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FEHHIHE 7T OB — R, ARSI AR
TR R, MR SPI #5404, SPEI fe¥i/eE et
PIERBEIEH, HEXMRERETERE, dFEK
. ORBAEFM. A RESZERERT 22085
TERBEAT A BOPEAG FISRAE; FHMEII et A
BT PA Fa %, SPI 634025, SPEI $E¥U{E & Z3d MR AE,
X HEZ T SPEL FREUN Bk BB &, T 2 Rk
SPEI $5 % i& FH 14 B 9

% F SPEI #8815 /772 % K ] Thornthwaite 232X
(SPEL_TW #£%0) LA Penman-Monteith A3, (SPEI_PM
BH0 o &40 SPEI 54 5775 K H Thornthwaite 2255
A RAG BB ZEBUE (BT, _TW), #f— 21+ ) SPEI TW
E#. SPEI TW Fr¥UE A TIRIEX, X2 XATF
X G SR R i 227, X T SPEL TW fe it 5t
RS R TIRFEERIBKE, A %585 250 K.
s, fERE . BEESREE, DR, FEEER
R R, (ERBRARRENYE & SRR B%
SEUSIRIT 98 45 L W, SPEL TW 5500t /K 0 BEURK FE fh
m, WMTRMRIE ARG, HXAFETRENRET
54 i 2 « % F Penman-Monteith 2 2t 508 78 26 B0
(ETo, PM) , >Rt SPEI PM f&%, XFh 5 iErE#s /it X
MZEATH B IR, BEAE. SPELPM FREUMTH
RO AR I TR KR, UK RBRR, 258
SPEI PM e £ fH At . Klth, HFoZd—L oW
SPEI_TW #6545 SPEI_PM #& % 7F X I A1 Z= 75 b (1) 3&
ERE

TR RAED T ARG A AR, £ FH
B, Thomthwaite 23 3P & Penman-Monteith 2
KRB ERBEYT KR, PR T 5
FIGEFPEE —Em . N, ARSI HEY R
(Ke) » ME T AKERBEBAERZBE (ET,_TW.
ET, PM) , T8 HIETAEY RS0 511 SPEL K, I
5T SPEI K¢ f8EU AL T RANE-H Tk (FE) A
TR R AT 8T, L IX R A AR T
PRI AK IS .

1 #RE7AZE

1.1 HREERSEIEFRE

6T TR R T JEOAL T B AR5, 114°~121°E.
32°~40°N, BHFEILEH . REH. WIbE. LWRA. W\
A S AMETIX, SBHEHEBLE 1.3 12 .

A 8daka THER SRR Z RS M F
]t T S R HAE s 45 (http:/data.cma.cn/) , (3
LA TR TR A R IESWMATITIE. &
FRAEALT I FOK-Z /N EFEX 48 N EA 1961—2017
F SE BN ] 7 4105 H AR R BORHT & SAE A el o, J
AT SAET (L. . H, BRE) , 1. BT
SAEFIRER I ZE S, IR KN 3 MEX, 2002
FEFEMX (TX) , HE5M 17 MR WRFS
X CITXD , FL53A0 15 AR5 WX (X0
LA 16 AN RIE A
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Fig.1 Study area and distribution of 48 meteorological stations

7 52 5 9 FE SRR T RO AR G 9k A R AE 2
P54 (http://data.cma.cn) , BFECN 1991 4 9 H—2015
12 H, HEERYE 1991 F Lok A E LS LN &
uli AR B RO R R AR R R AR F
1.2 MiRAZE
1.2.1 AREERHBEGTEFT &

1) K Thornthwaite 75 % it & & £ & B &
(ETy TW) :

ET, TW = 16K(1077;j (DO

AH ET, TW AHEBERNE, m/A; T8 AT
iR, C; K NBIER¥G H NESESESR, |12 4MH
H H TR FR 5 hy B 3

12
H=) "h (2)
T
ho= (= 1514 (3)
'(ﬂ
a 7&H H RER R
a=6.75x107 H> -7.71x10° H* + ”
1.79%107% H +0.492
K 1 H 03 7 B2 1R
K:[ﬁ)(wj (5)
120 30

A N AR KH 2, h; NDM ONEREH 1REL d.
2) XM Penman-Monteith J5 % i+ B 7E X &=
(ET, PM)
FAO Penman-Monteith /7% 3¢ /It T Thornthwaite 7777
I, THEALWF:

0.4084(R, ~G)+y

900
U _
T30 (& %)%)

A+y(1+0.34U,)
A ETo PM B /EZE R, mm/d; A AMEAKEE-E
FEHZRIRIE, kPa/C; R, ANHLERFHES, MI/(m*d); G
RNAEHGEE, MJ/(m*d), fEZHK 10d RE FHHE ET,
i, EERGEE AN, PTLAZBEAE T H S
B, C; Uy B2m EEARIE, m/is; e AMAIKIEE,
kPa; e, NEFR/AKIRE, kPa; y NTIEREE, kPa/C.
KH FAO AR 10 m 5 b (1T 1 K #4 ey

ET, PM =
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2 m = AP 3 X R :
U, =0.748U,, D 2

X Uio 9 10 m i FEAE KGERLIME , m/s.

3) FETAEY R Bk SPEI Ke

HI LA ETc AR B BT, PM B R BOR & -

ET.=ET, PM-K_ (8)

A ETe MIEWTKE, mm/d; Ko ATEYREL
1.2.2 Kz H K9 F

HRARBA ERRAR LS FAO-56 HELIIFRAEVEY) R %L
£, BED AR A G M. ELBRER A~ H, W
TAERER R R, AT R AR F X R R
WHFEE 2R, Wik, RS, HAEREeE
SERMEAE A FERRES, JEEHEHE R X R R 3 AMEIX,
TETTEVH B R I S R (R e . & 1 b, B F
I H R 30 A Akt Sl B 1) 2 42 M, IR
IRV, HEiE HIEMRE KA.

x1 SERMBEERTHENRY

Table 1 Average crop coefficient during each growth period in
each subarea
H /7 Day sequence - e A
IX X X Growth period Crop coefficient
Zone | Zone 1l Zone 11
1~46 1~44 1~42 AR [0.74,0.82)
47~101 45~98 43~95 BE-RT [0.82,1.03)
102~125 99~122 96~118 PO [1.03,1.44)
126~149 123~145 119~140 R [1.44,0.61)
150~167 146~162 141~157 HESZ-ER [0.61,0.50)
168~169 163~164 158~160 Bt [0.50,0.51)
170~176 165~171 161~167 M- [0.51,0.72)
177~205 172~201 168~200 HE-k [0.72,1.08)
206~228 202~226 201~228 AT [1.08,1.30)
229~250 227~249 229~250 WAE-EESR [1.30,0.87)
251~276 250~275 251~278 BER-UGR [0.87,0.50)
277-285 276~285 279~288 Bt [0.50,0.57)
286~317 286~316 289~317 HEf-7r8E  [0.57,0.80)
318~337 317~335 318~335 SYEE-HA [0.80,0.74)
338~365 336~365 336~365 WA-RE  [0.74,0.82)

1.2.3 SPEI 384kit A

% —, M Thornthwaite 2 31T 515 2% H ¥ 7E 78 1L
# ET,_ TW, H Penman-Monteith 24 SAEY) R % Ke it
HAA2E HBEARENEYTKE, #im R meE sz
H AL 7505 ETo PM FI{EY T /K& ETc.

B0, WHEZHBKE P 5B BEENE
ET,_TW. ET, PM. 1E¥7E/KE ETc [NZEH D;:

X H Thornthwaite J777::

D, = P —(ET,_TW), (9
K H Penman-Monteith 757%:
D, = P —(ET,_PM), (10
K ETEY R8s 1 77
D, =P —(ET,) (1D

Dl FRIRE j AR i AN AT, kAN A R AR

i
k .
Xi,= > D ,+Y D, i<k
1=13—k+i =1

, (12)
Xi= > D, iZk

Jil
I=i—k+1

H=00, RH =235 log-logistic MEZ 74T b A%
D B AT IS
-1 2
f(x)=ﬁ(ﬂj {H <ﬂ>ﬂ} (13)

a o o

KPS a, pAy A LR (L-moment) J77%#

e

a= Gy =2w) f (14)
r(1+1/ ) (1-1/p)
2w, —w,
=—1 0 (15
p 6w, —w, —6w,
y=wy—al (1+1/B) I (1-1/ ) (16)

S TR, won wi T wy FIEERFF ) D, IR
WU, TR

w, = i(l—F.)SD, a7

(18

R NASS5HEA S
B B ERE T (P FEATAMELL

P=1-F(x) (19)
M E R P<<0.5 i
w=.-2In(P) (20)

2
c, tew+e,w

SPEl =w— QD

l+dw+d,w +dw

A H ¢=2.515517, ¢;=0.802853, ¢,=0.010328, d;=
1.432 788, d,=0.189 269, d5=0.001 308,

LRI P>0.5 I
w=J-2In(1-P) (22)
2
SPEI=—| w——Q TaWTow (23)
I+dw+d,w +dw

AL SPEL 235124 SPEI. TW CRFH Thornthwaite 2
AT SPEL F6%0) . SPEI_PM K] Penman-Monteith
ARIFER SPEI 1830 . SPEI K¢ (Bl HEEY) R Bt
Ja i SPEI #6830 .

Pk 3 it 5 SPELE I 77k X AIAET: SPEL TW.
SPEL PM J& TR & T 7485, HEMH TRl T 507
A=Az, SPEL Kc M THEMIREL, JHS51EMAK
FeEA, IMENEY R KE BN, R MR K5
HFREI (HX 3 M E IR REBR AR, A3
Hh R KR ZE 1 bR B S A B, TR T 4R SR A
SPEI 1680 2 R /0 e, sk 2 pior.
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2 FOELMEKERIEE (SPED BHTREERS
Table 2 Drought classification based on Standardized
Precipitation Evapotranspiration Index (SPEI)

SPEI {8 T FRM
SPEI value Drought classification Drought grade
>-0.5 0 TR
-1~<-0.5 1 BETE
-1.5~<-1 2 HETR
<-15 3 HETE
1.2.4 AFFE)AFIE R E SPEI &

SPEI fRHRENS RAEA RN (8] LB N AT R 150, 1%
WHRE., NERHAEFTH, SACHEFE., MeA
K, TREKTE, ZRESE, L6 MIRE. 4
[ Ry k FIIS, R R Bk o 85 BT k-1 MR 52
ARG B GERRER . AT ARED . AF
A REZ R ER 3.

%3 A EERE SPEI 55
Table 3 SPEI index at different time scales

WFTCREE I ) FRUBE 1 EY SPEI {8
Research scale Time scale/ Selected SPEI value
H 1 1-12 A1) SPEL A
NSRBI F N 3 5 H#y SPEI &
FORKHAEF N 3 8 F i SPEI {4
INFE AR 6 6 A1) SPEI {4
TokEKTE 6 10 A SPEI
EENLKE 12 10 A1 SPEI {4
1.2.5 AAEME &

B IR, x, 0 n R — SRR, x, B

AL ¢, %o, K — o2t [ ) 77
x, =a,+byt, q=12,---,n 24>

KA a, WEVAFE, by, NEVEA RS, W DL &R/ %
it

AT B ] 1, SR x, IR AR, AR
A x, B 10 a RMIE FILH b, 1 10 5. H a, by
T R E x, B 2 5,>0 I, £
x, B 1, RIEIEH . 5 by<0 B, FW x, BARSH ¢
SN b,=0 I, K x, B 1, AR,
|b1Ze s ETFECT BB R AR, RIS 1 B TR R R
W, r NAHKRE, SRIEER R 1, B8 x, WH A4
PEAHOCHV B IR . FIWT AL & x, RS e f 2 3%
B, RN r AT B AL . a R E K, A,
SORBAI T £, (07510, x, MBS RS0, %
N x, R B RAREN .

2 HZRES

2.1 SPEI K.38%05 SPEI_TW 35%4%n0 SPEI_PM 353434tk
WA b E R BRI R E B D)
(http://data.cma.cn/) , ¥ 1991 —2015 F /AL 5 16
AMRER G TSR R E R . PG, 25 a AR K
AESE 1015 Ik, HpRE 519, R 321K, BR
175 . [FEE, FET 1961 —2017 2 HS 8808, 5
5 A RJE SPEL_TW 5%, SPEI_PM #5%1. SPEI K 1§

BT 255

R4 3 Fh SPEL 4831 7 55 2 5 S b o A HHE » Le 7
#r, 23y (kbR AR N (R8O A5 BRI
NER. ARVHENLER. LRI E R 4 FEN,
Hofan 2 Mc AR EOTAL IE RS, 45 KW SPEL Kc FE%L
XN FOK T R & R R m. R 4 Ffos: {8
(5B HREN FBED HRMER T, SPEL K ¥4
BAERFIR I AP HENIE N 76.13%, ¥ SPEL TW
B4, SPEI_PM fa#7r 4 & 1111, 5.55 N E 7 s 1E
T RWAGT N LR SN T, SPEL Kc f8 0 #E i & N
85.67%. %% SPEI_TW f5%(.SPEI_PM #& %4 M2 1.36+
0.13 MET M.

x4 BTTREFZNTEG R ERIEBIREOERHER
Table 4 Accuracy of evaluating historical disaster data based on
different methods

PG G5 SRk A L
Proportion of stations corresponding
to assessment result/%

EEEEN WX uhe

Assessment result  Regions Station

SPEL TW  SPEI PM SPEI K¢
= 83.33 88.89 94.44

7 BH 70.97 74.19 77.42

Wi FTEE 54.55 63.64 7273

(bR HE A 67.74 70.97 74.19
5% PEE S 1EfH 66.67 72.22 77.78
(Fact) Drought e 72.73 81.82 90.91
(Index) Drought [ Pk 53.13 59.38 65.63
A JBE M 62.82 65.38 66.67

wdk 5ERA 53.85 57.69 65.38

SEHME 65.09 70.46 76.13

K5 83.73 85.56 86.09

W Ma 83.82 84.31 85.05

(b A 85.04 86.35 86.88
%D IHELE K 84.03 84.52 85.01
(Fact) No drought W% I 83.50 84.00 84.25
(Index) WL 85.32 85.87 86.43

No drought L, 86.92 87.85 88.79
k. akdb 82.12 82.62 82.87

SEA5MY 8431 85.14 85.67

¥£: SPELTW. SPEI PM. SPEI K¢ 4 % A%E T Thornthwaite 2 3.
Penman-Monteith FI{EY) &%) SPEL{H, TH.

Note: SPEI TW, SPEI PM and SPEI K¢ are SPEI calculated based on Thornthwaite,
Penman-Monteith and crop coefficient, respectively, the same below.

SPEI K¢ 8 %06 4 4k i [X 5 K T 5 F4F 1 PRl 28R
B A T HiAth 2 Fds %, SPEL K Fa 800 #e b~ 5 b7 58 b
JUIREE RIT- 2534, 111965 /T 5.1968 /T 52,1972
RN 1992 FERKAIESR, 1997 FET- . 1999 F1 2000 5
ZTR, 2010 F IR TR LK 2015 F T REEH AR R
ik 100%.
2.2 ZXERAETENZENH

SPEI_Kc fBETEAEALT 5 22 & 4F T 2 0Pk o &
FMALT SPEL TW #E#0F1 SPEI PM 8%, b3+
SPEI K¢ #6804 1961 —2017 LT IR B HET 2
IS} 25 73 A1 A AR AL AL

T 57 a, ALV RN S AR B AR A KRR
BT R EIE 2 s, BETFEFHEEHEN
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33.56%, Z RAETIACAREE WARE S WIALE R
X, WEAREAIEET. LWRERHHEETN
BERERE KT 40.00%., HET2 P8R AR N
9.76%, WHZARBTEH . LT REET . Wb JbEtHh X
N AR L . E T RSP R AEAEE N 6.90%, ] A H
PR VET . L ARE RSP SR R E R R A
AN 10.53%, BT 57af 6a KRS,

TRR AR

Drought frequency/%
I (26.33,32.15)
[1[32.15,35.07)
I [35.07, 40.35)

a. /NZE SRR R
a. Light drought in the key growing
period of wheat

FRRASIR
Drought frequency/%
= (23.79,33.19)

[33.19, 36.45)
= [36.45, 44.62)
d. NIRRT
d. Light drought in the growing
season of wheat

b. NSRRI R
b. Moderate drought in the key growing
period of wheat

e NEERK TR R
e. Moderate drought in the growing
season of wheat

INERERK TR T RV R AR N 34.26%, A
WX AR R AR AR =y, AR R A AR .
JEF R R AR R 9.82%, KT IR ZRKIBLL LA
AR, BEE TR FRREMERN 6.62%, £ KA T
e R, WAbE RAESR TN 7.01%, WibE T
BRAEMREEN 10.71%; WA RKAEE SR RAEMRE
%, “PYIREMZE 6.14%.

Z) s 2
\‘/ -
FRAHR

FREEHE

Drought frequency/% > Drought frequency/%
m (1.77,8.26) == (3.51,6.23)
1[8.26, 10.80) £1[6.23,7.71)
= [10.80, 17.54) = [7.71,10.52)

¢ /NZE SRR T U
c. Severe drought in the key growing
period of wheat

PR RASR PRSI
Drought frequency/% Drought frequency/%
m (3.57,7.70) = (3.57,6.11)
£1[7.70, 10.59) =1[6.11, 7.54)
W 10.59, 17.44) = [7.54,10.71)

£ N KRR
f. Severe drought in the growing
season of wheat

B2 1961-2017 FA4LFRIDAXEATY. A RFTIRESH
Fig.2 Distribution of drought frequency of key growing period and growth season of wheat in the North China Plain from 1961 to 2017

W 3,30 57 a AL R T KRG FT R E TR R
AR 24.57%~42.10%, TEFEEAEHEN
5.27%~15.79%, HETFREMZER 3.51%~10.52%.
BRET R PR AR N 33.44%, 2 RAETIILEEHE.
WZRAA TR T FE A BRI AR E A X k. T 27
BYRAESR N 10.56%, 111444 DL AL 5 T30 23 H X Ay
ST 2RI (ARG R RSN 11.23%,
b o R AR N 9.45%. T R R AR A
6.54%, ZRAETHILEEER.

HAT R B KR ET B R AEMER 21.09%~
43.86%, HETFERAEIEN 3.51%~19.29%, HETF
BRAEFE R 3.51%~10.52%. BT 271 kAR
N 33.08%, ZRAETFHRICEEFHMAER. HETR
IR AEE N 1034%, £ R THILE . WHRE R
DA 3 o X o B R R AR AR N 6.40%,
L AR 28 s b X A B R R A AT R A, ST 3 R AR TR
N 7.13%.

Kl 4 9 1961 —2017 fFAb-F 7 27 K 4 F R A0 4
fio BETRZRAETIEARE TN X, F
BIRAEMIZR A 33.78%, w48 M B R R R AR B e Ok
46.43%. TR R AN 6.60%, LR, KidtTh

AR IRT A6 28 B 05 o M X O ST R m AR ML X .
JET- BB R AR A 6.80%, 2 KA T w4 s b &
IARE HES, HAmra R . KEHRAEE
BRI IS 10.71%.
2.3 ZERAFETREHNTBEE

SPEI_Kc faE0 U ) S0 /N2 A B 1. N
FRAEKZTED S KT RES KT 0, B SPEL K 54
BT, TREERG KA F 1 SPEL K18
R NS, TREEEN (B 5 o ESEENERE
IRARVE N, T AR R W 3 ek R Rk fe b

AN AR E IR SPEL_Ke $8ECA %
)RR AR S RIeF RN E AT
SPEI K¢ FaEUA A R 2R A0 F9—0.18/10 a~0.19/10 a,
SFHIMEN 0.01/10 a, BPit 2 57 a, /ANFEREAEFH
SPEI K¢ e & bAESH, T RIEEEK. B2 5 Am R
9 ER AR A 1A 7 e AT A, VT R A XA B 1l AR AR R
TRRERER N, AL b X LK L R 7 T R
fiKe FRKBEF W] SPEI K i Ui 1r) 2242 4 3
N—0.17/10 a~0.18/10 a, 1415 ~N—0.009/10 a, FH N F
Frkah, TR, W2 kA, WIbhX L&
AR AR IX T R RE RN, A T R,
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TR
Drought frequency/%

T RR AR
Drought frequency/%

TRRASHE
Drought frequency/%

I (24.57,32.06) m (5.27,9.06) m (3.51,6.23)
[ 1[32.06, 35.36) £3[9.06, 11.12) =1[6.23, 7.60)
I [35.36,42.10) m[]11.12,15.79) = [7.60, 10.52)
a FOROCHEE IR 5 b. TOKRICHA: 7 ) 5 c. TR SCHE: 7 91 5
a. Light drought in the key growing b. Moderate drought in the key growing c. Severe drought in the key growing
period of maize period of maize period of maize

TR AR
Drought frequency/%

RS
Drought frequency/%

TR
Drought frequency/%

I (21.09, 31.35) = (3.51,9.01) m (3.51,6.20)
[1[31.35,34.39) ©1[9.01, 11.55) =1[6.20, 7.58)
I [34.39, 43.86) = []1.55,19.29) == [7.58,10.52)
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Fig.6 Climatic tendency rates of precipitation and crop evapotranspiration during key growth period, growing season of wheat-maize and
wheat-maize rotation in the North China Plain from 1961 to 2017
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Spatiotemporal variation characteristics of drought trend at annual of
wheat-maize in the North China Plain based on SPEI K index

Ma Xueging®, Hu Qi'*, Wang Jing®, Pan Xuebiao®, Zhang Jun®, Wang Xiaochen’,

Hu Liting!, He Huayun', Li Rong’, Xing Mengyuan'
(1. College of Resources and Environmental Sciences, China Agricultural University, Beijing 100193, China,
2. Inner Mongolia Academy of Agricultural & Animal Husbandry Sciences, Hohhot 010031, China)

Abstract: The North China Plain (NCP) is an important wheat-maize production region in China with limited water resource.
Drought is one of major agro-meteorological disasters for the local agricultural production. This study introduced crop
coefficient Kc into calculation of Standardized Precipitation Evapotranspiration Index (SPEI) to analyze drought condition.
The method was compared with the two methods including SPEI based on Thornthwaite (SPEI_TW) and Penman-Monteith
(SPEI_PM). Multi-year meteorological data in the North China Plain were obtained. The applicability of these three SPEI
indexes in the annual drought assessment of wheat-maize was assessed based on historical disaster data. The spatial and
temporal distributions and variations of annual drought during both winter wheat and summer maize growth season from 1961
to 2017 were analyzed. To understand the effect of climate change on wheat-maize, the study further analyzed the results at the
key growth period scale and the annual scale. The results showed that SPEI K¢ could be a better index than SPEI TW and
SPEI PM to evaluate crop drought. Compared with the observed actual disaster data, SPEI K had the best applicability to
assess annual scale of wheat-maize drought among the SPEI TW index and SPEI PM index in the North China Plain. For the
condition with right evaluation when the drought was present, the average accuracy of SPEI Kc index in representing
meteorological stations was up to 76.13%, which was 11.11 and 5.55 percent points higher than SPEI TW index and
SPEI PM index, respectively. For the condition with right evaluation when the drought was not found, the accuracy of
SPEI K index was 85.67%, which was 1.36 and 0.13 percent point higher than SPEI TW index and SPEI PM index,
respectively. Spatial distribution of drought during the key growing period and the growth season of wheat and maize showed
highly similar rules: light drought frequency at the key growing period and the growth season of wheat was high in the north of
Heibei Province and serve drought frequency was high in the North China Plain; moderate drought frequency at the key
growing period and the growth season of wheat was high in the north of Heibei Province. The drought intensity was strong in
the northwest of the North China, weak in the southeast, mainly in the Henan. The average frequency of light drought was
higher than 33.08%, the frequency of moderate drought was 10.08%, the average frequency of severe drought was higher than
6.14%. The drought frequency in the North China Plain showed a slight decreasing trend. The frequency of light drought
increased at majority timescale and moderate drought and severe drought decreased at all of time scale. Moreover, the drought
frequency decreased during the key growing period of wheat and the growing season of wheat and maize, and increased during
the key growing period of maize and wheat-maize rotation. Our study revealed the temporal and spatial variation and the
characteristics and causes of meteorological drought in North China Plain, and provided reasonable measures to deal with
climate change.

Keywords: drought; crops; precipitation; SPEI; crop coefficient; the North China Plain; wheat-maize growing season



