

Academy of Sciences, 2023, 120 (28). DOI: 10. 1073/pnas.
2219825120.

(9] M8, ¥, BB, WS & T IR SRR S B

[J]. THES%,2024,42(1):19-26.
YANG Y J, CAO Q, SHUI Y. Identification and characteristic
analysis of compound drought and heat wave event in Central Asia
[J]. Journal of Arid Meteorology, 2024, 42 (1) : 19-26. (in
Chinese)

[10] COLLINS B. Frequency of compound hot—dry weather extremes
has significantly increased in Australia since 1889 [J]. Journal of
Agronomy and Crop Science, 2022, 208(6): 941-955.

[11] HAOZ C, HAO F H, SINGH V P, et al. Changes in the severity
of compound drought and hot extremes over global land areas [J].
Environmental Research Letters, 2018, 13(12). DOI: 10. 1088/
1748-9326/aaee96.

[12] BB, e, okaie, 4. P EE B2 AR IR T 500 m LR
SERHLI]. KRR B (F3E30),2021,52(12) :90-98.
WU XY, HAO Z C, ZHANG X, et al. Distribution and trends of
compound hot and dry events during summer in China [J]. Water
Resources and Hydropower Engineering, 2021, 52(12) : 90-98.
(in Chinese)

[13] ZHANG Y, HAO Z C, FENG S F, et al. Comparisons of changes
in compound dry and hot events in China based on different
drought indicators [J]. International Journal of Climatology,
2022, 42(16): 8133-8145.

(14] T30, 4 0F, 2RI 42, 46 2013 4R EL R K VL P R it K s il

TRA IR SRR T [I ] R RR,2017,36(6) :
1595-1607.
WANG W, XU J P, CAI X J, et al. Analysis of atmospheric
circulation characteristics and mechanism of heat wave and
drought in summer of 2013 over the middle and lower reaches of
Yangtze River Basin [J]. Plateau Meteorology, 2017, 36 (6) :
1595-1607. (in Chinese)

[15] Z56R, 32, T, %F . 2019 4R K VT R i (R ki S i AR

HELY]. %:,2020,46(12) : 1641-1650.
LIJ, YUAN Y, WANG Z Y, et al. Evolution characteristics of
continuous drought in late summer and autumn in the middle and
lower reaches of Yangtze River Vally in 2019 [J]. Meteorological
Monthly, 2020, 46(12): 1641-1650. (in Chinese)

[16] JEAEH, XIE, Sl KU R PR 2022 F MR T 24
RS S R T T[], IR, 2024,47(4)
533-540.

TANG Y G, LIU W, GAO Y H. Analysis of influencing factors of

heatwave and drought compound extreme events in 2022 in the



VRREAE, 45 - AR Hh [ 2 A2 Wi o B 5 R A I 2 G R 73

middle—lower Yangtze Plain [J]. Transactions of Atmospheric

Sciences, 2024, 47(4): 533-540. (in Chinese)

[17] QIAN Z H, SUN Y X, MA Q R, et al. Understanding changes in
heat waves, droughts, and compound events in Yangtze River
Valley and the corresponding atmospheric circulation patterns
[J]. Climate Dynamics, 2024, 62(1): 539-553.

(18] Befichy, sk, fk K, 2. 2022 4R K VLR K+ 9 & e it i
PR IR T B P T T R 2 G B SRR LT ] R,
2024,69(15) :2081-2092.

DUAN X Y, ZHANG Q, ZHANG L,

<

et al. The multi-
dimensional anomaly characteristics of the western Pacific
subtropical high during the development of the 2022 major drought
in the Yangtze River Basin [J]. Chinese Science Bulletin, 2024,
69(15): 2081-2092. (in Chinese)

[19] ZEWfE, B I, 55 . RITIREL 2022 4F &l T 2 3
AR R Py el ] K3k B A, 2023,42(8) : 1-9.

JIANG YT, HOU A Z, HAO Z C, et al. Evolution and historical

comparison of hot droughts in Yangtze River basin in 2022 [J].
Journal of Hydroelectric Engineering, 2023, 42 (8) : 1-9. (in
Chinese)

[20] SHAN B Y, VERHOEST N E C, D B BAETS. Identification of
compound drought and heatwave events on a daily scale and across
four seasons [J]. Hydrology and Earth System Sciences, 2024,
28(9): 2065-2080.

[21] AN X H, SUN S L, MA Q R, et al. Elucidating the varied
characteristics of compound hot=drought from two distinctive
extreme events in the Yangize River Valley [J]. International
Journal of Climatology, 2025, 45(7). DOI: 10. 1002/joc. 8809.

[22] YIN Z J, YANG S, WEI W. Prevalent atmospheric and oceanic
signals of the unprecedented heatwaves over the Yangtze River
Valley in July—August 2022 [J]. Atmospheric Research, 2023,
295. DOI: 10. 1016/j. atmosres. 2023. 107018.

[23] 7hM, Eo%, W, 5. 202248 5 Ze b [ i T U A
RSB BRIT[T ], RABA241:,2023,46(1) 1 1-8.

SUN B, WANG H J, HUANG Y Y, et al. Characteristics and
causes of the hot—dry climate anomalies in China during summer of

2022 [J]. Transactions of Atmospheric Sciences, 2023, 46(1):

1-8. (in Chinese)
[24] TR VTHIE ALLR . AURELT R TRILRREZ &
TSI A AR AE LT ] KRR EOAR (i 3E30) , 2024,
55(4):1-11.
XU H, JIANG S H, REN L L, et al. Spatial-temporal variation
characteristics of compound hot-dry events in Ganjiang River
Basin under climate change [J]. Water Resources and
Hydropower Engineering, 2024, 55(4): 1-11. (in Chinese)

[25] LUO M, LAU N C, LIU Z, et al. An observational investigation
of spatiotemporally contiguous heatwaves in China from a 3D
perspective [J]. Geophysical Research Letters, 2022, 49 (6).
DOI: 10. 1029/2022GL097714.

[26] ZEFE, MEHE , G RTF 55 VLS S e e A m i T 5
PO A AR ], KBTI, 2023,39(2) :70-77.
JIANG Y T, HAO Z C, FENG S F, et al. Spatiotemporal
evolution characteristics in compound hot—dry events in Yangtze
River and Yellow River basins [J]. Water Resources Protection,
2023, 39(2): 70~77. (in Chinese)

[27] LUO M, WU S J, LAU N C, et al. Anthropogenic forcing has
increased the risk of longer—traveling and slower-moving large
contiguous heatwaves [J]. Science Advances, 2024, 10 (13).
DOI: 10. 1126/sciadv. adl1598.

[28] PASCOA P, GOUVEIA C M, RIBERIO A F S, et al. Compound
drought and hot events assessment in Australia using copula
functions [J]. Environmental Research Communications, 2024,
6(3). DOI: 10. 1088/2515-7620/ad2bb8.

[29] Hesc@l, il 2R, 45 . 2022 4F B 2K VT3 3R Sif e Tt
MBETE DR S R ()], HuERB IR, 2025,40(4) 1 1-17.
HUA W J, FENGHT, CULY Z, et al. 2022 summertime heat
extremes in the Yangize River Basin: review and prospect [J].
Advances in Earth Science, 2025, 40(4): 1-17. (in Chinese)

[30] WANG Z Q, LUO H L, YANG S. Different mechanisms for the
extremely hot central-eastern China in July—August 2022 from a
Eurasian large-scale circulation perspective [J]. Environmental
Research Letters, 2023, 18 (2).

DOI: 10. 1088/1748-9326/

ach3e5.

Spatiotemporal Evolution Characteristics of Compound Extreme Droughts and Heatwave

Events in Summer over China from a Three-Dimensional Perspective
SHEN Shijian, LI Jinjian', MA Longyun, SUN Haozhen, CHEN Qihang

(Climate Change and Resource Utilization in Complex Terrain Regions Key Laboratory of Sichuan Province/Chengdu Plain Urban

Meteorology and Environment Observation and Research Station of Sichuan Province/Sichuan Engineering Research Center for



74 N ERERIT 2026 4F

Meteorological Disaster Forecasting and Warning/School of Atmospheric Sciences, Chengdu University of Information Technology,

Chengdu 610225, China)

Abstract: Against the backdrop of ongoing global warming, compound drought and heatwave events (CDHEs) have emerged as one of
the most critical types of compound extreme climate phenomena. These events, characterized by the simultaneous or sequential
occurrence of drought and heatwave conditions, are becoming more frequent and intense, posing severe ecological and socioeconomic
impacts. Understanding their spatiotemporal behavior is therefore essential for improving climate risk management and enhancing
regional adaptation strategies. In this study, we utilized the CNOS5. 1 high-resolution daily maximum temperature and precipitation
reanalysis dataset and employed the three-dimensional connected component (CC3D) algorithm to systematically identify and analyze
CDHESs across central and eastern China in summer from 1961 to 2022. The CC3D algorithm enabled the recognition of events in a
continuous three-dimensional (longitude-latitude-time) domain, allowing us to capture their full spatiotemporal extent and evolution
rather than relying solely on two-dimensional or time-independent detection methods. This approach provided a more integrated view
of the linkage between temperature extremes and precipitation deficits. The long-term analysis reveals that regional summer maximum
temperature has exhibited a statistically significant upward trend of approximately 0. 116 ° C per decade over the past six decades,
reflecting the persistent warming signal under climate change. In contrast, precipitation in summer shows a slight increasing tendency
that is not statistically significant, indicating a weaker and more variable hydrological response. A total of 297 compound events are
identified over the 62 years. Spatially, their centroids display a distinct belt-like distribution concentrated between 30° and 32° N,
with the Sichuan Basin and the Jianghan Plain recognized as the major high-incidence regions. Although the average duration of
individual events has remained relatively stable, both their areal coverage and thermal intensity have increased significantly. This
intensification manifests mainly through spatial expansion and growing thermal anomalies, implying that CDHE-related risks are being
amplified even without a notable lengthening of events. The frequency distribution indicates that short-duration events dominate, yet
the overall pattern follows a "bimodal" structure, one corresponding to locally confined outbreaks and another to broader regional -scale
events. Event intensity is generally low to moderate, though a limited number of extremely strong cases have occurred in recent
decades. Analysis of movement trajectories further reveals that most events tend to migrate along an east-west direction, occasionally
showing oblique pathways. A marked north-south asymmetry exists, suggesting that regional circulation influences play key roles in
modulating event propagation. Overall, these findings advance our understanding of how CDHEs evolve in space and time under a
warming climate. The results provide valuable scientific support for assessing regional climate risks, guiding disaster prevention and
mitigation efforts, and formulating adaptive strategies to cope with the increasing likelihood of compound extremes in central and
eastern China.

Keywords: compound drought and heatwave event; spatiotemporal characteristic; three-dimensional feature; central and eastern China
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