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Abstract Based on datasets of three drought indices (i.e., the Standardized
Precipitation Index, SPI-12, Standardized Precipitation Evapotranspiration Index,
SPEI-12, and self-calibrated Palmer Drought Severity Index, scPDSI) during
1901~2020, this study investigates the long-term characteristics of drought in China
over the past 120 years and then explores reasons for their inconsistency. Results
indicate a significant drying trend in Southwest China, the Loess Plateau, southern
Northeast China, and southern Xinjiang, while regions with significant wetting trends
are in eastern Northwest China, northern Northeast China, and North China. As far as
drought events are concerned, both Northeast China and Northwest China are
characterized by prolonged duration and higher intensity. Still, the drought tends to
decrease in general, especially in eastern Northwest China and northern Northeast
China. On the contrary, the duration and intensity of drought events increased in
southern Northeast China. There are approximately 2.82x10° km? of land area each year
that has experienced drought, and among them, about 3.05x10* km? of land areas are
threatened by extreme drought. Drought areas with different severity increased with
time and showed rapid growth after the mid-1990s. In addition, drought area exhibits
significant interannual and decadal variabilities, with periods of 2~3-year and 18~22-
year. In humid regions, three drought indices show good consistency, while in semi-
arid and arid regions, their consistency is relatively low. In humid areas, the wet-dry
variation is dominated by precipitation. In semi-arid and arid areas, besides
precipitation, temperature and soil characteristics also play important roles in drought
variations. Therefore, more attention should be paid to the drought index selection over
arid and semi-arid areas in the context of global warming.
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J AN N2 i 77 224> (Wilhite, 2000; Wang et al., 2011). T EZEFRRELRE
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DAL CEhRASE, 2012). Hiltn, 2022 F 6 HE| 9 K, KILA L) X
KA T AT R ERTREE, R RS IIRIEIK IR A eI
BERL, AP FIAERS R G5 T ARG AL T -0 M E e (ZR12°F4%, 2022).
¥ H R N2 EEMA T, ARERT BRI TR 3800 TSR, RIEVISZK
AR 407.6 J3 b, BEA TR 328 4470 BUR IR AR 4 % 17125 5142 (IPCC)
AU (AR6) FaH, 52 HARGRIEA ASIG SN, AR X R0
MAZTREWIN#ESA (Douville etal., 2021). FEEARERE:, HEMX T 2K
R 2 SREESE N, o E K TR AR AR e
(Huang et al., 2016; 52354 2019; Cook et al., 20200, Pk, TR E 44
AR SCA AR FA SR )8 (Trenberth etal., 2014) . 4[] T H il
FIRCY AT T R A RHE RS A, TR T Rk, T LR, W
RN T 5 H BUR M e SR R 2% .

BT REE MR 2, Hardesa %0122 X (Heim, 2002).
— MR, TR A5 N, AFE R R K A A 2 455 T 5 (American
Meteorological Society, 1997; Heim, 2002; Sheffield et al., 2004; Dai, 2011). 24777
T BRI GOKSCHRE T T R AR HUR B AT R 8 0 7572, 6T sk R
SRATI R, T FAR A LL SR 4G BORE S B, R AR FH P B 5 CEARRIR SC, 2014).
B T SRR ECEFE : B /R T2 484k (Plamer Drought Severity Index, PDSD) .
AL B4 7K 75 % ( Standard Precipitation Index, SPI) A i 4k B 7K 7% Bl f&5 %
(Standard Precipitation Evaporation Index, SPEI) %%, PDSI ({42t & T R 7T
R, EARTER TR E . B SKE. BB AR E, R
IRV RE, T AU IE B K i S S S PR K B IR 22 ME, il
B AR 4 D) R ik — 25 2% JR AR SR [B) K 19 3 PDSI IME, ZR& %518 T MoK, IR
FEIEREE (Palmer, 1965). {HH T HAI0 S 4R FL & 56T 38 B T J b XU
HHRAS R, A E BAESE E A HAR L IX A H] (Burke et al., 2006). N T
FRVLIXA ), KA ol A G A B 5 4 (A AT EL P, Wells et al. (2004)
RIET BRERIMER R T 54520 (self-calibrated Palmer Drought Severity Index,
scPDSD), ZIEHFIREE I T MK IREEAN LIgRr I, [RIN B: THA Guh i 7 s
WG R, BT H % Gl B R ALE RECRIRREERS ], AU )5 PDSI 5



TG R A, DL E S ARHERE BT A B 45 E (Dai, 2011; Williams et al.,
2015). 4R PDSI Al scPDST B A7 [ 5 I ] R, AME T 1IR3 AS [F] s 18] R
(-5, BRI AN R SR B 1 T B R AR RE T A BR o JRAEAS [F) B (8] RUBE b (1T 524
fiE, McKeeetal. (1993) K& | SPI, HTAREA n N H Rt FEKE 76T K
TR SPIRECTEME, B ZH TS . (2 SPIAE & RiTKT
SO BRI SENA TA B SR LR, fE 2R =T, X TR
HEMEA (Panetal,2021). AN, THEATRATIN B SPI #R A ZE K % & bl 5L
B 8 30 4 S L DL B H K RL (Hayes et al,, 1999). 7E SPI 54t I,
Vicente-Serrano et al. (2010) K J%5& 75 &l Z A F/KAF R SPEI #8850k #iA
TE,

S2RGO N EE L AR ) (R BR ), /T AT o [ X B R T 2 T A
20 tHeg 50 FARLLE, HEZEH . FREMTE, 0K B REEERRT 21
WFFARGT TS F1U0, Yu et al. (2014) $5H 1951~2010 4E[A], ZAEFFLLM)™E
TRERICATGALER /> HIX E A% Xu et al. (2015) HEE=F T FHH0UE 1R
tH 1961~2012 A5 5 7 DY) R 2= 51 v B AE 2= RO B 22 I S i)+ 5
#; Chenand Sun (2015) HHFFTIAA 1961~2012 4EF [F (1) F1H A B (10 4F
B ARFAE, 2000 4 f5 52 DA E A ™5 ; Spinoni et al. (2019) &I
1951~2016 E [ ZR AL X - S AT 2 A0 72 51 F2 5 B S 386 ;- Wang et al. (2022) 4§
i 1960~2019 4, JGHAZ 1990 )5, LETFEMIES . B KL IX S
ARG R, T 52 R AR SO A U T B 2 R AR AR AL, DRI, 3R 0 [ X
3 K I [ [T AR RFAE BEAT IR AN FE o AN, 4 =P A T 5484 (SPIL
SPEI Al scPDSD — X} Eb b, TN Ja ST 50 R0 S b B AR 585 & 1 2 48
B, dt—8, HTTREmERZ . ERIEEALEI R 2, mAE T2
TRHUT 2% B SRR AR, %F b 2 AR EoR T R IR I 2 0 A B T @A
A BRI R

AR ST [ R S A% A K S ST 7S oty (Climatic Research Unit, CRUD
FEAEAI 4Bk 1901~2020 FE 120 £/ SPI. SPEI F1 scPDSI $#5, FIF £ M4t
2, EEXT R E X, SRR T I 120 AR AR BRI T RARE AR AT . i A
WEFL, FER R LRI OB RL A R (1D fEid 2 120 4R 0H), A [ X 4F



R R BER T RARE (RB. FREEmT]. S®AE. MRS RAEBRNZMN? (2
SPI. SPEIL. scPDSI =Fh+F45407E o [H Br il sl th i+ B4R 2 5 SRR A4 2
AW FE L5 R IR AN UR B A o [ X 30 26 A R BT R AR OR B At
B, IO T RIREE IR — M S H AR .

2 H#ERASE
2.1 ¥R

AR S P B X A B R TR . A Fi 48 tH SPEI A1 scPDSI
1E 9~12 /N H WS () R B G MEfe = (Vicente-Serrano et al., 20100, AT LAY+
SPI Al SPEI M BN [B] ROy 12 A H, &4 12 A R9#dE (i)Y SPI-12 #1 SPEI-
12) RAFAZER TR o

ACfHER T CRU-TS4.05 $¥54E (Harris et al., 2020) Hi AR HiRE
¥edhs, LMEZ AT (Zhang and Zhang, 2010; ESFFIFEZE, 2017; Yao et a
I, 2019; Harris et al., 2020) ¥ CiESZ £+ EA AR EE. SPI-
12 2 F ] 1901~2020 = CRU-TS4.05 F Bk EAE 12 > F i) RO R 2 i oK
BFA, KA Gamma #EZ 50 A & HOH 5 R HEROKE T SRR o A, TR A
BRBGEATAREL AR TR 5, B 2Tt 5152 SPI-12 $54(. SPEI-12 Al scPDSI 437l A\
https://spei.csic.es/index.html 1 https://crudata.uea.ac.uk/cru/data/drought F#f5%,
EATHTHE WA CRU-TS4.05 Hods 5 b 19 H oK AREEds, o, W EZEHL
&= F FAO-56 Penman-Monteith 7572 (Penman, 1948; Monteith, 1965), H. scP
DSI #% & 7 X FA 38 . SPI-12 A1 SPEI-12 MIBUETE R N-5 (T) ~5

(%), scPDSI FHUATEHEIA-10 () ~10 (&),

IR FRIKE 2 BRI 0.59%0.5°, BFBEGE—HL 1901~2020 4, 3 120 4.
HI T-4£34) scPDSI & I RF4E 12 A 3 RS B R BT 915 3, fEd b2
S IR AR BB 5 S, LU Y 2T H R sePDSIL, vk iE R 1
scPDSI (11 54590 73 HAntEREAT R . HAEAE-F-35 scPDSI & A5G H 5 H #di—
B, FATH RS AR scPDST#ET Y —1k, TG E-1~1 217, FF5)5
B LU, v AR CR A HeE PO RO s 48 T8 R B0 B S 3 R scPDSI

(B HIE L), SRIGHE T HEY scPDSI, {354 RER scPDST 3k

HE TG FEAE-10~10 2 [A] (Williams et al., 2015).
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22 SREE
221 FEFRGFFE
# 1 %5 SPI. SPEI 1 scPDSI HTF &R K brk, Zbndt 2T Eis
GB/T20481-2017 CiRAEANEE, 2017), FZMBANHE R IMRIRF %, H, DI E£R
BREU TR, D2 AHREU EWTE, D3 AESELL EMTS, D4 K
N
1 SPI. SPEI fl scPDSI [ T- 525 2 5 Hhrife

Table 1 Drought classification criteria of SPI, SPEI, and scPDSI
E374 FA AREIEKIEEL  ARvEALIE KBRS BRHERIRER R T R4

1 B%E  -1.0<SPI<-05 -1.0<SPEI<-0.5 2.0 <scPDSI<-1.0
2 i -15<SPI<-1.0  -1.5<SPEI<-1.0 -3.0 < scPDSI < -2.00
3 #wH  20<SPI<1.5  -2.0<SPEI<-15 -4.0 < scPDSI< -3.0

4 o L SP1<-2.0 SPEI <-2.0 scPDSI< -4.0

222 FREEHFEENX

— KT R SUNES—FE LU R T T RIRES (DD, FREFRECH
WEFL BEN R A BT R 3 GG T R A RPN A) 9 A I T A I R A R
T RHEARE E SO RRT R R T AR RS . AR AR bR T R,
T BRI RE SR (A A RE S P A T R SR T AR E P .

223 HtgitsZE

/N KT (Wavelet Analysis) tHFRKZ 20 #5553 B (Multiresolution Analysis ),
B T Morlet (1982) #2H, FRA Morlet /N fESMESET, /N T %
AR LGy B3t S5 P 41 (0 22 B8 1) RO B (7840 A5 8, 38 mT DL B 28 44 P B TR o7
B BRI, 2007), ik, B2 H TSR EE R (8] R AR T . FE AT
Firt, R Morlet NEM T 1 =R RIEBHAEAN R T RE T, FFREARNHE
SR B T B8 R ARRAAE S I 5 N 5 T e RS /N YR D 5 R, 45 58 S35 7K @=0.1

AL KA T B /R ARG R EU (Pearson #H5¢ R E0D A1 75 R A % (Root Mean

Square Deviation, RMSD) ) 7715 RF R A R R B A1) 2 5]« o, Pearson
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R RBOR R BN S LA G Gt &, — K r FoR, BUEIERA-
1.0~1.0. 2 r>0 I, MWAZESIEHSK, B 1.0, IEMARBEZ: =<0 i,
PR R RO, BERT-1.0, FUEDGIREE: 4 =0 I, SR B AR A B
o ASCFI A Pearson AHIKE RECK AR SPI-12. SPEI-12 F1 scPDSI % % 2 8] [ #H
K. RMSD R A H Iz MM ERHEITEEMB, EXN:

RMSD = /%Z(xi —-v.)?, TEARWFFH x /8 SPEI-12, yi {0 SPI-12/scPDSI, n
i=1

7 SPEI-12 A1 SPI-12/scPDSI ANSRI IS 55 8. RMSD BB /NR 75 W 2H
Z AR R . AR SOF ] RMSD SR AL = Fh T 45 2 18 2 5l
3 HR5H
3.1 1901-2020 FHETFREFRTILES

1 25 H =R T R85 R 103t 25 120 45 B Xk i TR AR ke . =R T
FARBERR I TR AR R B A A A A B — Bk, Ho, ViR, mhE
J5. ARG AR S A AT RS, PEALARES . ARAAE AL A B
ARIR s FEVE AL X R B =3 22 e oK (B 1a-10) (B E R AR A HIX,
O KEMFREAEIE 1961 FE 00T T FAUREH (Yu et al, 2014;
¥4, 2018), 3K AT T T LRI BAN R, AT T 1961~2020 4F = Ff
BRI TR AR S, RAu XA BT rES . W& 1d B BEH, 2
[E HAT AT RAMER G (22.9%) /T HAT 535 A w5t
(23.6%). Hrr, SPI-12 YU A BFATBHHEMN (9.2%) &b, B
EZAMBAARMEA (304%) H&%%; SPEI-12 5 SPI-12 %E 4k, BED T
AR 32.1%, W B WEFH R THAN 13.5%; scPDST A7 H A A B EA
TR F A ZEA KR, 73008 27.4%F 26.9%.



a) SPI-12 (10a™) b) SPEI-12 (10a™")
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B 1 1901~2020 4 A [ DXI A b JUSE T F B VB 55 1 1) 0 AT, #A6Z: /10
#. (a) SPI-12, (b) SPEI-12, (¢) scPDSI, M1, EEFRAAMRIEIES,
TUER R BA TR HES, ttest BT B ZVARLR, 4T 5 K EFKFiL 2] 90%.
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Fig. 1 Spatial distribution of linear trends in interannual scale drought index in China
from 1901 to 2020, units: /10a. (a) SPI-12, (b) SPEI-12, (c) scPDSI. Positive/negative
values indicate a wetter/drier trend. Dotted regions denote that the trend is significant
at the 90% confidence level from a two-tailed Student’s t-test. (d) Percentage of the
national land area with significant wetter (blue) and drier (yellow) trends from the three
drought indices.

N T o = R IR B A A 2 e B s Ta) o A 2= S R, 2] T
1901~2020 4 o [E 41 iR FE A P K KA Y 2o a3, nl&l 2 o, AT
H, BRAEBBIX AL, T 120 4 o E DIl B2 XA R I s, b 2R AR TE S A
PEALPH ARG iR AR, B 0.14°C/10 4 (B 2a). FEAKAE b B 46 K0 X
NIGINRI RS, FEBEA T B R B v R, U R X s> R (K

8



2b). W1 SPI-12 R & T B KIM %A =5 REIR BT e 51 kS B 28 A I 0y =+ 52 o
Mk, DRI LR AR B 2 R 3 5 /K 2 AT 3 KAk — 3, 45 SR AR i s SPEI-
12 Efli AR TR TTER, BT PAS FAR R A 8 B B AR ZR AL P S 7Y
JEPaEREE FAHKHwT; scPDSI i MK ANEHE FE T 385k, BT LR )
H BA BT AR AR & Lb AT SPI-12 F1 SPEI-12 2 [H].

a) Temperature ("C/10a™) b) Preciptation (mm/ 10a™)
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Fig. 2 Spatial distribution of linear trends of annual mean (a) temperature (units: C
/10a), (b) precipitation (units: mm/10a) in China from 1901 to 2020. Dotted regions
denote that the trend is significant at the 90% confidence level from a two-tailed

Student’s t-test.
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JEAN TG F i X TR P R AR A B K, P EIFE 2 SRR b, R X T R AR
I ) Bl scPDST R H ¥ 52 A - 2 R BRI [R] 76 42 [ O 0 X K T HoRk
PIANEE (B 3d-30) . 5304 1T 2 5 M 2R B [ PG & o, vk X
T REH PR ok (B 3g-31). [FRE, FRATH AT T M+ 5 HARRAE 1
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Fig. 3 Spatial distribution of number (a-c), average duration (d-f), and average intensity
(g-1) of regional drought events in China from 1901 to 2020. (a, d, g), (b, €, h), and (c,
f, 1) are based on SPI-12, SPEI-12, and scPDSI.
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a) SPI-12 (10a™) Duration b) SPEI-12 (10a™) ¢) scPDSI (10a™)
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SPEI-12 454, (c). () /2 scPDSI 45 &,

Fig. 4 Spatial distribution of linear trends in the duration (a-c) and intensity (d-f) of
regional drought events in China from 1901 to 2020. (a, d), (b, ), and (c, f) are based
on SPI-12, SPEI-12, and scPDSI. Dotted regions denote that the trend is significant at
the 90% confidence level from a two-tailed Student’s t-test.

LKA, 1901~2020 FARFFHLX BART R AL, (HRFEET ] ) H.55
JE/AN: RABMIXFRRAERBE . T, FRsRER, MRt
IS IR) M T 34 S 2 S e 3, AL AR 3 5 e A s PR Ab B IX AR
B R B E AP By R (R ELa K, (AR SR (R A58 BE 2 BTy, X 5
Dai (2013). #4554 (2019) Al Wang and Kong (2021) HIZ5iEFA—.

3.3 1901-2020 PETFRERAEL
WRIEFR 1 TR R R hritE, 20T E T A FGEHT BT & E X
SRTCHRMEE A TIARI B 40 b, RIFR AR (B 5) . =M HoR i+ 5
FALL B 35— SR A, AN TR 1 1 SE T AR S S 1 nka#s, BL7E 20 tiE4d 90 4
R tod g, Hordr, 20 4D 40 FARAIAF] 50 FEAR, 20 20 80 AR
190 AEARK] T 5 AE DXCHIAEDOT B/ s ANTRI S I TR o 38 o A A4k
(K 5a-5¢), X5 Zou etal. (2005, 2010) [I&EigFEA—5., HE ST, T
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Fig. 5 According to the drought criteria in Table 1, the time series of the percentage of
drought areas of different categories over China from 1901 to 2020, (a) SPI-12, (b)
SPEI-12, and (c¢) scPDSI. (d) The time series of the 21-year low-pass filtering of the
percentage of drought area (%) in China. (e¢) Annual mean temperature (C) and (f)
precipitation (mm) averaged over the Chinese Mainland from 1901 to 2020. The red
line is the annual mean, and the black line represents the results of the 21-year low-pass
filtering, indicating the interdecadal change.

HYR2, &EEGFLAF 28277 P H AR CHEERBIN 30.5%, £ 1.69 4
BB #2TR, 4305 B a~R CHELRmRK 3.3%) E2rRSRE. T
PP EETEIING 9.5 737U A B, RRR AT ING 0.8 737 A
B BEE T BRI, TR RS ERR R B RN. IR =
Fofr T i BT I 1 PR AN [RDRE FE T A i B K S AR A R B 2 B — 5L
FIRFE, (HRAERE B ERUR . 5HENNEEAAEL, scPDSI R HIANE
FEERT A S R, F5F (D4 I KEHMERAR SR WA K. SPEI-
12 030 S R 5 AR 5 b, Bk 5241, ARG RO M BRAR R 5 Ko Xt
T SPI-12, AFJ™EEE TR mBIGKES N, BREEIL, TR
b
R 2 1901~2020 F A [H XA F ST F IR A (%), 2 (%/10
) MERRAER (%), *FRoRBWEHBKEEKTIES 95%.

Table 2 Percentage (%), linear trend (%/10a), and interannual variability (%) of drought
areas of different categories in China from 1901 to 2020, * indicates that the trend is

significant at the 95% confidence level.

HAE D (%) Fa (%/10 4F) ERRER (%)

SPI-12  SPEI-12 scPDSI SPI-12  SPEI-12  scPDSI SPI-12  SPEI-12  scPDSI
DI 282 313 32.0 0.65°  1.83*  0.62° 8.57  9.40 7.08
D2 152 17.1 20.4 038 135 051" 6.09 7.3 5.87
D3 7.0 7.0 112 020  0.61° 029" 392 448 4.40
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B 6 1901~2020 4 H [ [X 45k = - FA4R R T 549 20 0 -5 1R 1 20 LU TR) PP 80
Morlet /N El: (a) SPI-12, (b) SPEI-12, (¢) scPDSI. 7o fl] = B/ Nk D31,
1T R IR BARKFIE S 90%, 2k &R D915 FEIXIA], A8 X IR A 1 5800
A0 A P DAt B ) Ty 2 13

Fig. 6 Morlet wavelet analysis of annual drought area percentage in China during 1901-
2020 based on three drought indices. (a) SPI-12, (b) SPEI-12, (¢) scPDSI. The left main
diagram shows the wavelet power spectrum, and dotted regions are significant at the
90% confidence level. The upper part of the blank curve is the confidence interval, and
the outer region indicates the boundary effect. The right attached figure shows the

power spectrum.

3.4 HERXE=MTEEHEFNEEDR

N T RT =R R EEE b E XIS 2 R R, B 7 45 =R Ba 4
P TT 545 21 Pearson H5¢ KRB B 4. I 7 ATRAER H, =FpT 2484
BRI — S, A4 E O X AH G R &0k 3 0.65 LA, ot SPI-12 Al
SPEI-12 74> [E G P P34 8 RECH 0.92, AHOGPESRLF. SPEI-12 Al SPI-12
Je scPDSI AH I 22 Hi ) 2% 18] 43 A1 241 30 A 2 30 A0 78 g 10 DX AR SGVE RS o P AL X
MR ZE, X G2 P AZERE (2017) MIE5IBHEA . KT IEIbHX =Ff
i B AR DS 2 (O AT B R 2 M CRU-TS4.05 FH BT A it X Sz A48
A IR E SRR AR KA e, BN REBONE SR, B EAER
AR KZER (R4, 2006, EFHAIEZ 2, 2017), Hd, SPEI-12 #1 SPI-12
TE PG Al b X P A DG P35 22 3R B IR FE X PG AL b [X - R AR L E 2. S 4h,
SPI-12 5 scPDSI 7E UL X AR ELF T HABPIXT, FIREZ KA scPDSI BE% &
TR N R T IR AR, T SRR S R A — B
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& 7 1901~2020 4= [H [X 35 SPI-12. SPEI-12 1 scPDSI i #H 5% ) Pearson AH %
ABHE AT CREOXIBREERBMKRIE, MHRARBEFKTER] 99%),
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Fig. 7 Spatial distribution of Pearson correlation coefficients between (a) SPEI-12 and
SPI-12, (b) SPI-12 and scPDSI, and (c) SPEI-12 and scPDSI in China from 1901 to
2020. The shaded regions are significant at the 99% confidence level after excluding
the autocorrelation. The values in the top-right corners areal-averaged correlation
coefficients for the entire China.
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H b5 scPDSI —HE#RHE T /KPE 7R3 3], ik, SPEI-12 AfLLS SPI-12 Al
scPDSI FLH . H1F scPDST ZEXEECR, 9 7T HUH, fE5K RMSD Xy =#h+
FAREO M T AR, (A3 % HAME TR AE-1~1 2 A, e fias REINE
A, FATEL 1961~1990 4 30 4F (1)U 3 5 /K B 09 ke (4%, 1990; Hulme,
1996; Wang et al., 2020) H-45& RMSD 25 B0 IR SUEX TR 2o B aEREK
/T 250mm B IX RIS TR IX G FEEKEAE 250~500mm X IR 73 2
TRX; FR/KERT 500mm XK 5 000 X AEIE X CRBE 7o
TR X AEIE X A, LN amIgIEX ). ME 8a F1 8b [ LAE H, SPEI-12 5
SPI-12 [¥] RMSD Ffi4F i BEE G ok, X2 K SPI-12 1A % I,
JTABE IR FE T SPEI-12 55 SPI-12 25 W \%; 1fif SPEI-12 5 scPDSI ¥J7%5 & 1 i
JERIRZm, DR AR IR A IR A K, IRZARETE 0.18 A4 . HIE 8c Af
W, SPEI-12 5 SPI-12 ] RMSD 5 ZF-FHER /K £ B FEHCC R, 1EFER
FKEAL T 500mm b X, RMSD i B 7K PR3 0 558 38 sk s 7E 4 /K & 1 T 500mm
[FHhIX, RMSD F&ELE 0.075 Zi47. PR REIE RN : (EIRIEHhIX, &
BRI sTERAE X BN, BT BEK I 8 A THEE SPEL-12 Hhiig 3 R1EH, 5 SPI-
12 T —3, FrLh SPEI-12 5 SPI-12 ZREUN: fETFPT5X, MAXFEK
SH L R R RS TE A R AR A AT 7 FE R AT o5 LU IR R, 2 K AR b
i, BEKGBTEZEBZ MZEFEK, Bk, SPEI-12 Fl SPI-12 M2 HIHE K.
Wang et al. (2020) 1L 53 # SPEI X8 7E 28 SR Bk T BURME S FR H, ZEAEFROK
/0T 400mm HIFFX, AT FK R, R AR EhR R AA H R i 5
R TEAEREKE KT 400mm FHBIEHLX, FEKS S FRRA IR mE L. &
AR G 2 B —3 ., IRARE 8d, EF/KE/NT 250mm [T F X, SPEI-
12 F1 scPDSI 122 5 il FEK 198/ SUdig oK, 7EFE/K B R T 250mm B, Py
72 S WA B K B IS/ S5 FRE L 0.175 AiA7 B4R SPEI-12 FH scPDSI #6B
R8T B KRR AR A R R sg e, HFEAE R K E /N T 250mm (9HLIX, ##
FAE—E 25, XA[REIAET RIX, 5 scPDSIAHLL, SPEI-12 X EZEHUK
(A8 A B MBS (Cook et al., 2014; Hoffmann, 2020), A fg KA 7E 1% [X 8 1- 4
YN scPDSI I TTHRAH XK (Dai, 2004; Hoffmann, 20200, LA 145 5 547 %%
(2017) WIS RIEAR—I. Ho, RATEX VYR (D1-D4) ARIEH T FM T
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Fig. 8 The relationship between the RMSD of three drought indices under drought
conditions and linear trend of annual temperature (units: ‘C/10a) and mean annual
precipitation (units: mm) in China from 1901 to 2020. Scatters represent each grid point

and the red solid line is the fitting equations. (a) RMSD of SPEI-12 and SPI-12 versus
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temperature trend, (b) RMSD of SPEI-12 and scPDSI versus temperature trend, (c)
RMSD of SPEI-12 and SPI-12 versus annual precipitation, and (d) the RMSD of SPEI-

12 and scPDSI versus annual precipitation.
4 BE
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LA b 73 120 4 Hp E X 2 0 KRR, 3R T = Fp T R AR EE B X
AP Z R, 433 LR 22 L50.

Ak B, =R R EOIT RO R ] X 1901~2020 AR 5 1 AR EAFAE
BA—3, BT hETER. Ehm . RACE AR A B AT
% PHALARES. ARACAuE eI LA BRI ES . T REmE, Rt
XFRREREZ, FEREnaK BagfE R, Hd, RACEHT 2 F Rt
I [ R B 357 B 0 s P b X AR T B R AR R, AP E RN R K HL o
FER, T H A S 1R SR () RS B 3 2 3 ks AR mE X AR T R AR K
%, (HFFSET A HSRPE /N . T 25 5T, A EEELAH 282 5P AR (4
[ AR 30.5%, 29 1.69 MMErEE /N ER2T5R, 249305 HF AR (HE
T 3.3%) ERZRFF: I HARERE R R RS &, HAE
20 4D 90 AT PRI BhAt, T HARAEAE 23 AR bR AR AR PR A ALy
ik, A0 2~3 A 18~22 4.

St b =TS8R0 45 R B, SPI-12 R H 1) AT 835 28 TR 34 10 ThI AR o
> HA RSG5/ SPEI-12 BEIRAIHE 2 T 29, JEHEF R
BHEHRHRRZ, 1£20 D 80 EARHHILUE, SPEI-12 R H )+ 5 R
LR sePDST AH HH i S A OB R MBI RF SR () i K, A [FIREFE
MR G R %, R RIS KEAMERR LR R K, EMRIEMIX, SPEI-
12 5 SPI-12 }% scPDSI A HUF1— 8k, MAET 2T R —Hiisx . X
T AERIE X, B K A 28 5 T i X (AR s TIE T R R HIX, BR
B K Ab AR N SR P X B B TR AN 25 g, DRI AE A BRAR I 1 75 5%
T, T EE R DB Sy i 1) e B e BT R AR A

SE#Ek (References)

19



American Meteorological Society. 1997. Meteorological drought-policy statement [J]. Bulletin of
the American Meteorological Society, 78:847-849.

Burke E J, Brown S J, Christidis N. 2006. Modeling the recent evolution of global drought and
projections for the twenty-first century with the Hadley Centre climate model [J]. Journal of
Hydrometeorology, 7(5): 1113-1125. doi:10.1175/JHM544.1

Chen H, Sun J. 2015. Changes in drought characteristics over China using the standardized
precipitation evapotranspiration index [J]. Journal of Climate, 28(13): 5430-5447.
doi:10.1175/JCLI-D-14-00707.1

Cook B I, Mankin J S, Marvel K, et al. 2020. Twenty-first century drought projections in the CMIP6
forcing scenarios [J]. Earth's Future, 8(6): €2019EF001461. doi:10.1029 /2019EF001461

Cook B I, Smerdon J E, Seager R, et al. 2014. Global warming and 21 century drying [J]. Climate
Dynamics, 43: 2607-2627. doi:10.1007/s00382-014-2075-y

Dai A, Trenberth K E, Qian T. 2004. A global dataset of Palmer Drought Severity Index for 1870—
2002: Relationship with soil moisture and effects of surface warming [J]. Journal of
Hydrometeorology, 5(6): 1117-1130. doi:10.1175/JHM-386.1

Dai A. 2011. Drought under global warming: a review [J]. Wiley Interdisciplinary Reviews: Climate
Change, 2(1): 45-65. doi:10.1002/wcc.81

Dai A. 2013. Increasing drought under global warming in observations and models [J]. Nature
Climate Change, 3(1): 52-58. doi:10.1038/nclimate1633

Douville H K, Raghavan J, Renwick R P, et al. 2021. Water Cycle Changes [M]. Climate change
2021: the physical science basis. Cambridge, United Kingdom and New York, NY, USA:
Cambridge University Press:1055-1210. doi:10.1017/9781009157896.010

FHEYE, GKom, DUEEYE, 552019, AUMRARHR T 5 N E T ReRAE . SRR A [a] S R b
Z=5M D). E Y E, 39(05):1-10. Han Lanying, Zhang Qiang, Jia Jianying, et al. 2019.
Drought severity, frequency, duration and regional differences in China [J]. Journal of Desert
Research (in Chinese), 39(5): 1-10. doi:10.7522/j.issn.1000-694X.2018.00112

Harris I, Osborn T J, Jones P, et al. 2020. Version 4 of the CRU TS monthly high-resolution gridded

multivariate climate dataset [J]. Scientific data, 7(1): 109. doi:10.1038/s41597-020-0453-3

20



Hayes M J, Svoboda M D, Wiihite D A, et al. 1999. Monitoring the 1996 drought using the
standardized precipitation index [J]. Bulletin of the American Meteorological Society, 80(3): 429-
438. doi:10.1175/1520-0477(1999)080<0429:MTDUTS>2.0.CO;2

Heim Jr, Richard R. 2002. A review of twentieth-century drought indices used in the United States
[J]. Bulletin of the American Meteorological Society, 83(8): 1149-1166. doi:10.1175/1520-0477-
83.8.1149

Hoffmann D, Gallant A J E, Arblaster J M. 2020. Uncertainties in drought from index and data
selection [J]. Journal of Geophysical Research: Atmospheres, 125(18): €2019JD031946.
doi:10.1029/2019JD031946

Huang J, Yu H, Guan X, et al. 2016. Accelerated dryland expansion under climate change [J]. Nature
Climate Change, 6(2): 166-171. doi:10.1038/nclimate2837

Hulme M. 1996. Recent climatic change in the world's drylands [J]. Geophysical Research Letters,
23(1): 61-64. doi:10.1029/95GL03586

AT, ZERRE. 2017, AR T RIREEE P E FEMPERT TR ()] TRRR, 35(5): 709-
723. Li Yiping, Li Yaohui. 2017. Advances in adaptability of meteorological drought indices in
China [J]. Journal of Arid Meteorology (in Chinese), 35(5):709-723. doi:10.11755/j.issn.1006-
7639(2017)-05-0709

B, k& E, 7, 552022, 2022 FEFERKILAUEE KT FRE LK FEV R 7). T
BS54, 40(5): 733-747. Li Yiping, Zhang Jinyu, Yue Ping, et al. 2022. Study on characteristics
of severe drought event over Yangtze River Basin in summer of 2022 and its causes [J]. Journal
of Arid Meteorology (in Chinese), 40(5):733-747. doi:10.11755/j.issn.1006-7639(2022)-05-0733

SFEE, frEol, MK, 5. 2018, KT IREILTT T R4 TR (1], KR,
42(04): 951-961. Ma Zhuguo, Fu Congbin, Yang Qing, et al. 2018. Drying trend in northern China
and its shift during 1951-2016 [J]. Chinese Journal of Atmospheric Sciences (in Chinese), 42(04):
951-961. doi:10.3878/1.issn.1006-9895.1802.18110.

McKee T B, Doesken N J, Kleist J. 1993. The relationship of drought frequency and duration to
time scales [C]//Proceedings of the 8th Conference on Applied Climatology, 17(22): 179-183.

Monteith J L. 1965. Evaporation and environment [C]/Symposia of the society for experimental

biology. Cambridge University Press (CUP) Cambridge, 19: 205-234.

21



Morlet J, Arens G, Fourgeau E, et al. 1982. Wave propagation and sampling theory—Part I:
Complex signal and scattering in multilayered media [J]. Geophysics, 47(2): 203-221.
doi:10.1190/1.1441328

Palmer W C. 1965. Meteorological drought. Research Paper No. 45, Washington: US Department
of Commerce Weather Bureau, 58

Pan N, Wang S, Liu Y, et al. 2021. Rapid increase of potential evapotranspiration weakens the effect
of precipitation on aridity in global drylands [J]. Journal of Arid Environments, 186: 104414.
doi:10.1016/j.jaridenv.2020.104414

Penman H L. 1948. Natural evaporation from open water, bare soil and grass [J]. Proceedings of the
Royal Society of London. Series A. Mathematical and Physical Sciences, 193(1032): 120-145.
doi:10.1098/rspa.1948.0037

Sheffield J, Goteti G, Wen F, et al. 2004. A simulated soil moisture based drought analysis for the
United States [J]. Journal of Geophysical Research: Atmospheres, 109, D24108.
doi:10.1029/2004JD005182

Spinoni J, Barbosa P, De Jager A, et al. 2019. A new global database of meteorological drought
events from 1951 to 2016 [J]. Journal of Hydrology: Regional Studies, 22: 100593.
doi:10.1016/.ejrh.2019.100593

Trenberth K E, Dai A, Van Der Schrier G, et al. 2014. Global warming and changes in drought [J].
Nature Climate Change, 4(1): 17-22. doi:10.1038/nclimate2067

Vicente-Serrano S M, Begueria S, Lopez-Moreno J I. 2010. A multiscalar drought index sensitive
to global warming: the standardized precipitation evapotranspiration index [J]. Journal of Climate,
23(7): 1696-1718. doi:10.1175/2009JCLI2909.1

Wang A, Kong X. 2021. Regional climate model simulation of soil moisture and its application in
drought reconstruction across China from 1911 to 2010 [J]. International Journal of Climatology,
41: E1028-E1044. do0i:10.1002/joc.6748

Wang A, Lettenmaier D P, Sheffield J. 2011. Soil moisture drought in China, 1950-2006 [J]. Journal
of Climate, 24(13): 3257-3271. doi:10.1175/2011JCLI3733.1

F5F, EZE. 2017.1901~2013 £ GPCC Ml CRU [ /K B RHE A B KR s F VR4 (7). R

R S5IREEHEFT, 22 (4): 446—462. Wang Dan, Wang Aihui. 2017. Applicability assessment of

22



GPCC and CRU precipitation products in China during 1901 to 2013 [J]. Climatic and
Environmental Research (in Chinese), 22(4): 446-462, doi:10.3878/j.issn.1006-9585.2016.16122.

Wang F, Lai H, Li Y, et al. 2022. Dynamic variation of meteorological drought and its relationships
with agricultural drought across China [J]. Agricultural Water Management, 261: 107301.
doi:10.1029/2004JD005182

Eikn, ZEREE, EIETT, 25 2012, RESRRTRISUHETE [J]. T5AER, 3004): 497-
508. Wang Jinsong, Li Yaohui, Wang Runyuan, et al. 2012. Review of advances in meteorological
drought research in China [J]. Journal of Arid Meteorology (in Chinese), 30(04): 497-508.
doi:1006-7639(2012)-04-0497-12

FAK, BRIC. 2014, FRoEAL B /K ZSHIGR BOrE b B - SR AE A 2 (9], mERR, 33(02):
423-431. Wang Lin, Chen Wen. 2014. Applicability analysis of standardized precipitation
evapotranspiration index in drought monitoring in China [J]. Plateau Meteorology (in Chinese),
33(02): 423-431. doi:10.7522/j.issn.1000-0534.2013.00048

Wang S, Zhang Q, Yue P, et al. 2020. Effects of evapotranspiration and precipitation on
dryness/wetness changes in China [J]. Theoretical and Applied Climatology, 142: 1027-1038.
doi:10.1007/s00704-020-03336-8

FHERR. 1990. FREFEST ., 5] HAMEIEIR T RIRIRERER [J]. T FIX P, 13(3): 80-86. Wang
Yanlu. 1990. The summae concerning arid meteorological targets to establish, quote and test in
China [J]. Arid Land Geograph (in Chinese), 13(3): 80-86. doi:10.13826/j.cnki.cn65-
1103/x.1990.03.017

Wang Z, Li J, Lai C, et al. 2016. Does drought in China show a significant decreasing trend from
1961 to 20097 [J]. Science of the Total Environment, 579: 314-324.
doi:dx.doi.org/10.1016/j.scitotenv.2016.11.098

BRIE 2007, BALAEGEHH W S BIIECR (B 2 /5O M. JERt: AR REE, 99-100. Wei
Fengying. 2007. Modern climate statistical diagnosis and prediction techniques (2nd Edition) [M].
Beijing: Meteorological Press, 99-100.

Wells N, Goddard S, Hayes M J. 2004. A self-calibrating Palmer drought severity index [J]. Journal
of Climate, 17(12): 2335-2351. doi:10.1175/1520-0442(2004)017<2335:ASPDSI[>2.0.CO;2

¥, B4, RILL, 552006, JEE CRU 70 #F3A4% i BERHE S /) 20 tHhad o [ Az

23



b [J]. KAEEE, 30(05):894-904. Wen Xinyu, Wang Shaowu, Zhu Jinhong, et al. 2006. An
overview of China climate change over the 20th century using UK UEA/CRU high resolution
grid data[J]. Chinese Journal of Atmospheric Sciences (in Chinese), 30(5): 894-904.
doi:10.3878/j.issn.1006-9895.2006.05.18

Wilhite D A. 2000. Drought as a natural hazard: concepts and definitions, in Drought: A Global
Assessment [M]. London: Drought Mitigation Center Faculty Publications, 3-18

Williams A P, Seager R, Abatzoglou J T, et al. 2015. Contribution of anthropogenic warming to
California drought during 2012-2014 [J]. Geophysical Research Letters, 42(16): 6819-6828.
doi:10.1002/2015GL064924

Xu K, Yang D, Yang H, et al. 2015. Spatio-temporal variation of drought in China during 1961—
2012: A climatic perspective [J]. Journal of Hydrology, 526: 253-264.
doi:10.1016/j.jhydrol.2014.09.047

MR, R, BT EZ, 55.2017. 7 AR T 800 E XEEERAE (1], o EREE SRR
2%, 47(03):337-353. Yang Qing, Li Mingxing, Zheng Ziyan, et al. 2017. Regional adaptability of
seven meteorological drought indices in China [J]. Science China Earth Sciences (in Chinese),
47(03): 337-353. doi:10.1007/s11430-016-5133-5

Yao J, Chen Y, Yu X, et al. 2020. Evaluation of multiple gridded precipitation datasets for the arid
region of northwestern China [J]. Atmospheric  Research, 2236: 104818.
doi:10.1016/j.atmosres.2019.104818

YuM, Li Q, Hayes M J, et al. 2014. Are droughts becoming more frequent or severe in China based
on the standardized precipitation evapotranspiration index: 1951-20107 [J]. International Journal
of Climatology, 34(3): 545-558. doi:10.1002/joc.3701

SRAEAS, XUMFS:, AHAFS, 25 2017. GB/T 20481-2017 SR F 544 [S]. dba: hEAzAEH
i #t:. Zhang Cunjie, Liu Haibo, Song Yanling, et al. 2017. GB/T 20481-2017 Meteorological
Drought Classification [S]. Beijing: Standards Press of China.

Zhang C, Zhang H. 2010. Potential impacts of East Asian winter monsoon on climate variability
and predictability in the Australian summer monsoon region [J]. Theoretical and Applied

Climatology, 101: 161-177. doi:10.1007/s00704-009-0246-2

24



Zou X, Zhai P, Zhang Q. 2005. Variations in droughts over China: 1951-2003 [J]. Geophysical
Research Letters, 32(4). doi:10.1029/2004GL02185

ARfEte, AEEE, KR 2010, ETHEEART R ETRRLERIT 1] RS
IREEHT T, 15(04):371-378. Zou Xukai, Ren Guoyu, Zhang Qiang. 2010. Droughts variations in
China based on a compound index of meteorological drought [J]. Climate and Environmental

Research (in Chinese), 15(4):371-378. doi:10.3878/j.issn.1006-9585.2010.04.04.

25



