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Temporal and Spatial Evolution of Drought Disasters in Shanxi Province
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Abstract; Frequent droughts caused serious impacts on ecological resources and agricultural
development. In order to reveal the spatial and temporal evolution characteristics of drought in Shanxi
Province, based on the month-by-month meteorological data from 24 meteorological stations in Shanxi
Province from 1971 to 2020, the annual trends of each meteorological factor were examined by using the
improved Mann — Kendall method, and the FAO56 Penman — Monteith formula was used to calculate the

reference crop evapotranspiration (ET,) of reference crop emergence, analyze the characteristics of ET,
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and its sensitivity to meteorological factors under the changes of individual meteorological factors, and
compare the ability of different drought indices ( percentage of precipitation anomaly (Pa), standardized
precipitation index ( SPI ), and standardized precipitation evapotranspiration index ( SPEI)) in
monitoring drought hazards in Shanxi Province at various time scales ( monthly, seasonal, and annual
scales). The results showed that ET, was negatively correlated with relative humidity, and the sensitivity
of meteorological factors to ET, was in descending order of relative humidity, daily maximum
temperature, wind speed at 2 m, daily minimum temperature, daily average temperature, with a
fluctuating and decreasing trend of ET,. SPEI was able to reflect the drought condition of Shanxi Province
effectively in multiple time scales, which was an effective tool for drought monitoring in this region.
Comparing the three drought indices at monthly, seasonal and annual scales, Pa was less effective in
detecting droughts, SPI and SPEI differed significantly in some geographic regions, and overall, SPEI
performed better in detecting droughts in most regions; at the SPEI — 1 scale, the frequency of each
drought class in descending order was light drought (14.8% ), moderate drought (10.6% ), severe
drought (5.6% ), extreme drought (1.9% ), with the highest occurrence rate of drought in March
(34% ) and the lowest in December (31.8% ), and more severe drought conditions in Liiliang City,
Jinzhong City, and Datong City; under the SPEI — 3 scale, the frequency of seasonal drought, in
descending order, was in the fall (33.5% ), summer (32.5% ), spring (31.9% ), and winter
(31.4% ) , and Datong City, Changzhi City had the highest frequency of special drought and the most
serious drought, and Xinzhou City, Shuozhou City, and Liiliang City had the highest frequency of light,
moderate, and severe drought, respectively; at the SPEI — 12 scale, the frequencies of light, moderate,
severe, and special drought were 14.8% , 10.5% , 5.4% , and 2.3% , respectively, and SPEI — 12
recognized more sites with severe and special drought compared with SPEI —1 and SPEI —3, and based
on the travel theory, it was concluded that the frequency of drought in southern Shanxi Province was
higher than that of other provinces in China. It was concluded that the frequency of drought was more
frequent in the southern part of Shanxi Province, the drought in the eastern part lasted longer and the
severity of drought was greater, and the peak of drought mainly occurred in the northern and southern
parts of Shanxi Province. Due to the fluctuating decline of the mean annual precipitation and the overall
increase of the mean annual temperature, the climate in Shanxi Province tended to be warm and dry, the
drought in the southern and northern parts of Shanxi Province would be aggravated, the drought in the
central part of Shanxi Province would be slowed down, and the whole-area drought was still very possible.
Key words; drought index; drought characteristics; reference crop evapotranspiration; travel theory;

Shanxi Province

0 3|

IPCC 55 7S WAL e 25 48, 23k A8 2 /K E A
1.5 ~2.0C KT 252 m XS F/NFAR
W RS T R R B E A RS R RN T
R BRI T, 5 K ARSI R OR B i, HA ok
e R R M, mE A S AW AR R
G, TRV ML B Ak, LS AR R A
ANHEED S RE WAL R W, TRk, T
2 ~ 3 AR S e — U TR L R AN
AWK, AN H 25 [ IR 28 5 o ) AR ol A 7= S A
e F R, 38 25 1t oK 9% U5 4 i S WE AR R L v
DR A v 2 AN R A b L K R B AR
ONHR) AT, 1950—2021 4, 4 | [ 5252 9 i Bk
1.42 x10° hm® AR BB 1.16 x 107 t, TR K H#E A
13k 6.81 x10° A,

il 1

T AR BUR R AE T 5 0 bR, 2 G
AR QIR SV SNt I R RS TR AR VR S R
R, 82 Bk S, L8 MY KR 355 i 2
PR, DR 42 05 it 2 i o P ) T R 8 B AR K
WIXE, g 1 i+ 5 BF 58 S Jm e i T K B
It H 43 % ( Percentage of precipitation anomaly, Pa) |
My 2R IR T B 8 %0 ( Palmer drought severity index,
PDSI) | #5 #i 4k % 7K 35 %% ( Standardized precipitation
index , SPI) 4% 50 ZFh T 24550 . Horp SPL iy TR
A VTS fa] BRI ) RUBE R R B s AR AR AR R
&y s SR TR ) § P At 181 A S 1| 87 )
SPL 5 ArcGIS 414 1 H T 53 B 587 B I 28 49 A S
AR A B BAE R S e, JE R, VICENTE-
SERRANO 45" 1 i iy 45 o b B K 76 B 46 4K
( Standardized precipitation evapo-transpiration index,

SPED) % & T WK 5 2 H, AR B T PDSI SPI 5%



272 £~k

IR

2024 4

X S O, 32 B T IZ 9 6 . THA 25
i FH SPT 20 b7 1 ER AL Sy i T R0 25
s BB IR 20T ) R R E] R B9 SPTL SPEI Al
M 8 B0 P e Hb DX HE AT T A I, &5 2R 3 B, SPEI
T8 BRI FH B3 7K RN 78 J 31X R A 5% i 52 118 B B e o TR
2,00 PG Hb DX AR [R) I [ RS (T 5 2 AE B D B0 5
£ X 2015—2017 4F 55 AE 74 3544 ¢ KT 5 3514, ok
B4 ] SPTLSPET il SRT 45 30U 2448 1 43
R T RF e 2. AW T2 EN
PRI A [a) 7 366 T B4 155 0 R[], — S i 5, SPET 2y %
Fafge A A =, T R0 A4 RN ™ R R A W 2 R 0 H R
IR T 8 B T T M 0 R B 2 B TE 2%
SR E BB R TV I 2,
W) P ) 4 K, Sy T4 i A3 7 T R I 23 AR R AE L T
PDSI $8 BT 9 ~ 12 AN 3 RUEE (1 T 5 1) o e 4, A
I £ 22 I ) RBE B Pa 45 %, SPL 45 %R SPEI
fRE.

Aot X T I R A 2 3 e XU X S g
P SAGENE 55 DX, 5 A W A S 4, o Rl A
PR A A S A O R L AR
DX H 8 L PG A8 7 T AT i B R R AR R TR
A R T A A, 2 A 0 e S AR ) 0 3 RS G 0L
BT O N 4%, T B0 7Y 4 B K = TR
g B 12 i) b 18 43 A A LA 35 59 DT o 32 b X T
BB KA, TR0 R i 2 1078 2 2 0% Rk R
MEBHNEZ " HLHC TR %
FFRFRXT NPT R T 5 K SCT 5 Aol T2 5 it
AT TRRFE S e A S R R A BT R
(TVDD) 4307 T 1L 76 44 % 22 50, 4 1 R 450 )
Pa PDSI . Z 55k i T 5, 70 B 19 20 A [W] 48 £ 7E T
SRR R BE b b 25 A DA (AR A R AR A
P4 P TSR i T S 6 %, TR B2 4 0 3 T4 e
IKIGBOTEHAT IV A T Bk, HizJr k2%
KR A5 G e w2z LA R LA a4
HREHF MK S, 53 S HAEY I k& (ET,)
XA RGN T IR R B 4% S % T ET,
i 23 5 A LA L gE 3 A T 5448 % Pa SPI SPEL Xt
IPEE T RRCEWER S, Mt MK B3R T 5
WG DL J 2 ()4 A8 55 5 s e e il i g 1971 —
2020 A 5 55 B 23 B AR RRAE o

1 #W|EHE
1.1 ARBEE5HEE

PERCILPE 24 M EHARKRIFPHIILTRRIL
ViR AT o LV A R A e BRI S B
PEAL, S AEVERE O 198 ~3 061 m (& 1), KL 84

KA EASREIE M, TR Z H KR (P) A
X BE (R H o il (T,,,) B &R
(7o) 2 m b K (U,) A H S 2 H BRI R (n) 25,
oy o i R 0 5 A R RO D i R
1971—2020 4, %45 i 3¢ FE 78 58 58, W A7 A6 B 1R 1Y
WO FEAT SCIE % T 00 ol 00 A A0 A A (R AL B
ol e ad b RS REASR 1L VPE 45 1) 52 BRI K i, BES
J e L 74 4 I K R I 25 0 A LA

N

A

40°N

FEFE/m

38°N

& SZufini

— MR

36°N

50 100
—_—

110°E 112°E 114°E
U 7G4 Rl a5 o A B R S
Fig.1 Shanxi Province site distribution and

geographical information

1.2 SEEYBELEMHE
KA bR ME AL R Tz 52 9 FAO56 Penman —
Monteith (FAO56 — PM) A X355 2 B AE Y 5 & &,
THHE
900yU, (e, —e,)
T,.+273
A+y(1+0.340,)
L ET,——Z%EY & &, mm
A—"MFK S i &AL kPa/C
R,—— 1 i 4R 4t , M/ (m? - d)
C—— - 3P B MI/ (m’ - d)
y— BB AL kPa/C
T,.,—2 m 4 F R E, C
M FZK S kPa
FBRIK A kPa
1.3 EFSZEZTUNHERESH
t FAO56 — PM A 3K ] 1, [ T Mo 322 3 40 ifg
WA, L 6 ML W F R ET,, %5
BB H T (T oo T U, SRy n) 22 AL
ET 7 R 2 m, B HEA R N7 5 AR5 A5
PRI LA FHG AR, BoE & mEE R H T2
fE#a¥ (AT R0, £5% . £10% . £15% . +20% .
+25% . £30% ), T B 22 ET, % 85088 1 43 b i R

0.408A(R, - G) +

ET, = (1)

eS

e{l



%13

W & AURARAT ST LT G T T S AR AR 273

I . TR LT T, T T, T BEAT 6
fe AT H T, BT, o = BT, (1 - AT) 4 T 1E
HISIR,ET, ., =ET, (1 +AT),
L4 FRISHIHHE
L1 FRKBET F

K B 7T 45 Pa 50

1

P
Pa =——
P

x 100% (2)

X P —F i BREKE, mm
P——— I B [ 391 7 £ K, mm
1.4.2  fruifb K8 £ (SPD) i85
BEAS U A BES  IX DA T 4 [ R H R K =
FKIHETAHCA) 3 AH(F) M 12 A (4F) i
B8] )OBE 1) SPT, SPT [ 315895 2 B Gamma Hf 48 %%
JE MR G B 45 2 1 BE K BT 41 . Gamma (x)

_x“7]e7%
g<x)_,8“1”(x) (x>0) (3)
K« RS B—RESHK
I Gamma pE%§
o F1 B T BB SRR 18 B
p=" (4)
o
1+ /1—%
= (5)
_ 1 m!
Hrp A=lgP -—7 Z lgP! (6)

Rrh om0
P'——W K PP 4 ol T
Pl—— R 7K I 91 e A 35
H T2 (6) FAREE P =0 [, 1 52 b e 7k
BT 0, Rt 5 Y BAER Yy

H(x) =q+(1+q)6(x) (7)
Kb GO ——RBUER R
H () —— BB B A
K O I, MR g 4
9= (8)

X m——FKE N 0 B F A K
B H(x) IEZS AL BRI AT 4535 SPT

o+l + eyt
Cltd+d, +d,L )
Hr 24 H(x) <0.5 B, =sqrt(In(1/H (x))) ;4
H(x) >0.5 0, 1 1 - H(x) B H(x) ,JF HIRR AT
F. ¢, =2.515517,¢, =0.802 853,¢, =0.010 328,
d, =1.432788,d, =0.189 269,d, =0. 001 308,
1.4.3  HrAEALFEIK 75 95 20 (SPET)

H 56 R M Penman — Monteith B\ X155 2%
YEWIIE K i BT, BRI T8 T (2 FVAR I 1) RUBE (1 22
K58 (D, =P, - ET, ) ;R =201 Log —
logistic #3853 1 BRECN D #4791 #E AT IE 254k, 1
G )

SpI = —(z (9)

_ @ 17!
F(x)_[l+(x_y,) | (10)
o oW+ w
SPEL= - (w_l +dw+dw +d3w3) (11)
K F(w) W2 43 A bR AL
y' —Ai BB

Horb B FA D B AR p(D) =1 - F(x),
M p<0.5 0,0 =sqrt( =2In(p(D))); % p>0.5
WL -p (D) B# p(D),IFHBURAT S, ¢ =
2.515517,¢, = 0.802 853, ¢, = 0.010 328, d, =
1.432788,d, =0.189 269 ,d, =0. 001 308,

Pa SPI #il SPEI 3 4>+ R A58 + B 5 K50 2K
nE 1R,

%1 Pa SPI# SPEIHTFEER»ZE

Tab.1 Classification of drought levels for Pa, SPI and SPEI

THR»E FY Pu/% SPI SPEI
B i R FRE R ) 1
E# 0 > —40 > -25 > -15 (-0.5,0.5] (-0.5,0.5]
(=31 1 (-60, —40] (-50, -25] (-30, -15] (-1.0,-0.5] (-1.0,-0.5]
L 2 (-80, -60] (=70, -50] (-40, -30] (-1.5,-1.0] (-1.5,-1.0]
Gigs! 3 (-95, -80] (=80, -70] (-45, —40] (-2.0,-1.5] (-2.0,-1.5]
B R 4 < -95 < -80 < -45 <-2.0 <-2.0

L5 B&ESH Kendall(MK) J7 ¥ , 2 i 19 MK J5 2% 2% J& 1 B a] 7

1 T K SC R E] 3 5 A JE TR 70 A, A 4K
TBHKEE, N AR S B 0 15 o8 A, i,
A ST R HR 5 R T Bk E A9 AE 2 %0 Mann -

H v E A GE R R Y Mg iR Z KT 0 R,
FoRmEFINE LT EaR, 2 BTG, 4
| Z1 KT 1.65.1.96 2. 58 B, 35 7% 5] 6] 75 31) 1 i 34



274 &l #Hl

L

2024 4

PR o B A BN 90% \95% \99% 1) i PR 5 .
1.6 TEREEHHIRFNMRIE

) FE U R B O TR A A 12 A4S A s ] RUEE
(T SRR U AR B S R B X A —
g3, Horp T A (B AR T B R T T R I (R
X, M SPEI/NTF -1 i, AN %A o T 5 5
PRI 4, H 3 SPET KF 0 B IA iz T 5 1 45
o TRGEE YA TR ES T A G
(SPEI/NTF = 1) () J 0, - 52 7 3 it o R 4 BT A
ST BT 1R B 45 i 8 > 3 A2 (19 SPET 48 %)
i, F S0 F 2 5201 SPET f/ME ™

700 301

K& /mm

—— WLE - - -k

| e

2 HREHWH

2.1 1971—2020 EF5 & EHFRZLTHME

W TG4 & S5 0 ET, (4 15 18] 25 4k i [ 2 fr
N MAZRHFHATIREAL IS , 1T B RARL,
Bt B B) 3, R U, L HSF- Y H BB S 0 AH X
MEE R, BB E RS ke P RARETNREE
P EmEREE T, AR T, FOE R T, 5
BE LA, SHEY S K G BT 76 1L 7848 2
o, H 2 M a5 5 38 2 iy MK £ 56 45 SR AR
—%,

7.6r

74}
5 74’),
= 7.0}
=68}
T 6.6

T 64l

—— MLHE - - -

02l I - - sk
. . ) 6.0 L . . . |
1990 2000 2010 2020 1970 1980 1990 2000 2010 2020
Ef i fy
5-

—— WA - - - Bk

200 1 L 1 L Il 18
1970 1980 1990 2000 2010 2020 1970 1980
iy
681 18
661
sal 17r
IS &
< e2f <
b I 16
& 60 r
= b
™= L g
Z 8 15
56+
M e N - - - R l4r
52 - : : : ‘
1970 1980 1990 2000 2010 2020 1970 1980

10y
¢

TSR

Sl e TR - - - A

g

1990 2000 2010 2020
10 G20

1970 1980 1990 2000 2010 2020

1 . . )
1970 1980 1990 2000 2010 2020

1100

1050

—_

O [=3

I [=2

= [=]
T

SR KR /mm
=]
S

oo
W
(=)

[T —

5 il AN
1970 1980 1990 2000 2010 2020
L

B2 hpg 1971—2020 44 TR F T 5 ET, &Ll £

Fig.2 Change curves of meteorological factors and ET, in Shanxi Province from 1971 to 2020

2 LAESEZEAFSET NEERIBEER
Tab.2 Results of trend test of meteorological factors

and ET, in Shanxi Province

5 VA FER-TE
P 0.11 0.000 9
U, -2.08 -0.0547
n -2.08" ~0.0452
Ry -2.10 -0.0315
T ax 2.10" 0.0515
T i 2.02* 0.054 8
T,. 2.01°" 0.0522
ET, 1.11 0.0139

T = FRiE 5 95% 3 MK Y 3 R g

F D3 T LA Y P 4 45 3 S0 A PE AR T AT
INTTARTF B A IR B H 35 H B, HAb
B R W 32 R T L X R K FE i
O PGS HAl M X B R G A W
P 4 R K AR PR A S AR AR
S 249 45 R R A T 24 5 A R b 1) L a3
e, FSF 2 IR R b R R A B E Y
W6 2 4 W B 7E 678. 4 ~ 1 166 mm 2 fi] , K [ 7 | B 4%
HREE IR ET, 8w, T4 I IX ET, &/, HAlis
IX 43 A 45 J ¥4 5 o

B GTRET, fa 3R 3 23 18] 43 A B ol 4



W A4 ARASAL T BT P R T R AR AT 275

KR /mm
725.4

k- 382.4

" 9.2
0 50 .

mokm 44

© R/ (mes™)

R/ C

» AR %

66.0
-

o km 522

PP AR

R
20.2 ; 1169.0
050 ] 050 !
mokm 933 mo km 6784

K3 P 2 R WA ET, 1945 7 5 A

Fig.3 Spatial distribution of each meteorological factor and ET in Shanxi Province

Bgeit W 4 fe 3. v A —Fulimin P &L
THESH AR RE A T, T, 8 T, 2 —
ER ETHEREA 3 DA T, BAE R E TR
¥ B AW Uy, Ry on ZRERESE . T
ET i 7, 15 A uli il BA R A B 3,9 A3
{14 3l 5 A AR AR T DX R A R 1 AN [ s

|
:

v RETH
0 50 v RBETH
mokm A RREE R

(a) Bk (b) K&

A RE LT
5 v RBETE
mokm A REE T

(e) HF-4 H Bt () BT

5 v REETH
mokm A REE R

05 v ARRETH
mokm A REE BT

Moy (JUH P FIET,) #8235 0 Pa SPT I SPEI (1
B 25 4% SR o

Bl 5 R — S HFBA T ET, 101G,
W PG4 4E 45 BT, 967. 41 mm  fi U, . T.. . T. . n
T, N —30% 351 5] 30% , %f i 4% 1% 5 8 95

s v AN EE T
mokm 4 REFE ETF
() VIR

5 v ARBE T
mokm o RNEE BT
(d) FRXHEE

v BE T

A BE LT

0 50 v RBETH
mokm A REFE ET
(h) ZHE{EY K&

50 VARRETE
mokm A R EFE T
() FeEIR

Bl 4 2R R ET, 8 35 8] 23 A

Fig.4 Spatial distribution of trends in each meteorological factor and ET,



276 & o Bl B ¥ i

2024 4

xR3 BESEFMET HHEB R SH5IT
Tab.3 Trend and site number statistics of each

meteorological factor and ET,

R p U T, Ry n T, T. ETp
BFE LT 1 0 12 0 0 13 18 1
REZELF 14 3 12 4 1 9 6 8
REZTFRK 8 16 0 12 11 2 0 14

BETFH 1 5 0 8§ 120 0 1
1100} . P
£ ‘ w
E .
i ) i
jﬁ4§100(>- A - /;,’/://:)r e
N w—*’_"‘;,%’k'
% 900 — ~
@ ey — AR
s00l PR E - BEAIR
+H%21QEHHET’!?SI ~ AR
—30 —25 —20 15 10 —5 0 ,% 1‘0 1‘5 2‘0 L;S 50

A%
K5 BASLHETFAELTMWET,,,

Fig.5 ET, ,; for changes in single meteorological factor

i 1163.68 mm J& /3| 767. 86 mm , & 11 4 56 , HiAth
S F X ET, B BUE P KB /NR T, U, on
T T s BIETEAR G
2.2 WLWEE TR ETLEE
2.2.1  A[a) A ROBE -+ B 5 B

M4 GB/T 20481—2017( K % T 544 ) v L
FE MR A o, o i B A 2 AR A ] RUBE Y PA
SPI il SPEI, [L# 48 H7 1L 548 1971—2020 4F T 54114
I [F] 38 A2 MR A, A 6 BT o

AS[RIEE] R BE R Pa  SPT F1 SPET (1) 508 14 B i+
B) A8 fb A d 35 22 5, B i) RUBE /)N, T S48 B0 b i
Ao WPEAE B EA AR LR U, AR 4l L v
BHAR SR EHNK, 19721978 1986 1991
1994 1995 1997 .1999 2001 ,2005 ,2007 2013 ,2019
SRR AT Mo TR F . Pa SPL I SPEL 78 4F R
R R AR — B, 7E Dy S A e T 5 AR 19721986
1991 1997 1999 2001 4F 3¢ ¥ Je A< — 3, 7F 1994 |
1995 2005 4F 3K 9L AL 55 , 7F 2007 2013 4F 45 £k 9
PIRe 2% 4 1978 2019 4 (1) [y 52 A g 1 5+ SPET 3%
AR T Pa SPI, SR, SPEI R BRI MR -
2.2.2 A[EIEERPETS SPEL 48 41 B4R 43 By

iz JH wf ] RUEE SPET(SPEL — 1) X 1l i 45 + 5
AT A BT, LT AP, PS4 1971—2020 4F 1—12
Ak A+ 5 6 83 58 0 2 33.3% ., 33.4% |
34.0% .33.9% .31.9% .31.9% .33.7% .32.5% .
32.7% 33.2% 32.4% 31.8% ; Horp % i 2
OER FRR AR S 5 R 14.8% (10.6% |
5.6% .1.9% ;10 A KRR RS, R 16.1% ,

WMWWWW”W MM}M'“MW"”PUMM‘WWW

1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020
\

(a) ARJE
—SPI —SPEI

i

b

Fit

SPI.SPEIL

1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020
&30
(b) R
FRHEM —SPI —SPEI —Pa

445
130
NS
i) P
H-15 &
1-30
445
1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 "020
Ay
(e) R

F6 1971—2020 4F L1 P4 48 A [R] i [a] ROBE
SPEI ZZ 4k iih £k
Fig. 6 Variation curves of Pa, SPI and SPEI at different

SPI.SPEL
a/%

Pa SPI #1

time scales in Shanxi Province, 1971—2020

401

22: “"'

101

A%

OF

10-

20F

30F

m\s

RE WHE BEE BFE
7 1971—2020 4 111 P4 45 K [6] B[] )L SPET A [8]
R T B R AR
Fig.7 Frequency of droughts of different classes in SPEI

40+

at different time scales in Shanxi Province, 1971—2020

4—7 A kv H R AR, 5 H R A R
R, 8 12.5% ,7 H kA R CR 5, ik
T% 12 H KRR RIR S, R 3.3%

iz FH 25 if [a) ROBE SPEI (SPEI — 3) X 1L 7§ 44
19712020 4545 B4 DU 2 1)+ 5245 Bl ik 15 50 47,
GERRW KT HFE EFMEERAETREHE

W &A%, 4 Bl 33.5% . 32.5% . 31.9% Al
31.4% ., £, % b &\ FFEMES BN 12.2% |
11.0% 5.8% .2.9% ; H 7= 4% b K 50K 5

A 15.4% 10.3% . 4.7% 2. 1% ; Bk Z=, &



%13

WET A AUBRASAETT ST TG G TR S I AR R 277

OB RAER AN 15.0% 11.2% 5.3% 2. 1% ;
L g o E R R R0 13.3% \9. 6% |
4.8% 3.1% ,

iz F A i ] RUBEE SPEL(SPEL — 12) X 1l 75 44
19712020 4F (1) F 528 B AT o047, T 52 & A 00 R
H33% , 8o LRE R MR 0 14.8% |
10.5% 5.4% 2.3% .
2.3 LWAEETFETETHESE
2.3.1 TEzs[EsrAm A

R ERGE PG4 23 ) T AR ARRAE , B AreGIS
10. 6 X AN [m] B[] )R 4% 3 o5 SR A0 R FE AT 4 18, 40
K8 iR o SPEL—1 RUE T, i 548 K [ 7 vh 3 I
U AR B T R A AR A L IR B 16% L) b
ERAE T R B I vy G R R AR R, ik F) 12%
D ¥ o N N N O o = |
6.5% L 1= 5 5 5 A6 T 0N P & AR O R A, 1k E

BE

>

LEg

. 24.0

7R ' e

%

2 . 16.0

3.2% . SPEL -3 JUJE T, B 5 3 2R A 1 M P
B CE PG ES L IR E 18% LA b s b B AR A AR M
o E AR, IR F 13% DL L5 B R AR B 5 A U
iR AR, 58] 8% LU Iy e B E KT K
AT A AR w88 4% . SPEI-12 JRUE T, 52
5B A AR W N T ORI ¥y T, I8 F) 20% LA L
P EZR AL P, A B 16% s H R
DAY 2ok i AN N NN R el < P e | o
YR AN K IR #, G5 B 8% LA L A 5 AE R A AR
(NS R PN SN TP I S N R N e
AR PR ST 23 M DX A AR R e v L IR ] 4% 5 06
AR P ) )RR B R ] — 5 28 2 1 4 gl 00
R FE#K ,SPET — 12 #4% SPEI — 1 1 SPEI -3 iR
PR R A2, 5008 8.7 A4, B R W T
SR IERVVS s i O i A AN VTP I EI N i e R

E % B#I%

. 10.0 . 4.0

2.0 . I km 0
mE bR

(¢) SPEI-12
El 8  1971—2020 4F Ly 74 45 AN W) i [8] ] BE SPET —+ 5 45 4 % A 4 %

Fig.8 Frequency of occurrence of SPEI drought classes at different time scales in Shanxi Province, 1971—2020



278 & o Bl B ¥ i

2024 4

2.3.2  AS[A) (] ROBE A AR AR 523 (6] 43 AT
PG4 24 A3 s AS TRV R) RS+ 228k
Bp R WE(H A B4 DA BRORZESR, W
KO JrR o B Ta) RUBE BN, - SRR B %6, + 52 77
AR, T R R I, T R R, A BT
Sy AR R 2 RN T R S RS AN
(] Fsf ] RLJEE #1523 0 S A vy b 1) g 328 98, SPET — 1
FUBETR i 3 77 AR 3T 2 Al i T R oK, A
80 YK, 7E T JM T 7R &8 T 5 Ll M DX 3k B e IR {E , Ky 52
W,SPEL =3 RUEETF iz Ik T Wk & K, 47 Ik,
FENT N T ZR 58 0 Ll b X3k B S AIRE, O 26 1K,
SPEI— 12 RUEETF , & 3l T Sk e K, o 17 ],
FEAT M T 25 38 & Ll H X ok 2 B IR, R 3 IR,
SPEI—1 RUEET &3 + 5 i e KL 38 31 176 A~

TR A

. 176
0 50

mo km 143

(a) SPEI-1

¥R A

n

o km 154

(b) SPEL-3

FERWER

LN

m km 13

PR/

217
0 50 l

w0 km 148

(¢) SPEI-12

H ;SPEI-3 5 SPEI—12 RUEE T, T 5 5 i ¢ 7% 7] 7Y
U SPEL— 1 RS A7 8 ANl s ik 5] 190 4~ H LU
I, 13 A4uf ks 180 A~ H UL L, EE A 46 1L vy
A4 B TR R AT 180 AN B AE I U T 2 A ik
SR AT PSR 1 ANk A SPEL -3 RETR 4 2
AN AR E] 200 A4S H R E RN AR ARSI
F 190 AN H 1 3k o5 8 M T P R A I e T A
SPEI-12 RE T, T R HEEA T B KIGTH
Sl AR B i R R I U, R T N T P A K )
ARABIR BN AL, A B ERE T 2 EESAE AN
[, SPET— 1 RUEEN , T 5L {H 7 5 5% 1 F0 M 7 3k
F 4 DL L5 SPEL =3 RUEEF, 5 0 E 7 M 71 A1k
[ ks 3.5 DL s SPEL— 12 REER, iz i filk
FTisE 3 Lk,

N

S TR

. 3.63

m km 2.35

FRTERE

. 229

m km 186

B9 1971—2020 4l 7G4 A [ i ) RORE 52 085 D i ™ o A D

Fig.9 Number, duration, severity, and peak value of droughts at different time scales of SPEI in Shanxi Province, 1971—2020

2.4 SPEI-12 RET SPEI Z5{k S
M 10a 7] LIE H, 7548 SPEL Y2878 45 & A
fE 1972 4E W B 1972 S BT 514k, |

T A AR ER UG IR AR 2 R R, TR
SR L BRI B B A RO T R S B AP I I 3
P 10b S 1l o4 48 4 ] SPET i #5425 (8] 73 A1



%13

W & AURARAT ST LT G T T S AR AR 279

--0.052 &K
— [ HIMKSg i &
— [AEMKSE i

D W
T

- o =
=
L>
<>§
=

|
[ =
T

MK# it

- RBE T

|
]

1975 1985 1995 2005 2015 { -

FEf - iy = ENTE A
(a) BHITHT (b) AL o s

Bl 10 SPET - 12 UK T SPET i #4 35 Fl 22 {6 105 A1
Fig. 10 Trend and change point distribution of SPEI
at SPEI —12 scale

A 12 A>ufi 53 SPEL A R R %, 2 24R sp AR Ll gy
AR (B BT ORI G P RYA T L 12 Al
A LTS WP R A AL X s 2

3 it

WP ET A2 AR B2 XL N 25 6 1E
P B S5 S o AR SOl i BURE 2 47 I ET, 75
HWILVE A RN F X ET, 5 808 K28R R R
Ry T Uy n T T 3 TIPSR UL, R, 5
ET () E2SL ¥, H R A G, AR LN
EOEARSE, B B ET, B TR X — 45 T fE
T 0 B E TR ET, TR, R B3 i
sk IR U, B3 F R, S K 2 T 1 E )
REEAL, GBS 1 0 2R B R A S, 6 ET, T
W' SRTT R, R M, 25U AR R = Y
HRAEZE IR, AL B K ZE A 5 m SN HL, A5
ET 8 m W T, T, T 3 b 75 ET, 5
KRS ETy Tt LIU %5 7 4 b S S F
i R EEH BT, Wi EE A4 W T, KANG
a2 BT, 18 Ak B th T K47 R, A0 U,
(A, T S7 3C A )T BTk R kA9 Ll P Ay
ET, B Ry, 5975 fb 5 OB, 5297040 56, X 7 4%
BN T I S AT ARG N T4 ET, (91
N, GARSCEE R —3, tAk, A HAL AT IE R i
AR ET, 6K &5,

WP BEKE P OERIE T, ERL WIS
ZAEYE kB ET, A8 4k, ¥ & 52 T 548 2L Pa,
SPL i1 SPEI (R} 25 3 A = o i A ROEE M 1 A4~ H
FETHE) 12 A B, T 548 B U 3R ok AL H, I
&L SPI Al SPET 14 4% 4k #4 i B — 3 AR, 12 4>
it [a] R B, Pa SPL il SPEL f 1510 4% 4 15 52 Bk
1% B0 AR — B {0 SPET 50KS 8 b 5000 ) 1978 ,2019
AE BT R, SPET 5 %5 W I A5 B A | Bk AE &t
] )L A RO L P SR . FE SPET -1
RUBE b, 5 & AR W 00 2 ol v BG4 3 o e 52 orp

BUER R FENERT 2R A RS ]G
PERCHR 3 H T 50 e K, 4—T7 H i 5 Ry B3
B X5 CAT 2% 7 o [/ 0 3 i F 7 205 L e AR —
B, (VG4 AR T R O AR T R A A
PUILHR, 5T R AR A Y E  fE SPET -3 R [+,
ZEFR LT T 4 T A SO L, B T R o
BOHREESR KRG REFMATE, R it
FER A T ", T S A A AE TS AL X, AE
SPEI—12 REET, TREMPRERENF, M+ 5
W AR EAE T Sy W AR e AL W v, 5
XU 2 I\ N 117G 45 P b 517 5 Ok % 2 A B 5 45
A AT REH T HALE T 28 Ak 75 ET RIWE1E 2%
i PET, R F B HMARHNE, WA —E R
PR o

WAE 1L VS ZAE R B AR R T 248 50w
If 25 AR Ak S 3 S T T AL A IR K B I
s Sl B b AR R R R R R BOR TR
UL HEA 21 LSk RORFFEL T B K R AR AR
W, TR EMRE  FpLl it a) Fn 50 3 B 244 38 n
a3 — A S BRSO [ G T X
B — 0, M8 P 4 K F Il 5k, 19721986 ,1997
AEINTEE B R AE T kTR, T 5 5 mm v i
5 5 SRS, AR R ATY A AR K AT Re A A Ak A Bl v T
B BRIEBIRRAERES Z /W EAA X, FEAEA1E
OUT AT R B A R B, R 2 4 1 % R
ELEAISE S0 SN (0] -1

4 it

(D) FUBRAE AT 45 R LA 2 B
RIAE 1971—2020 4ERM A5 R, B AL, AL
KXt ET, (09 GO KR BMKIRN Ry (T, U, .
n T, T, ET, 25 ETE,

(2) Pa JFRRIE , 45 B0, (0% 48 b5 5T B K =
S A A R M, R e LA AR 5 5 5 SPL
FE RO A B T B S A X 25 Bk B 5, A X T
SPEI 5 22 , 3 T R K M ZE ¥ & (1 SPEL BE#% 55 R 7
Mo B 1.3 12 A F T RARALAEE , B 78 22 i ] )
A R W P A RR A, RS IR X R
TR BRAR Y T H

(3) LA SPEL Wil 15 & 4 i, SPEL - 1 RUE R, 4%
TRER R A FRKI/MRR MR (14.8% ) |
HE(10.6% ) HF(5.6% ) FF5F(1.9% ) ,3 T
BRAEREE, N 34%,12 A REREMK, N
31.8% , BT P R IR T R SR R R
SPEI -3 JUFEE N, 245 & A T 5000 %l K 3 /iR ik
R (33.5% ) HF(32.5% ) HFEFE(31.9% ) &



280

PSS A1 M | = O 14 2024 4

F(31.4% ), RFEW KA TR R R AEPCRE R, T ER(5.4%) FFF(2.3% ), 2 T ol 5 T 5200 A
T OB B e I T R AR B R WA ENEAR LA B R Tl e, B AL X
PR F R s SPET — 12 RUE R, & TR EFOR AW PR A BTN, ol XS A Prsl 22 , 4 Bt -+
R REMEK 5 (14.8% ) P E(10.5% ) . FUARKATEE.

[2]

[3]

[4]

[8]

[9]

[12]

[13]

[14]

z £ x #

KIKSTRA J S, NICHOLLS Z R J, SMITH C J, et al. The IPCC Sixth Assessment Report WGIII climate assessment of mitigation
pathways: from emissions to global temperatures[ J]. Geoscientific Model Development, 2022, 15(24) : 9075 —9109.
SMITH W N, GRANT B B, DESJARDINS R L, et al. Assessing the effects of climate change on crop production and GHG
emissions in Canada[ J]. Agriculture, Ecosystems & Environment, 2013, 179 139 - 150.
NEETI N, ARUNM C M, CHOWDARY V M, et al. Integrated meteorological drought monitoring framework using multi-sensor
and multi-temporal earth observation datasets and machine learning algorithms: a case study of central India[ J]. Journal of
Hydrology, 2021, 601, 126638.
FHW, e BARETRETRERENEGG X [T]. HEAKF, 2010(7):4-7, 3.
WENG Baisha, YAN Denghua. Reflections on integrated coping strategies for drought in China in changing environment[ J].
China Water, 2010(7); 4 —=7,3. (in Chinese)
(o E KRR FEB AR S . (b ER R ICHE B AR 2021 ) [J]. P EBHSTR, 2022, 32(9): 38 -45.
Compilation Ground of China Flood and Drought Disaster Prevention Bulletin. Summary of China flood and drought disaster
prevention bulletin 2021[J]. China Flood and Drought Management, 2022, 32(9) . 38 —45. (in Chinese)
KIF. RERTRISBAFEHER[T]. WAL FM, 2022, 33(5) : 513 -526.
SONG Yanling. Global research progress of drought indices[J]. Journal of Applied Meteorological Science, 2022, 33(5) : 513 -
526. (in Chinese)
PR, AR, ST M XA [a) i ) RUBE 52 5 e s A B AR AR R R S [ T] . W BRHE K 2 4i, 2014, 33(1) : 68 - 73.
SHAO Jin, LI Yi. Spatiotemporal distribution and variation of drought and waterlog at different time scales in Xinjiang[ J].
Journal of Irrigation and Drainage, 2014, 33(1); 68 =73. (in Chinese)
VICENTE-SERRANO S M, BEGUERIA S, LOPEZ-MORENO J 1. A multiscalar drought index sensitive to global warming:; the
standardized precipitation evapotranspiration index[ J]. Journal of Climate, 2010, 23(7): 1696 —1718.
JHA S, SEHGAL V, RAGHAVA R. Spatio-temporal trends of standardized precipitation index for meteorological drought
analysis across agroclimatic zones of India[ J/OL]. Nature Precedings, 2011(6). https: // doi. org/10. 1038/npre. 2011. 5922.
1.
ROt , ERXY), FEM, F. =R T ERES VX EESH ], mEAL, 2014, 33(3) : 686 - 697.
XIONG Guangjie, WANG Shigong, LI Chongyin, et al. Applicability of three drought indices to southwest China[ J]. Plateau
Meteorology, 2014, 33(3) . 686 —697. (in Chinese)
K, PhEE. 2015—2017 AE g A VE AR T R AR 28 FRAE 50T [T b aRBF 32, 2023, 38(5) : 493 -504.
ZHANG Xiang, SUN Wen. Spatial and temporal characteristics of the urban drought in Western Cape, South Africa, from
2015 to 2017[ J]. Advances in Earth Science, 2023, 38(5) : 493 —504. (in Chinese)
LEEM H, IM E S, BAE D H. A comparative assessment of climate change impacts on drought over Korea based on multiple
climate projections and multiple drought indices[ J]. Climate Dynamics, 2019, 53 (1) : 389 —404.
W, XVHENS, dkAuE, S ARl DO SRS RAE Y AR K IR AT S LT ] R AL AL, 2021, 39(5) : 3 -8.
LI Yanmeng, LIU Haipeng, ZHANG Dongfeng, et al. Effects of extreme climate events on crop growth in North China[J].
Seed Science and Technology, 2021, 39(5): 3 -8. (in Chinese)
FRAP U, A=B]. AL T SPL B LU VY 45 G 55 4R WK F I A AR RRAE LT Ll P W e R A e Al ( A AR BRI L 2016,
30(1): 109 - 116.
ZHANG Yafeng, LI Ming. Evolution of spatiotemporal characteristics of flood and drought in Shanxi Province for recent 50
years—an SPI-based analysis[ J]. Journal of Shanxi Normal University ( Natural Science Edition) , 2016, 30(1): 109 — 116.
(in Chinese)
FKANAE, FEAF, XUMRAZ. PG AR AR IR 5 B R FEBA M T]. TRXEIRSHE, 2013, 27(5) : 120 - 125.
ZHANG Lihua, YAN Junping, LIU Lishan. Climate change and drought and flood disasters trend in Shanxi[ J]. Journal of
Arid Land Resources and Environment, 2013, 27(5) : 120 —125. (in Chinese)
BREA, EEE, a2, . IR FEREREATEI]. WPuRg, 2004(1) ;18 -21.
LI Zhicai, YAN Guanhua, ZHANG Ruilan, et al. Research of drought and waterlogged index in summer of Shanxi[ J]. Shanxi
Meteorological Quarterly, 2004(1): 18 —=21. (in Chinese)
HOBT A, SR, LT ILPE4 1997 3 2001 4F 28 FAR R M [J]. PR A B, 2002(2) - 72 - 74.
TIAN Xinsheng, GAO Huizhen, WANG Xiaoyu. Analysis of continuous drought from 1997 to 2001 in Shanxi[ J]. Shanxi
Hydrotechnics,2002(2) ; 72 =74. (in Chinese)
B, AR, BEANE, . (P E SR RN SRR T]. T E R, 2020, 36(29) : 126 - 131.
HE Peng, XU Lishuai, BI Rutian, et al. Spatial and temporal characteristics of spring drought in Shanxi [ J]. China
Agricultural Bulletin, 2020, 36(29): 126 —131. (in Chinese)
BN, HELR, BEE, 5. ST REEIELE T2 Py E [ T]. &A%, 2011, 30(5) : 1406 - 1414.
YANG Shigang, YANG Debao, ZHAO Guixiang, et al. Comparison of three drought indices in drought of Shanxi Province[ J].



W & AURARAT ST LT G T T S AR AR 281

[34]

[40]

[41]

Highland Meteorology, 2011, 30(5) : 1406 — 1414. (in Chinese)

HEZ, RkH, BEAE, & ETEBRGT RN LN RESIT]. TRRIBAL, 2016, 39(4): 721 -729.
TIAN Guozhen, WU Yongli, LIANG Yachun, et al. Drought monitoring and timeliness based on evapotranspiration model[ J].
Geography of Arid Regions, 2016, 39(4) . 721 —=729. (in Chinese)

rhAe N R R R 55T B A B A SR, R E AR E R R . AR TR 59 GB/T 20481—2017[S]. b
A H E BR O H RRAL L2017

HAMED K H, RAO A R. A modified Mann — Kendall trend test for autocorrelated data[ J]. Journal of Hydrology, 1998,
204(1): 182 -196.

YEVJEVICH V. An objective approach to definitions and investigations of continental hydrologic droughts[J]. Journal of
Hydrology, 1969, 7(3) . 353.

MONTASERI M, AMIRATAEE B. Comprehensive stochastic assessment of meteorological drought indices[ J]. International
Journal of Climatology, 2017, 37(2): 998 —1013.

YAO Ning, LI Linchao, FENG Puyu, et al. Projections of drought characteristics in China based on a standardized
precipitation and evapotranspiration index and multiple GCMs[ J]. Science of the Total Environment,2020,704( C) : 135245.
I, AW, AL T I RGO — PRI R T (1] T EAR =R, 2016, 32(7) : 168 - 173.
ZHANG Hui, CHENG Yongming, YANG Meihong. Homogeneity analysis of historical meteorological data and climate change
tendency at Wutai Mountain[ J]. Chinese Agricultural Science Bulletin, 2016, 32(7) : 168 —173. (in Chinese)

XYPRA. P SRR REFHNE(—)[T]. %, 2007(3) : 41 -42, 61.

LI Zhengquan, SONG Lili, MA Hao, et al. Observed surface wind speed declining induced by urbanization in East China[ J].
Climate Dynamics, 2018, 50(3 -4) . 735 —-749.

TEH C B S. Introduction to mathematical modeling of crop growth: how the equations are derived and assembled into a
computer program[ M]. Boca Raton: BrownWalker Press, 2006.

MANFREDA S, PIZZOLLA T, CAYLOR K K. Modelling vegetation patterns in semiarid environments [ J |. Procedia
Environmental Sciences, 2013, 19; 168 —177.

LIU Yujie, CHEN Jie, PAN Tao. Analysis of changes in reference evapotranspiration, pan evaporation, and actual
evapolranspiration and their influencing factors in the North China plain during 1998—2005[J]. Earth and Space Science,
2019, 6(8): 1366 - 1377.

KANG Tingting, LI Zeng, GAO Yunchun. Spatiotemporal variations of reference evapotranspiration and its determining
climatic factors in the Taihang mountains, China[ J]. Water, 2021, 13(21) . 3145.

M3, T, K, SF. 1961—2018 4F 11 74 44 1% 75 28 Bl AR AR Re AR KOs H [T ], UK s B JRRE 2%, 2020, 38(2):
18 -21.

XING Liwen, CUI Ningbo, GUAN Jing, et al. Variation characteristics and causes of potential evapotranspiration in Shanxi
Province from 1961 to 2018[ J]. Water Resources and Power, 2020, 38(2): 18 —21. (in Chinese)

XA, A, XS, AF. LS KGR 55 4R S B AEY AR B I AR R ARAE R BB R R A AT [T ] WE B HEK 2
i, 2012, 31(5): 26 -30.

LIU Guangdong, LI Yan, LIU Haijun, et al. Changing trend of reference crop evapotranspiration and Its dominated
meteorological variables in Shanxi Province in the past 55 years[ J]. Journal of Trrigation and Drainage, 2012, 31(5); 26 —
30. (in Chinese)

QI Peng, ZHANG Guangxin, WU Yanfeng, et al. Spatiotemporal changes of reference evapotranspiration in the highest-latitude
region of China[ J]. Water, 2017, 9(7) . 493.

LIU Wei, YANG Linshan, ZHU Meng, et al. Effect of elevation on variation in reference evapotranspiration under climate
change in Northwest China[ J]. Sustainability, 2021, 13(18): 10151.

FRW, EI, KR, . SR T BB EAL TS A0S M R 2 R R E AR [T ] SRR, 2020, 39(3) : 628 - 640.
WANG Suping, WANG Jinsong, ZHANG Qiang, et al. Applicability evaluation of drought indices in Northern China and the
reasons for their differences[ J]. Plateau Meteorology, 2020, 39(3) : 628 - 640. (in Chinese)

CAI Xiuhu, ZHANG Wengqian, FANG Xiaoyi, et al. Identification of regional drought processes in North China using MCI
analysis[ J]. Land, 2021, 10(12) . 1390.

BWLL. VG4 A T T 2 AR MR R TSR (D] R R TR 2%, 2015.

LI Lihong. Remote sensing research on spatial-temporal variations of agricultural drought in Shanxi[ D]. Taiyuan; Taiyuan
University of Technology, 2015. (in Chinese)

XU Yuanyuan, CHEN Yuxin, YANG Weilai, et al. Drought in Shanxi Province based on remote sensing drought index analysis
of spatial and temporal variation characteristics[ J]. Atmosphere,2023,14(5) : 50799.

A EE, R, skAA, & hEJE DT S TR AR e T R AR R AR [ T] . AEARSR, 2018, 38(6) : 1908 - 1919.
HU Ziying, ZHOU Junju, ZHANG Lili, et al. Climate dry-wet change and drought evolution characteristics of different dry-wet
areas in Northern China[J]. Acta Ecologica Sinica, 2018, 38(6): 1908 —1919. (in Chinese)

HABIE. =R T B8 BE SN A A0l T R0 5 43 S 0F 5 b i@ PR3 A (D] SRR SN R, 2021,

XIA Chuanhua. Three drought indices in Guizhou Province’s agriculture applicability analysis in the study of drought spatio-
temporal differentiation[ D]. Guiyang: Guizhou Normal University, 2021. (in Chinese)

A, Bt tes , FARER A B IR XA HON A T 5028 20 A ke iR 20 A [T ] AR HLBE 241 ,2023,54(2) 2311 - 320.
ZHENG Jian, BAO Tingting, WANG Chunxia, et al. Spatial and temporal distribution characteristic of drought in Gansu
Province considering climate zoning[ J]. Transactions of the Chinese Society for Agricultural Machinery, 2023, 54(2) . 311 -
320. (in Chinese)



