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Abstract

Based on daily observational data from 100 meteorological stations in Shaanxi Province from 1961
to 2024, potential evapotranspiration was estimated using the Penman-Monteith equation, and the
Standardized Precipitation Evapotranspiration Index (SPEI) was constructed. The spatiotemporal
variation characteristics and controlling factors of meteorological drought in Shaanxi Province
were systematically analyzed from the perspectives of temporal evolution, spatial distribution, and
drought event identification and migration features. The results show that the annual mean SPEI in
Shaanxi Province has continuously decreased since the 1980s, with drought severity significantly
intensifying and reaching extreme-to-severe levels during 2015~2019. Seasonally, intra-annual
variation manifests as “drier in winter and spring, wetter in summer, and drier again in autumn”.
Spatially, winter drought is most severe, whereas summer conditions become significantly wetter
under monsoon influence. Correlation analysis indicates marked regional differences in the impact
of meteorological factors on SPEI: air temperature and 5 cm soil temperature in northern Shaanxi
are positively correlated with SPEI, while relative humidity exhibits a positive correlation across
the entire province. Through three-dimensional spatial clustering, 22 typical drought events were
identified, revealing an evolution characterized by “long duration and wide coverage”. After 2000,
drought event persistence significantly increased, and spatial migration of droughts primarily fol-
lowed a north-south trajectory, exhibiting a clear directional expansion trend. These findings elu-
cidate the regional evolution characteristics of drought and provide a scientific basis for drought
monitoring and risk prevention and control.
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1. 51§

SRR E R 21 A N At ST i B R Pkl —, A BRARIE Y 5 A R AU AR 5
JEEH B hEY, TRREENEPEONEHERKEZ —, ZREFH) 2 RE]-[4]. T5
CAILEZMAVE T RPERm R SRS AR e BF ok EURSRRE R, PP BB AR A ™ RS 24 U
FAGAL SR R [4] [5]. MRAEHE AT RALM G, +F PG &5k il Hoh 5 8 R F,
REANE =D, ZMESEnEE. Bk, EHRNAMENT 2500 R R, BAERK
BRSO SE PR -

TR, BAE SRS T RN S P TERARTR R, BEFEN IR 1 AR FahrokAA R A I SR
Bto RIARIBT TR 2 G R K BAE Ny B —484%, 9110 Henry [61FHIFE/KBEF 1 7 ikse 5, ISRk E
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s 21 KA T KPP 70%0 1] FE T Blumenstock [7]0042 HE &R TS I HERs, AN
L 48 /N KSR E 2.5 mm BPATAN R AT 5. McKee Z5[8]42 H HIFRHEAL B /K T (SP) F T 51
HLOEFNGETT, BRI, ENEERKNER, 2T ARRIE - EERmNE, NREakuT R
FAFMESDIRGL . A FIR AT, Vicente-Serrano ZF[9]3F— 4R 1 ARHEML FE/K ZEHIHE £L(SPEI), %384k
A R ROK RN AR RUR, REE AT, MR R R ERN SR T 254, 05K, SPEl 4 iz M
FHT- A BRA XS R T SR T, 80T R 24 TS R 5 58 HR B A RORIE 3 SR FH 1) TR 2 —[10] [11]

Bt A TR E PG AL, HhAbss R 52X 2 8], & BB AN KA . 2 KBRS Em,
BRPGAE BRI 23 o0 A AN, AEASAEENGESS, TRREMR, MEEM SR AR 5 A& G SRS R R
[12]. BRPGEHEE R, BedbmEs o PR LR B XA EE R EE, RIS R KRR
BEEERFIE[13]. JEAESR, PRV AR RO B R AT S5, THAE 20 thad 90 U H1, TRIUGIN
FEEE[13] [14]. B4, BRPGSER =X 0T REALEE LT RN, RN AU AR DRI OG A [X - 5
RSRFEE ETE, SR A= IE R T ANFIRAMA[15]. DRk, FREBEEA SR T 5 SR I 2 AR R
MK AT, KT XA R K EBEE S ORER AR AR = 2 A AR S A AR HoA SIS e

DA I, A SO F PR AL /K ZE BUPR BU(SPED), W BRFE A SR T R BRI AT A IR B 5 70, PRI
2O AR AE SO I, RN AT T R AR 2 BRI R 2R, Sy DX 5 M 0 Rl A R 2
R

2. @5 H%
2.1. BUEXIE

ASCEE BRI 100 AN GG 55 1961~2024 FEIB H AR TR, A uh AL B oA E 1R,
Bk 5T E XK %5 Bt (http://data.cma.cn/) . 156K A 100 AN s 1932 H PSR SFYIRHE
FTH HR S S 22 3R, R4 Penman-Monteith 2 2UiT 5Bk PU 4 %3l 0% HIBTE A HUR, BRI BKES
TR AR B  EAF 2) A R bR AL PR K R BB EU(SPE), 3 b AT 28 A3 E DS B &4 0.5° x 0.5° (1)
Wk, HE— 05T SPEI BB S AR RRAE .

2.2. BEZEEEPET)

SR A TR A1 SUE 200 Penman-Monteith /A 58, Fi LU ELHE 72 28 BUR(PET) I FE b
BB ([16] [17]. %777 B4 DI OB ERY, 76T W05 SPA5 30 T P M. BB
S QAR RGE . F RN SRR, AR R FiR

900
0.408A(R. -G U -
PET = ( " )+7/T+273 Z(BS ea)

A+y(1+0.34U,)

Hr, RAEMFRI NGRS (MIm2.dY); G FoRHEHEEMIMm2dY); T 2 2m meH TSR
(C); Uz 2m HIRGE(M-s™); e st fEIZIRE T RIEAKIZIEKP), e SEhrKiEKPa); A NIEFIKIR
JE 2R (kPa-C Y,y & TR £ (kPa- C Y.
A RGN B 5 B SRR R 2 KA —8, U5 3 S bm vt e FE XU, B AN T
u,-4.87

U=t 22
? In(67.82-5.42) @2)

Hrp, u, AFE B 7 K FEIAR Y KUE (m-s ™).

(2-1)
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Figure 1. Distribution of meteorological stations in Shaanxi province

1 RAESKRERSHE

2.3. ¥RAEPRKZBUEEBI(SPED)

FRAE PR K 25 HUFR 20 (SPE & — Fh 3K it 75 X R T 2 WG Fabr, Fral@H TRERRE 5T
FRFEARUEM[11]. Vicente-Serrano F5[9] & k3 iz 38 bs, & kg Z N H T 28RS 8T 20t

GORI10] [18]. SPEI {11 S AR ALK A SRR bRAE AL FUB B 38 S T 2, FEA B P B
T =58
(1) B, HIEIE A FOKE: Py S eE R MR PET ZERFH, 5 N Rk RS i Di
D, = R —PET, (2-3)

(2) HK, BizKn 555 DiflA 2 =S54 Log-Logistic 7347, 115 3 20t 7 o& 2053 751 1

T
p 52
o (24 [04
X a d N
F(x)=], f(t)dt:[1+(ryj } (2-5)
(3) SPEI i & Wi F:
SPEI=W — C°+C1WJ;CZWZ ' (2-6)
1+d, +dW*+dW
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Hr, WERRA
J-2In(P),  P<05
W= 2-7)
J-2In(1-P), P>05

Co=2.515517, C,=0.802853, C,=0.010328, d;=1.432788, d,=0.189269, ds=0.001308.

Table 1. SPEI drought severity categories
7 1. SPEI T2F4R

TRE SPEI
T 5 >-0.5
LZL -1.0~-0.5
R -15~-1.0
HE -2.0~-15
FEE <20

2.4. RANFESEH

LR KR TR RU(SPEN) /N T4 -1 HAFE AR 3 A H BLER, AIUCN AL T LR T3,
TR E — R GE R T R AR R RS I AR E R, AN =G R it T R
PERGBIINT, Z=HEE . AhE S E 3L AL [18] [19]. TFFAF U ST R A KR BRI R -

(1) =4EsA R T R AR B0 R AICH) SPEIME AR T-1 I, Wl HIWnZe% S Ak T 541K
Ao I 8 MHABMME A ADT 8 M E SPEI < -1 2k, WHZ A O s AT B T F A% 0
Ko 9 MR RAREAL A3 ERESRH) TR ERAF T R MUARHEE — A DN DX A B T 5450, B2
SRR R X I P 5 k MEITH) SPEIMECRT-1, RIVAIAE TR REAE IR 1k o 1SR B 42 6] A 5 &
AL, R SE R IR PR IR A D SRR SR s Sl R KM R, B SR WO TR R
TR /N (R I, — MO FEIX L H AR 1.5%~1.6% [20]. ASHIF S8R FH Lo 1) o B AR o, 1807 B
AT SR AR AT FE DU AR T 1.5%.

(2) TRIERERI LW 228 ¢ DT REREE t+ 1 DT RERES N EAAEFETERKX
B, W = F AR TR —F R A 58 e+ LA 55 t+ 2 MERNE 2 2%, N =FFHET
Al —TRF . KRS, BRI TRERZ RS R RSN 0 I, FREHEZRTRHIN
Agh. Mk, BT RERR AR R A E SONZ T R E ARG ], 55 t+ 2 DNERTEXT NI Ay 24
B E], ZEERAERN T R E RS Ry 3 AN H o 1% TS0 0 28 [R5 11 B U SO P 2 1) P
AT TR R K 2 1) 7 st TR P X L PRI £

(3) TRERME L. AT ZIE T RERAEN T AR T AL E R WRHE, AXZHZUK[21]
RIFRIL[22] I 7T, A O IERR T T RERE LA S

(_ >.a(Dlix)

g Zinllxi
¢ 2ia(Dla¥)

Ziril Yi

(2-8)
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Hr, DL RS i DT RBITH R SPEN R xi A1 yi 72 BN ZAR T A BERILEE, m oYl TSR
AEWBTTEE. ER—TRHA, 2T RERIKN R FFIHS], R B OB R+ 2
(7S A, 25 t AT RS | MEREE LA, YY), 8 i+n MEREOA(K,,, Y..) W
A X S O USRS R B

(4) TRFAITH T AT . Ed T RER E O E TR S bR 7 MR EE
3. REE T RASIHE

Wik 2() s, 1961~2024 ERRPE A1 SPEI 223 Tk, RPXH TR . 1960
EAR A 1970 EARH I, SPEIEAAZERFTE 0.5 DL E, HLATE 1962 4-R1 1965 4FIA%] 1.0 £ 4, JE TR
HIVRIEIRES s 1980 )5 SPEI IZ#T NFE, FPrikal i RAHBMEFF S EMR. A 21 )5, FREHH
SmEl, i 2015~2019 4E[] SPEI f#%-1.5 LLN, AFIHEEEY, NEANH AR SRR B, RE
2020 4E Ji5 SPEI B&AG [ 7, (HEAARIF A EXE, REZEDT 2RSS LTI, BiiE ST 24
JEATT VR - WA R - FRIE” R R . K 2(b) BT AE N SPEI ZETT AR LRHIE. SEH
¥ SPEI B4Rk T-0.2 2+0.25 2 6], Z4EF¥H 4 SPEI & F-0.5, RIEFTRELbnfE, ERIE—
SERT . 1 AN SPEI BifK(-0.12), ZJ5 2~3 H BFHHHNIEME, 6~7 H AT i
(SPEI 4 0.22 11 0.24), 8 A i+, Z 11 A(-0.21)F1 12 H(-0.19)f& EFE N H k. MENREA A
E, BRAAERIE “AEmT - EF0HE - MAHEERE T MARRE, ST SRR AR TR KX
TR PRAE, TR R EEPEFEY SER, BT RERRNMrMECE 1), BRENKRZHH BRET
S HME(SPEI<-0.5), {HZETHM/K B 7NN, NHAEERE BRI M5 RS A
i AEAFE A AR P~ AT R T o 4 TR DG
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Figure 2. SPEI from 1961 to 2024: (a) Inter-annual variation and (b) Intra-annual variation
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K 3 Fin & 1961~2024 “EBRPE A 424E VU2 SPEI 2 [a] 5045, 1l LG H BRI A T SR ULAE R 25 RE
FAAEREZESR . 4P SPEI (K 3(0) B HAE K KA T RRAE. FWRE L, FRIE
() B IS . &Z= (1 3(b)) N A i T 2B B, BRAb IR/ X SPEI K T-0.5, F V6.
FEFEGR, XK SR B A SR IK I s T DG R i i . (14 3(c)) T 5RO BT, Ko
AZT R SPEI ETFZ 0 UL &, 2IVRIERE, SR HEZER KB IRIK I BIAME— SR R T
KGR H 2R 3(d)) & AR 2T, AR 5 2 XU S P ot B /K A3 B G K30 40 [X 43 SPEI
% LIt REAR] 0.4 P L, SR RIBEETHL X TREEASR T R 5o, &Ko i 7 R i B, B S
PRI Y 22 0 B T 175 3o RKZR (1 3(e)) I 2 R AR Gk 35« PRk BB, Bedb. Jerh J B Kk X SPEI
FRFER 0 LN, H2B/AELIT-0.5, ERBITFAndE, HXB/KAME. L6 KE, BRITY 2
HEER “RERT FEIRE P 520RE, JCHZRRIHX, 4 SPEI P3R5 K,
MAZET BRI 2 2 i J5 APl N PR A T, R I H e 22 KR s 1) e o2 5 R UK
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Figure 3. Spatial distribution of SPEI from 1961 to 2024: (a) Annual; (b) Winter; (c) Spring; (d) Summer, and (e) Autumn
& 3.1961~2024 % (a) £%; (b) £F; (c) FF; (d) BEF; (e) MEM SPEI ZEHH

1961~2024 FHIE], BRAAAARARZLER(RIR.. JE. HMEE. HIENE. XL 5 cm k)5
PR AL PR K B R B (SPEN AR M R BLE 2 =R S5 e (] 4). MWSUR(E 4(a)) KE, H5 SPEI 7Rk
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Jeth X FZRBUATES IEADE, XX ISR SR EE S8 SPEI R, BP AR S350 5 R,
A e 5 H A A& HOHE RS2 FRAG OG0 7E Bl B i X 053 52 30 1 SR AH DG, R TH s vl RESE SR 28 UK
PR R, SR TRERE. SUR(E 4(b)5 SPEI 773 ] R I H 8 B i R kg =y . BRAb KR 43
X A FAESE, TR EE M LLIEA G 3 Bk SR DGR B s SR TS 5 R0 1 B #E, Al SPEI B#1IC,
M B R LEAH DG X 45k PT R 52 BRSSO & BT 51 5 (0 )R UG R TS S, RIS U S A R
FAHREE . AXHEE (A 4(c))5 SPEI 48 Bk E 2L IEASCH R, JEPABRAL A G i X I o 23
KUNEERINA B Tk B AT SPEL EFH, IR+ 5% . H IR E(E 4(d)ERh a5
JUTFBHIRIAFAIR, KRR K2R R ZAHOY 58, FR% SPEL, I+ 2 . XUg(E 4(e)5
SPEI 7E4 74 KR4 XIR DN IEAE G, Tt & 1A XU A B 11 00 2 AU AN R R A A g8, AT 38 i
Bk $2TF SPEIME, ZEffT R FE . (H7E R0 e L SRR X TR AF AR B A G o 5 om 7R 2 i (] 4(F))
B 5 AIRA AL 2 8] 0 AR FERRICHLIX CLIEA OGN A2, Bk mg U5 oy i A G o B bt i T i ]
e LI RR AE 1o ZAEUER ZIRA G, Bk XIS SPEI FHEA 5% MAERERHLIX, i iG F m B AR
BET KT IR, FECSPEN R, 5 R I .
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Figure 4. Spatial distribution of correlations between SPEI and (a) Air temperature, (b) Air pressure, (c) Relative humidity,
(d) Sunshine duration, (e) Wind speed, and (f) 5 cm soil temperature from 1961 to 2024
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Zi b, BRI T0 SPEI FIFE ST X 38070 R 25 HORSAE . Bl st X UL bl T S E PR A
535 SPEI T FE, MANREITF; MAERIEA St ST KO im0 2+ 2 o808, HIRYS
AU AR DX B 2 S AR B AN R T R BB . 24 RN T BRI T R AR 2 2 IR A A
SRR S FRAGH, TRERS TRERZ AR R LI AR .

4. BREE TR EHRR

R 1961~2024 4F SPEI Jy 41|, it =475 (B SR T B AN IEE B v A SR 3] 22 i+
FHMAE 2), HTF MR E W EOS4 E XA F TR0, R B AR R
B IF) S SIS PR R 2 () L CVRRAE, SR T BRPE S T S R B 5 X 22 7. 7E 22 IR 3R,
1980 4= AR AR 51 i 17k (D1~D2), 1980~2000 4 [A] 15 Hi 8 &k (D3~D9), 2001 4 J5 A 1] i 13 ¥ (D10~D22),
HAF 14 (2015~2024) 5t 85 7 2 k(D21~D22), Bon ISR T RHERERSIKAE T N, WT2
FREE AR, K2 HU R T S (R ae i (R SR 78 3~6 N H 2 MAl, A7k 70%, o 7 IRFAFRFLE 3
A~A(D1. D3. D5. D7. D11. D13. D18), [tbik 31%; 6 AL LIS 5%, M D20. D21. D22,
FREEm T 24 M H, RPIXEEM BT RERES . RN HE. AgmmfiskEgE, T2
B2 YO B A K 4 8 D21 A1 D22 (2018.01~2019.11), 2 Wi i AX ¥y ik 24.15%, kA D20
(2008.07~2010.08), ik 21.96%. W] WL+ T R AR E T,

Table 2. Characteristics of 22 typical drought events in Shaanxi Province from 1961 to 2024
Fz 2.1961~2024 FERRFE 22 NARI TR EMH R HAFE

TEHM IR [] 2 R (] FRELIN [A] S T A (%) HOLLE
D1 1962.12 1963.03 3 21.2 108.74°E, 35.05°N
D2 1983.09 1984.02 5 9.73 109.21°E, 36.78°N
D3 1985.11 1986.02 3 9.64 109.37°E, 36.42°N
D4 1992.09 1993.01 4 1.99 108.53°E, 34.44°N
D5 1995.10 1996.01 3 6.16 109.70°E, 36.79°N
D6 1996.09 1997.02 5 19.77 109.05°E, 35.76°N
D7 1997.10 1998.01 3 2.17 110.50°E, 35.98°N
D8 1998.10 1999.03 5 17.58 109.13°E, 36.43°N
D9 1999.10 2000.02 4 13.59 109.41°E, 36.39°N
D10 2002.08 2003.02 6 18.5 108.79°E, 35.69°N
D11 2003.07 2003.10 3 1.77 109.42°E, 33.96°N
D12 2003.11 2004.04 5 9.83 109.04°E, 37.02°N
D13 2004.07 2004.10 3 3.28 109.26°E, 34.33°N
D14 2005.01 2005.05 4 7.54 108.71°E, 36.63°N
D15 2005.08 2006.07 11 19.68 109.23°E, 36.23°N
D16 2006.07 2007.04 9 10.11 109.11°E, 36.27°N
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D17 2007.05 2007.12 7 11.68 109.46°E, 36.16°N
D18 2007.09 2007.12 3 2.31 108.08°E, 34.82°N
D19 2008.01 2008.05 4 6.64 109.60°E, 35.49°N
D20 2008.07 2010.08 25 21.96 109.23°E, 35.29°N
D21 2016.01 2018.01 24 24.15 108.84°E, 35.24°N
D22 2018.01 2019.11 22 24.15 108.85°E, 35.25°N

Kl 5 7R 1 1961~2024 48] B 76 44 10 H ) 22 AN SR - R SR R R BRI 18] () 5 R i T AR R I 43
TRFE. MBI, AT REEAEN K SRR L AERE AR, 30 F4RIHERT
FREMERI 2 . B B(a)skE, KT RSN RRE R4 TE 3 2 6 N H 2 (A, $LAl4n D1 % D14
FAE, UL BT R 2 RO ECh RS, B e RIS . S, H 2015 AT R
FA RS B 1E0R, JUHE D20, D21 5 D22, RAR R NR MK BT 2, SFE& T
HIPEIKE(I 5 AN H) o XRMLEIL HERN, BIE T RO 20 RRER s %, nlaes 2EkRg
T N EiR AR RS IADG . K 5(b)EoR 1 & AR AR AT . BEAA b, ANET R AV
ZR 3%, D21 A D22 { TSR 24.15%, HHN M S M; Heg D20 (21.96%). D1
(21.2%). D6 (19.77%)F1 D15 (19.68%), ¥JJ& T u ) s#emism AL s i T Rk fe . M52, D4, D11
LHARAEAAL 2%, BT RETR, FEEAR. 800 5@) 5K 50)rH, #Hay+2
FfF(n D20, D21, D22)E#s “KFrs: + JVEH” MEARHE, SOl AER KEIER LA RS
MR T T R RS R, (HEEMTE AU (W D1, D6), Tk B 7E R LA 473 P A
Wi TR IR REY R, EROERE TR xHE . MACkRE, BiGE TR 54 2O R, R,
Y KR EEH . JuH 2015 F 5 WM 2 NI T 2 H 4, REE X T2 XS RarE BT

30

DI D2 D3 D4 D5 D6 D7 D8 D9 DI10DI11DI2DI3 D14 D15 D16 D17 D18 D19 D20 D21 D22
TREf NS

Figure 5. Duration (a) and affected area (b) of the 22 drought events
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Figure 6. Spatial migration paths of the 22 typical drought events in Shaanxi Province from 1961 to 2024
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Figure 7. Characteristics of spatial migration changes for the 22 typical drought events in Shaanxi Province from 1961 to 2024
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