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Simulation of drought impact on yield of rainfed wheat and maize
in the Piedmont Plain of Mt. Taihang, China

WANG Ya-kai'*, LIU Meng-yu', DONG Bao-di', QIAO Yun-zhou',
ZHANG Ming-ming"?, YANG Hong" *, JIN Le-le"?
(1. Center for Agricultural Resources Research, Institute of Genetics and Developmental Biology, Chinese Academy of Sciences/
Hebei Laboratory of Agriculiural Water-Saving/Key Laboratory of Agricultural Water Resources, Shijiazhuang, Hebei 050021, China;
2. University of Chinese Academy of Sciences, Beijing 101400, China)

Abstract; The drought impacts on crop yield were analyzed through calculating multi-time scale standardized
precipitation evapotranspiration index ( SPEI). APSIM ( Agricultural Production Systems Simulator) model was
used to simulate about thirty-year yield data of winter wheat-summer maize in the double cropping system under
rainfed conditions in Piedmont Plain of Mt. Taihang. The results showed that the APSIM model could reliably simu-
late wheat and maize yield under rainfed conditions. The maize yield was easily affected by rainfall, and yield fluc-
tuation was relatively large with a variation coefficient of 51.2%. The fluctuation of wheat yield was relatively small
with a variation coefficient of 26.4%. High correlation between SPEI and crop yield (P<0.01) was observed that
the correlation coefficient was 0.79 between wheat yield and SPEI-3-Apr and 0.88 between maize yield and SPEI-
3-Sep. The optimum SPEI values were between 0~2. The established regression equations could describe 61.8%
and 87.7% of yield variability of winter wheat and summer maize, respectively. This study indicated that SPEI-3-
Apr and SPEI-3-Sep could be optimal drought indices to estimate yields of winter wheat and summer maize under

rainfed conditions in Piedmont Plain of Mt. Taihang China, respectively.
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Table 1 SPEI based drought classification

SPEI FIZAESL Degree
<=2 e +5 Extreme drought
-1.99~-1.5 P+ 5 Severe drought

-1.49~-1.00 AT 5 Moderate drought
-1.00~1.00 1E# Normal
1.00~1.49 FRZEREE Moderate wetting
1.50~1.99 T AR Severe wetting
>2.00 W HIEE Extreme wetting

KA IR T 240 CSIRO RS 1 2% M BRI 4%
VB2 R G ST 4 APSRU BRS TF &, fEME L3l A
W R GEHHE AEY) R AEE A A AR BRI PLEE
AR AR AU A 8 2 BT FERAEY . -
R H RS AR, W] DLBLLLAE ) A HE
FRUAR Gt B b A H A A 9 B R R AT | i T
TR E (LAT) DL B AR ZE R A AT AR
AWFFE A FH A APSIM 7.9 A 7T B ™ (hitp://
www.apsim.info/ ) % 3% N2k, Hh  EHE S ATEE
P RER A GEBE PHESE, RS HaEEH
I B AR R K B4R A 5 TR
Hek#t APSIM-Wheat 11 APSIM—Maize Fibi

ST TR IR 25 AR VR 7 5 1 5 ], R SR
WP A 1 0 7 v, R A S AEY SR+
HESBARFEALE  SESEOE BRI T 30 a 4
Bl 4N - B R AR T — AR, % 8
FIFAEEY A K oG H A S Z BT EEY
FR S AR AR AR L 2ok A rh g i L IS R E
PRUE/INZZ 36T - W) 4R (B PR FF — B, A5
TG H 2RI A 7S &R GE R 0 o i bR R
SRt BRI AR AR R B AR R (r)
H— fk 34 Jr A 4% 25 ( NRMSE ) 1B 8 A %5 1k
(M),
1.3.1 H#se fEMSHEFEIEYLETHELH
BRI DGR FEAEH T e R AL K
TSR R R R RO R 25 s BB /N B oK
PEHAT % B AR 450 R G, 75 B A KRS8,
KEHSHIIN S % I H WU, 380 S HURIE 28
3 A SRR | OGS B S B0 B B AP R
AV EYER 53 S B0 06 (X B S 25 A6 23kl E AT
) APSIM A5 B 58 1 o BF 58 3C ik o 1 7E 9 2 5K
57 VEYI SR i e 5 R BOROG R 0 R 4L,
Wi L R P E AR Y & 28 BT AL oy B A B b ) AR
P sScvE D A AT R, o N VR
SO 2, EREESHFR 3, HIES R W
%4,

x2 NEEMEESHIEE

Table 2 Parameters of winter wheat used in model simulation

U\ (U E BUE P
Wheat parameter Value Meaning
FFUEHEIR AR
tt_start_grain_fill 602  Accumulated temperature at the

beginning of grain-filling
T B A BRI
startgf_to_mat 545  Accumulated temperature from
grain-filling to maturity
FIARL
Vernalization coefficient
JeF AR
Photoperiod coefficient
AT

Potential grain-filling rate

vern_sens 2.9

photop_sens 2.7

potential_grain_filling_rate 0.0028

R3 EREMEESHEE

Table 3 Parameters of maize used in model simulation

EXREMTESH WE e
Maize parameter Value Meaning
G 1 R ¥
photoperiod_crit] 12.5 TBIR L

Photoperiod coefficient

SRR IR A KA AU R
tt_emerg_to_endjuv 198 Accumulated temperature from emergence
to the end of vegetative growth

SRR
Slope of photoperiod
LR AR

Accumulated temperature from

photoperiod_slope 21

tt_flower_to_maturity 754
flowering to maturity

JEH 2 T FE AR

tt_flag_to_flower 51 Accumulated temperature from flag

leaf appearance to flowering
TFAER I I e J B

tt_flower_to_start_grain 120 Accumulated temperature from
flowering to beginning filling

x4 TEBEIESHIETE
Table 4  Soil property setting in different soil layers

EIHES Y/ R (R S8

TR A %%}%ﬁ Soil water Saturated
. . Wilting .
Soil layer Bulk density . holding water
coefficient N
/Jem /(g em™) capacity content

/(mm - mm” )/ (onm + ™) / (oo - ™)

0~20 1.30 0.10 0.34 0.45
20~40 1.41 0.14 0.34 0.40
40~60 1.46 0.14 0.33 0.45
60~ 80 1.49 0.14 0.33 0.46
80~100 1.44 0.13 0.33 0.45

100~ 120 1.44 0.14 0.32 0.46
120~ 160 1.46 0.16 0.38 0.49
160 ~200 1.55 0.16 0.40 0.45

1.3.2 HEAKELKIE  F]H 2005-2009 4488
XA R Gl AREW A K & B A F Bk
I APSIM BRI () /N A2 Fn ok b AP S8, i FH 28
Wk 2005-2010 FLEA UM /N2 — F K FE AT H 1]
FE I R ) 7 i B E AT LT B IE . AR AL IE
SRR 5 BRI UELE R LI 1,
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Table 5 Comparison of observed values of crop phenology with simulation results

INEYMEIA(H-H) Wheat phenology (m-d)

FARYMEH(H-H) Maize phenology (m—d)

Ay T H d o . . . -
Year Ttems ] I S ] ] R e ]
i Sowing Filling Maturity Sowing Heading Maturity
SEMAE Obs. 10-04 05-08 06-10 06-13 08-06
2005-2006 . ..
R Sim. 10-04 05-10 06-10 06-13 08-06 09-25
SLM{E Obs. 09-29 05-06 06-10 06-11 08-04 09-24
2006-2007 ...
FEAUE Sim. 09-29 05-06 06-06 06-11 08-05 09-23
S Obs. 10-12 05-12 06-14 06-13 08-06 09-26
2007-2008 .. ..
B Sim. 10-12 05-09 06-11 06-13 08-07 09-26
SLMAE Obs. 10-07 05-12 06-08 06-09 08-04 09-22
2008-2009 .
FEAUE Sim. 10-07 05-07 06-08 06-09 08-03 09-25
9500 - K6 BWRHRHEWRE
—~ m K Maize .
i Table 6 Model validation
£ 9000 F
= A /NFF Wheat
I 8500 . YEH) Crop r NRMSE/ % My
3 sooor g EK Maize 0.97 4.71 0.83
< 7500 f <7 y=0.6853X+2228.6
£ /NFE Wheat 0.98 2.12 0.96
= 7000 F
E
2 6500 | ]
= o KETREK B, fTUE B ED A F DR
> 6000 o N X
= £ Y=0.95x+307.22 [REE g A i et o N~ B B e S ] 3/ N
- R=0.96 . R o
SN P T AN RO BB b TR A 2 A
5500 6000 6500 7000 7500 8000 8500 9000 9500 WA K F K S I B R a3 NG - R E 4
7= 45 W Measured yield/(kg « hm %) . o . At N
B 1 (e R S T R S A IR M A AR AR AN K WSS 2 J B) R R A, 1
1 W= B S W= B . .
, , ' . . WA DX S T = B A 7R FORAE K 2R AN AR
Fig.1 Comparison between measured and simulated yield

5 S APSIM FERIUARHE 2005-2009 4F/NAE - &
KAET WD E 1T VE Y S 5O IE 45 3, 45 R 1
N 2 /NFE = T KA A UL A DL DR — 3%, 1
Yy A AL IR 25 7E 4 d LAY, B oKl
FEIARIIR 2276 1 d LADY, /N2 RS0 AE 2009 4F
BALRZEET K K 5 d,2006 4F T K A R 10 i A
RURTIME 5 K FL A B2, U AR AL IE &
L HRAE 2005 42 2010 4283 S0 = R 5
PR BRI TR A AT R R 5, L 1 TT LU
P AL S S R B R IEM R R, K 6
RN RS R BHN 0.98, FKAH KR K 0.97, 1
— AL MR AR 22 4 /N T 5% , BERUA RO 56 S5
M>0.8 , FRWIBIRIBIL /N A | K7 A 5w i 1fE
Wik, LA ES6AIESE 00 APSIM B A1) LR T
WFFE X/ NFE - FOK =S4
2 SRS
2.1 1EMEERMKS SPEI TR

YEYIE B IR K BR8N -H E ok
AW 10 A BWAE 9 AREK, Hh & /N AT 3%
FI10 HEWRFE 6 A, EEKRETEAERKEBRT-9 A,
Kl 2 W THFFEIX I 1988-2016 4E3E 30 a fEWE

KBREMAE D, 1 B B AR

25 B E] RUBE SPET 28 fE R34 2 R iR (LA 3)
TERIF T RUBE (1A H) |, T R R e & Wi g
R, ARSI [ R (12 A A, T B2 1]
A BAEREAR, AR RBERY SPEL B T XA R 7K
R A | et i) SRR R 5 4 H BT A 4
KRR G, v R ) R S M b K A A A A
5%, Rt RO 3222 5 bR K it B AR fR A 26, 1988 -
2016 4T 545 £ A8 Ak 325 B R, i ) RO
SPEI H 3 57 {1 1) H 04304 LE TE AR L S0 % 1 | U )
HRBE s T 5 285 & Az 5 i i [a) RO 45 L )
N, DA 1998 AR b, T SR A ] R B3, A 5%
DX R (R 2 T AR s
22 BFESEFHRKXER

Bl 4 I FRAA T /N E K= AR
B, 25 R o B E AR5 h 4 986 kg -
hm ™2 e K70 8 865.7 kg + hm ™, A%/ 0 0
KINFE RN 4 027 kg - hm ™, f 7 i Al
=443 %0 6 480.5 kg - hm™ > Fl 1 968.6 kg -
hm™ &/ R K™= 578 5 R0 26.4%
MI51.2%, WFEFAFT, B T K™ 58 78 A [A] 47 7 i)
W SIS Wi 4/ N2 T i AR AR
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Fig.4 The changes of simulated yield under rain-fed condition
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KA WA 5 SPEI-3-Sep [0 5431 45 5
LI 8a, /NAE A= B WIKETH 5 SPEI-3-Apr {8 [7] )43
Mraf R UL 8b, A7 #8533
= 119.62x, + 333.46
, = 38.566x, + 113.47

R* =0.93
2 =0.54

Ay, R EKRAF RN &« K78 SPEI-3 -
Sep 18, y, #/R /N2 L B W i, v, %7K SPEI-3-
Apr 8, R* AT RRIBLA LS . 4528 /R SPEI-3~
Sep 5 E KA F WIFE KB N %I, 1919 J5 & 0] LA
FE 93% F K4 F WIFEK 22 57 SPEI-3-Apr 5 /N4
A B IR KA OCPE R D), 0l U5 75 2 0T DA% B 54% /)N
ZER WK S

R EMEBHRRAMERSEDTEEMERXSH

Table 7 Correlation of analysis between crop yield and precipitation in growth months

WiH Ay Month e
Ttem 10 11 12 1 2 3 4 5 6 7 8 9 KR . Fﬁm
Wheat_rain Maize_rain
MB  -0.06 -0.07  0.05 0.27 0.16 -026 -0.12 0.13 041" 050** 0.54** 0.40* -0.08  0.80*"
MY -0.06 -0.09  0.07 0.27 0.17 -029 -0.17 0.11 0.33 046 061" 044" -0.13 0.82**
WB 020 -0.01 0.55** 049** 043" 0.50** 0.70** 0.13 025 -0.03 0.02  -0.17 0.83** 0.03
WY 023 -0.05 047" 037 0.35 0.52** 0.72** 021  0.17 -0.03 -0.08 -0.22 0.85** -0.07

e w FRIRTE 0.05 KT (W) B2EAISE, = o« FARTE 0.01 K (X)) FEAFE, MB R ERAYE MY FR EXK™7E WB FR/NE

AW, WY FoR/ANE T, TR,

Note :

# indicate correlations significant ata = 0.05, * * indicates correlations significant ata = 0.01. MB, MY, WB and WY represent maize bi-

omass, maize yield, wheat biomass and wheat yield, respectively. The same below.

RS 1EMI=

EEYMEEFRRESZBM SPEIHHXXER

Table 8 Correlation between crop yield, biomass and multi-scale SPEI in growth months

A 1/} Month

R i H
Scale ltem 12 11 12 1 2 3 4 5 6 7 8 9
MB 0.03 -0.09 011 021 009 -0.17 008 0.5 038* 057°° 0.63°* 0.36
SPEL] MY 005 -0.09 010 017 011 -0.19 003 012 030 052°* 0.70°* 040
WB 013 013  061** 031 0.13 0.56** 0.73** 020 032 003 005 -0.17
WY 023 007  049** 023  0.06 057" 069** 028 025 001 -007 -021
MB ~0.14 0.3 -0.11 001 007 -0.12 -0.11 -0.0l 029 057" 0830°° 0.85""
SPEL3 MY -0.18  0.10 -0.11 000 004 -0.13 -0.14 -0.04 021 049" 081*° 088"~
WB -027 005 028 033 045* 051** 0.81°* 071 0.68°* 0.19 0.2  -0.02
WY -026 -0.01 026 022 036 0.44* 0.79%* 0.74** 0.66** 0.18  0.02 -0.12
MB -0.19 -022 -020 -0.13 0.8 -0.15 -0.13 002 021 047" 0.77°° 082*"
PEL6 MY -022 -024 -023 -0.16 0.5 -0.17 -0.17 -0.01 0.3 038* 0.70°* 081*"
WB 0.09 005 -0.03 ~-0.19 0.19 055** 080°* 077°* 078°* 0.51** 039° 026
WY 0.09 004 -0.05 -0206 0.10 051** 074** 078** 075°* 0.49** 032  0.18

£ :SPEI-n 7R n N RJEM SPEI{H(n=1,3,6) ., T,

Note: SPEI-n refers to the SPEI at the time scale of n months (n=1,3,6). The same below.

®9 MEFESNEEIWEZAMTEEXSH
Table 9  Correlation between wheat yield and multi-scale

SPEI in pre-sowing rainy season

RE  3iH A5 Month
Scale Item 6 7 8 9
WB 049" " 042" -0.15 0.18
SPEI-1
WY 0.52" " 0.41" -0.16 0.07
WB 0.51* " 0.55" " 0.26 0.19
SPEI-3
WY 0.54* " 0.55" " 0.24 0.15
WB 0.61* " 0.64" " 0.42*° 0.37
SPEI-6
WY 0.66 " * 0.66 " * 0.41" 0.34

24 TREHSEWRFEYFEEESHT
FIFH SPEI-3-Sep 5 & K 7= 47 [0 5 43 #r
ZEIR UL 9a, AT REIE AN
y=-698.95x>+2425.1x+5501.5
Hrpry FoR EKEIH &« F8 SPEI-3-Sep fH,
R*=0.88, XULHH T 52454 SPEI-3—-Sep 1] LA fiff B¢
88%357&#;/7’“3 SAMTT RIS, mE P S
F8 R I R IR BN T I I 2K f A
ﬁ%%lﬁlﬂfgiﬁjiﬂﬂiﬁjﬂ 605.1 kg + hm™ | I X
M) SPEI-3-Sep {EM1.73, KI5 » %l AL B
BAY X 30h B K P RIX, X Gl O X R R oK A
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Fig.9 Regression analysis between crop yield and SPEI
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Fig.7 The correlation between crop yield and growth period precipitation or specific SPEI from 1988 to 2016
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FEIX, K 4G = Br X v SPEI-3 —Sep {H Y1 Bl A x>
5.0383# x<—1.56, FKE XX} SPEI-3-Sep
HIEFEA 0~2 Z fa), [ H =5 ] LAk E] 5 000 kg -
hm 2P L,

FIH SPEI-3-Apr 5 /N2 7= 5t g 47 [ 05 23 By,
Ob G5 RFH . N E Z MW R RTF AL RR, T
TN y=835.92x+4013.4,R*=0.62, H:i |y FoR
INFEEH P v 2678 SPEI-3-Apr {8, /Wi 7 i
AT LIS B, /NZ |77 5 5 SPEI-3-Apr £4 M
Wy s BRI — A B /N 8] A 7 5 1
835.9 kg - hm™,

SPEI-3-Sep 5 £ K=, SPEI-3-Apr 5 /N
PR AR REIT R r=0.88>r,,, Fl r=0.79>r,,, , H
R A DG OC & AR L [l Oy /R, A 5
FRRN I BN E TR T AEY ™ 5t H A
E( W3R 10) , 2558 BoRfEMR s T R 400 N £k &
90, /N AT ARAS 2 341.6 kg » hm 277 5 1 1E 5
THRET, TR AT LAFRTS 2 377.0~7 227.2 kg -
hm = f NE RIS 3 177.5~4 849.3 kg + hm™
PR, RIEMFRAME T, AT 20 R 45
K, 8 8RR 7 i B K i T R /N2 S e A
D PP REONERE

R10 WAEFGTEYTEDRE

Table 10 The regression values of crop yield under rain-fed conditions

. A ET . NP
SPEI-3-Sep TR Regression values SPEI-3-Apr T Regression Valuﬁ

Wet-dry grade /(kg - hm™?) Wet-dry grade /(kg - hm™)
<=2 Wi 15 Extreme drought 0 <=2 i 5 Extreme drought 2341.6
-2~-1.5 J“HE T 5 Severe drought 290.8 -2~-1.5 JEH T 5 Severe drought 2759.5
-1.5~-1 H145 5L Moderate drought 2377.0 -1.5~-1 Hr4E 5L Moderate drought 3177.5
1~1.5 HFZEIRE Moderate wetting 7227.2 1~1.5 FRZEXEE Moderate wetting 4849.3
1.5~2 JEERIE Severe wetting 7566.1 1.5~2 JEEIRIE Severe wetting 5267.3
>2 Wil Extreme welting 7555.5 >2 Wi iiild Extreme welting 5685.2

3 e HEE

RAT L LA D XA Ry A A 5 A AR £ v ™
DX, T 2 7K 9 R B8 2 1 B R A AL, & R W % A
Al $5t 55 B 7K e VR R 2 k2D Xof b T K I SR J2
R SENLI S IRIERE . NIRRT, /INE - R AE
Yy i Bt DR 7K S 1 I BS 0, 7K 53 % 7 1 1Y
L 2 8 ot 2 DXl o8 7K o 1 386 i i i R AR, 5
WA AR EL , 52 3 /N7 2 7= 45 b F 3R K S22
777 57 1t T A B D2 T VR R K R R AR Y
IR B AN R 2 R 4 000 kg - hm ™2,
FE KN 5 000 kg - hm ™ 8/ T% X A
ZNERE EAR R, FIRBIFEKE RS0, 8
WA FAEX /N R B IR KB D R RETH fE/N%
AR ERAERKRROK R 7.8 H i,
Hi A B WIRE K 72% , BSR4 1F T A BEARIE /N EE &
7 TERE R T TS50 A FH 6 K ZR R K 1 [R) s i 20 2 3
T35 YL, B R IR I i e 1 AT #E bl R TIE /N
A2 EH T 38 2 0 T BRE A A TR N K
AIFVHRCRT0 T B R AE K FE AL TR 2, K g
PR PN A R i S R 7 5 A K R AR £
FH, AT RASE B A i (P 0

AR SCFIFRAT LA JR A /N7 - ok — A
SRR X B 28 I 1987 -2016 4F & H [ /K S i i
ORI , T 22 B[] RS A o AL R K 25 L 4K

SAHE T TR XEY PR R, 5T & BR B ]
RE SPEI-3-Apr 5HF &M T/NE - B4R
R, BT g7 5 1 7 AR AT LA R 62% /N A7 7R iR AR
S, Z=mfa] N SPEI-3-Sep 5 55 &4 F £ K7
i ARG, BT Sz 0 1A 5 R T LA RE 88% &
KPP AR S AT 25 A 5 WA R R A f e
JIEA3 M AU 55 L DX S VR ) 7= 2 R M 4 SR 2,
WL R | A/ NAZ IR 75 T IS TR XN
PR, /N A K B OGO T R
K, &AFMY 2T 2w, WA RE SPEI
HE KRN, 8 Ay Eokr &S SPEI M6 R %L
KE0.70, B EFH I, NEARERKBCOEE 8 H
AR TR, M 8 A H R ) DU il e 2
W10 R AE KT KEZ, & FRAE K CH,
Wit /R SR A 1 1 S e A R ) AR, MR
AW,

WIFRA 3 G VR & A o T LU i 5 1
YA & K 0 AHOC I T AR B AT HET , Sadat
DY R SPT AL R EHE 5EY RN £
TG ] U 7Y X6 A By 7 AT T, A )
SPI/SPEI $8%4 5 7= fg # 57 [] )5 5 FRAF 5 T 52 X A
)% A RN 87 Y ) & LIRSS 114 €/ T I W (3
VA FR R SRR, LA 22 T S8 3T 181 4347 7 i
FE T XA E Y 7= 5 15 ] 3 55 ] 7 )R AT 4R
WEEZ , HEJAS 0 w8 I F 2k <%
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Folke, i th R B MEY AR AN
SAERT O E . MEWRBIRE W T R 1EY 5 3%
BEM AR N i AL OC &R, vRokh RS A &2, e
NRAZ AR I | B[] | A i BR 1, 158 i A7 o —
AR X AEY ™ W W S, AR RESE A
VEW A KASTRIASE 7 75 | SR 4 1 4% 7 5 <
5 R Z X EY) 7= fs i BF9E 45 2R 7R SPEI-3-Apr
SRR P EAG T A R bR, SPEI-3-Sep 42 7
VEF KT A T A 33 AR

5 % 3 .

(1] W, B P E A SR GUE MO ST B4 - R M
YA - LIS M Abst P EAR S Rk, 2011,

[2] Chen J Y, Tang C Y, Shen Y J, et al. Use of water balance
calculation and tritium to examine the dropdown of groundwater table
in the piedmont of the North China Plain (NCP)[]J]. Environmental
Geology ,2003,44(5) :564-571.

[3] ZepAE, EBTFY WSO, 55 RAT LU L FPP I R /KRR ST«
PUAIAEZRICA ] 1] SRR, 2012,31(2) £ 102-108.

(4] g B BRI [T ], b AR, 2002,35(7)
848-855.

[5] FNVES XIEB, FoRAe, 55 RATILHPE DT 40 FREK B
RICRH A s ] ] T E SRk 444 2007, 15(6) 1 18-21.

(6] LB, B4, EEV TRIEB0 ISR ] FKILE 5K
FIBHE,2013,11(4) :128-133.

[7] Pietzsch S, Bissolli P. A modified drought index for WMO RA VI[]J].
Advances in Science & Research,2011,6(1) ;:275-279.

[8] Begueria S, Vicente Serrano S M, Reig F, et al. Standardized precipi-
tation evapotranspiration index (SPEI) revisited; parameter fitting, e-
vapotranspiration models, tools, datasets and drought monitoring[J ].
International Journal of Climatology,2014,34( 10) :3001-3023.

[9] Ming B, Tao H B, Wang P. Impact of drought on grain yield in Beijing
investigated by SPEI-based methods[J]. Journal of China Agricultural
University, 2013, 18(5) :28-36.

[10] Yamoah C F, Walters D T, Shapiro C A, et al. Standardized precipi-

tation index and nitrogen rate effects on crop yields and risk distribu-
tion in maize.[ J]. Agriculture Ecosystems & Environment,2000, 80
(1-2) :113-120.

[11] Mkhabela M, Bullock P, Gervais M, et al. Assessing indicators of
agricultural drought impacts on spring wheat yield and quality on the
Canadian prairies.[ J ]. Agricultural & Forest Meteorology, 2010, 150
(3) :399-410.

[12]  Potop V, Mozny M, Soukup J. Drought at various time scales in the
lowland regions and their impact on vegetable crops in the Czech Re-
public[ J]. Agricultural & Forest Meteorology,2012,156(8) ;121-133.

[13]  ZEFAN,JBE, X, 45 35T SPEI-PM $550A0 8 V- I T 24
HES3AT] )] A= 2S244R ,2017,37(6) :2054-2066.

[14] Adam N R, Wall G W, Kimball B A, et al. Acclimation response of
spring wheat in a free-air CO, enrichment (FACE) atmosphere with
variable soil nitrogen regimes I. Leaf position and phenology

determine acclimation response[ J |. Photosynthesis Research,2000,66

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

(1-2) :65-77.

Bt o3 R b G R R [T ). FAR IR 2R,
2011,(6) :13-18.

SHENL, EER AR, S5 PR 2/ N2 7 ) 5
W[ P A 2ROl 274, 2008, 16(6) +1444-1447.

AR, BRI, A B2 AR A KB R ZRidk [ 1] AE R 2741,
2003,29(5) :750-758.

Pelton W L, King K M, Tanner C B. An evaluation of the Thornth-
waite and mean temperature methods for determining potential evapo-
transpiration.[ J ]. Agronomy Journal ,1960,52(7) :387-395.

Hosking ] R M. L-Moments: analysis and estimation of distributions
using linear combinations of Order Statistics[ J]. Journal of the Royal
Statistical Society,1990,52( 1) :105-124.

Alam N M, Sharma G C, Moreira E, et al. Evaluation of drought u-
sing SPEI drought class transitions and log-linear models for different
agro-ecological regions of India[ J]. Physics & Chemistry of the Earth
Parts A/B/C,2017,100.31-43.

Keating B A, Carberry P S, Hammer G L, et al. An overview of AP-
SIM, a model designed for farming systems simulation[ J]. European
Journal of Agronomy,2003,18(3) :267-288.

Sun H, Zhang X, Wang E, et al. Quantifying the impact of irrigation
on groundwater reserve and crop production: a case study in the
North China Plain[J]. European Journal of Agronomy,2015,70(1):
48-56.

TRIIB B 06, T 00, S5 A BB AN </ IME 607 ZE I
BE R BOR R R [T ]. v B AR A0 4R, 2016, 24
(8) :1095-1102.

MRIRAR  SRIAI B 066, 45 /M 60” FEAR[RIK RS T YK
FEMEL T )P E AR AR ,2015,23(10) 11253-1259.

PRESE, sl BN, A AU P R AN R ARV E A 7 3
AR A AR T ] R AR 2A4R ,2015,23(5) :535-543.
ARSL, THERT WSOT 45 A 5 XA T U K e
IRAFUFHRCRIIEMAL) ] AL AR, 2011,26(3) :182-188.
BRSBTS, A9, 45 5 BRI T/ N R R 5o 67
PR RIS HEIHIDERIITE (] AR, 2007,33(11) : 1711-1719.
INED IREIE BRRYE, 55 75 SR A/ N A A AR AR5
Wi SR ] AR RSO 741, 2011,19(5) £ 1086-1090.

Zhang X, Wang Y, Sun H, et al. Optimizing the yield of winter
wheat by regulating water consumption during vegetative and repro-
ductive stages under limited water supply [ J]. Trrigation Science,
2013,5(5) :1103-1112.

PIVED TRESE RERSE 5 AR N TR AR PR R R K
BISEIR ) ] A5, 2009,30(2) :215-218.

TR, A AR, XL TR KR i A K R P A 1 A OB
[J]. PR, 2006,24(2) :8-11.

a7 /M B 25 AN TRIIEDRERIT N it it FH X S oK A 7
BRI ) ] AR 5%, 2007,28(4) :371-373.

W, I, B o TARUE AL K 28T R BT 7 T S X st
XA B [ ] P RO RS2z, 2013, 18(5) :28-36.
Sadat N S M, Liaghat A M, Ebrahimi K. Prediction of crop
production using drought indices at different time scales and climatic
factors to manage drought risk[ J]. Jawra Journal of the American Wa-

ter Resources Association,2012,48(4) ;1-9.



