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B OE: EWEAECE AT R DR A BT R 0 gk AT 4Rt T — A 2 TR . O TR /N2 R K AR Y
DSSAT-CERES-Wheat H& 5 UERIAALIK 23 hid 44 T R X A& /NE AR R E R RIS 2, RN S 85 RIS
WRIBAL T %, ZWFR T T 42 (2012.10—2013.06 F1 2013.10—2014.06) )4/ BE 32 5 HH RS . kb &
INEFA LT RIS A BT AT MR 5 N EEAERKMEL, SN ERMBOELR R, B 4 MR
52 2B (D1—D4), WRisNEEE AN /KE, WEREKCH A 40 F1 80 mm 2 A/KF (11 F112), B
A8 ANbEE, RRAbEE 3 RER, (BTN R AR X RATE, MAMEFURE 1 A E T AKX AL, S
KB T 5 EANFMSEAEHHRIUE )T %, P DSSAT-GLUE 254 v B3 2 AR [ S50 46 B 85t e #r &8
MG SRR AR R, e DA K R R ST 2 R) (W 22 7, LU 5 I DSSAT-CERES-Wheat
MR R I AN AR TR RS 1 . S5 R W], S8 PV (Bl 4 Tl b M BOTT R R 50 F1 G3 (el lk
JROT TR IE T BRR ZE AR R T D) B ERN AR R, AR RE N 19.07%F1 16.34%, 523 BRI -FRES H AR (154
K, THABSHE A SR, BR RN T 10%; DSSAT-GLUE Z ¥ttt T B B A BT RIS rt, RIS
HERRNSEE RS —2m—8: ARMSEM T R R NER LR AR RER, HhS8thit g 1 OF
FHB R A B AL CK BT S8, SLAAR RIBY B 52 52 A S AT I0AIE ) ARASE TR A 1 RN 6 UF R i e
L, AP EIRRE 4R X 1 2 (absolute relative error, ARE) FIAEXS M2 (relative root mean squared error,
RRMSE) 43724 4.89%F1 5.18%. fE4 /M HhFltiAIFE S =2 5L, DSSAT-CERES-Wheat #5575 A DL U A48l /N 22 (1) A=
KR GRS K BN AR, ERAE A HIRNR 5 152 R0, BIE RATR 2, I BB 52 50 B AR 52
BRI, BRSBTS A, BhAth, SBIRLTEIR B B AN R K 3 8 3 ) A N ZE R I 22 5, T SRR b
ATHERN IR it o AC X TER B DSSAT-CERES-Wheat AU BLHLZ A ST H AN [ 7K 43 p 38 4 A1 T 46 /N 32 AR KR P it 1 Ak
IRZEAE 15%~18% /47, k2, DSSAT-CERES-Wheat BRI FERIY X A /NE AR BE L FE N AP AE A — e R PR M, 5 2EE)
12 MK 12 AR S A PP T e T R X (R &N AE P BURIE Y, AT A TS & /N8 7 A Y BRIy ) (K0 7K 20 P 3 i
HUHIRRR L AT HE 3B IR A 5T
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TR R AR AEW KBRS (RFAREDRBIALD
RS 2R -G PR BER DUAN - 38 EA ik T A E P e i, I
REAXMTAH G SE M IRl 22, R BRI 45 B it KR
T A R0 28 ot A A= 55 R ST E RS, AT by AR B A
BRI ASR SRR R — i UM
ARG R HNAEAR, CREEW R R
Rz RGN SR S22 R o R, i
SHEMAERK R T Seddrs. TYRR S0 B A= 8
R AR B R R L IR RAR S H R M 3h & X R AT &
AL R E K R R LI 5 B,

T BN AR K B U F AFRCWHEAT2
CERES-Wheat. Sirius.SUCROS2 F SWHEAT A 7f1 2:13-101,
I CERES-Wheat #8R FHACh )2, AN 1 HE
HREIE « AHEARE A AR AR A0 A A= 7= 5 w75 T
g, fedE, Yang 26M°UR| ] CERES-Wheat fF57
TAAE T EONAT L IX /N 22 HE LA RS T, I 3 A6y
IRy B B 5 AN A Tk D /N 22 e, n] DU T 4F
11 F G FIREMER BB 73 AN 3 A (/K 20 it . gt et il
FIH CERES-Wheat #8538t T A [R5t 5 B B9 &Rl
PTHODX RN Pe i, A /N 22 F IR, SR AR 4
BRI /INZE 1T b ol B A 2 /N 22 i b ] A b o ke A Ak
A A 1% L X AN 2 A R R B . He 404
CERES-Wheat FBUFHU T A [mIEK ST Hl R &V
ARG IR, FFblE T A 1 RERE I .

DLEERFSH, CERES-Wheat 57t 5 FH SR A48l K 43
SIS o N TR o ] A N Y Al NIVANY - 1 L B (S P8
WA FR B R0 7K 43 8 4 A1 (1) /N 22 A KA
AEAE—E R PR . Travasso 1 DelecolleP2 57 42 1,
E—E MK WrHaya N, CERES-Wheat #5784 1] LA %4
BRI FZ =88, ARG A 3 R Y RN el 23 1 R B AU 78
4%: Toure®V I CERES-Wheat #5754 JGvEHERA Fm 1 5
EMY RN ZE R R B Bechir Z5PURFS RN, 75 145K
SIREGRIE DR, AR RS B b AR A R ROR R
BB I IRAR . 1P e BRI T A h T A e vk
e A B R K o B S N IAE W 2K R R B R
(evapotranspiration, ET) Prighi(r), 1X7:[#])® CERES £
T A4 CERES-Maize #2175 2ffiiA. Delonge
s ST 42 3a 780 AAEFE 20 E M Bt . Lh#g
CERES-Maize 578 4 HA [rI AT S [ 7= B RN 25 R 25 1
45 R I CERES-Maize #5280 n] D78 /3 L™ &, (HJEAE
T893 VEWRE IS W PR A T 28 R 28I s T AR 7R 2 E RN =
il TR &M, 1X 53R 708 70 EE IS T AR T 30
HAE A, N 28R 2RI G T . Xk
f}] CERES-Maize 57 i i [ FR AN 28 e 281 5t 2 (R R FE A
KRB R, KoA{E CERES-Maize R i 28 54F
PIREAUA & H S e VAT el S AL S AR 5 1

PEAL, REARL RS 1E 5 50 UF & ARAIE A A R R SRS
AT FEPE L ERTEE, AR S HAN T T B SR
RN [ ROASE AR S 0 RAB AR it 4 SRS 2T) kg, AR Y
KIES AR, HineEA % —NE%

AR o DUAEAIE T A0 2 e S U AR 43 o 79 35 40 SR VP A
YEMIRERL, B — 05 B R B HERR T, o —B oy HI oK
BFAR 28300 gy, 0 A5 BBUHE 2009-2012 45 AL KL AL
BRI s 2 PR 4, ] 2009-2010 42 i Bm A v
R, 2011—2012 4 RS0 Hs F RIS ER T . 7R
SHBOE T, T PSR AR vk (trial and
error) FA IR LANRFE S 4L, AR JE LLEBHLE A s e
SRVP R AL, R AT AR SR K L . AR K 1
TR — T A A A LAE R I B, R AE e A
A2 NAFIAE ., — BB SRR ALK 5> IR 55 W
30 K0 TR PR RO AT AR (1 B b B B 1E B, (E Rl
NIRRT S ORABAUATAE K o 8 5 R Ve A
KRR R, AT AR B R OR B, TR
ZERRA 2 K2 DA IR 5 2 BE A5 5 AL ALK 43 it 4%
PERARNAESE RGBSR ? BRI IX L) 5T, i 2000}
R R E 5 B0 TE I FEHEAT R IT, DA e B 24
VRN AUE ) e T &, IXFEA e PRUE A A AU E W (E
BUKEME FAEKEE M B . X SRR
CERES-Wheat B8z W FH T R A1 R o X N2 A=
7 BRI ST ) B A

M TR R &S 2 (2012.10 —2013.06 Fi
2013.10—2014.06) )& /N4 53 Be sz 5l e £ Sk iz A7
CERES-Wheat #7,  J:5%F L2 AN [7] AR S 500 A v
IUF 5 %, HH ZE TV CERES-Wheat 52U 40T
R NS A KR B PR B T SR R AN
RERAG IE IR 7 %8, FFULIE AL+ S a4 T 4
AN R (N Bt T 26 . XK Rl CERES-Wheat 5
TR 8 & /N AE 70 o BEE T B SR AR B, o2
BEZAERL 2 N 1 op [ R R OR ML A 88 R 4
BRI TR AL S HF

1 #RATE

1.1 HENREEIT

HH [] 4 /N 22 53 B 32 SR 56 7 Bk v 4 8 T b AR MR B
KEFA K REBER G 3 (34°17'N, 108°04°E, ik 506 m)
HHAT o 2D O G RAERAX, &8 TRy 2= R
TAMEX, BKENDAAARNY], BRETETR, 4
SETCRE I 221 do IRICAETG SR N REAT, P
TG T, DURE &0 B W R 6 1 s i o R /) DX Ffbe T
B 8m?, /NXZIAATHVE 1.5 m (15 205 SR E B2
TR RS . A/ N RO B R C/IME
227 o #EAE A 2012 421 2013 4E11 10 A 15 H,
KRR, R 5 om, 1THE 25 cm, #EFHEEE 400
JifkIhm?, 4351+ 2013 4E 6 H 2 HA12014 4E 6 H 7 Hik
o F- AL R it ] 140 kg/hm? N AT 50 kg/hm? P,0s 4 JEEJIEL,
HJEABATIBN . HEZK 7 KON, EME IS 58K 1 R K
AR I R KA, SRS/ X T R E KK &
RIGRAN T, 5 s KEEN N . HAk
WEAKTTHEINZE 1,

TR A A HEWE KPR 2 N B B PE DG B IX 4
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INZHEAEF R T K =LA 400~500 mm, ASCERE
400 mm 1 7R o0 HEBE R, 4 5 IRISATHERE, BP#EK e i
Jh80omm (12) , FiAMKE 7R HEBE 50%IWHE K EAE R o)
—MEREB KT, RIEACERTN 40mm (11D 5 AN
BAEE IR A IR ST hERER 5 A
AR BL, BN E K BOE S 5, R A+HIR
B2 5 (D). IR F+HIRCTTIN B2 5 (D2) o 1T+l
B2 2 (D3)FhAE+EEI T B2 2 (DA)5E 4 4K,
L8 A (R D, BAMGERE 3AER, il 24
AN, A TEE TR A P 2 R B RGBT AT R N X .
ANE M PN U LR KA (CKO 1R IR, ik
B3 AEL. WG B BT
PR, AR BB AR A R 2 R B

x1 ZPNEFFEKHNERZ I A EKLIE

Table 1 Irrigation treatments in experiments of water stresses at
different stages of winter wheat
mm
I 2 K
g BEW EEW gm aww TEE ST
T (12-15)  (03-15)  (04-15)  (05-01) X e
reatment Wintering Greening Jointing Headin Grain Irrigation
& 4 Y Y filling Water
CcK 80 80 80 80 80 400
11D1 0 0 40 40 40 120
11D2 40 0 0 40 40 120
11D3 40 40 0 0 40 120
11D4 40 40 40 0 0 120
12D1 0 0 80 80 80 240
12D2 80 0 0 80 80 240
12D3 80 80 0 0 80 240
12D4 80 80 80 0 0 240

7: CK. 11, 12, D1. D2. D3. D4 435 A% B AL HEL. 40mm #E/K E %5 80mm
WEACGER, AHIRTE N B T IR+ B RO - B2 5
AR N B2 R TR

Note: CK, 11, 12, D1, D2, D3, D4 represent control treatment, irrigation quota of
40mm, irrigation quota of 80mm, drought in wintering and greening growth
stages, drought in greening and jointing growth stages, drought in jointing and
heading growth stages, drought in heading and grain filling growth stages. The
same as below.

1.2 CERES-Wheat ##E! a7k 4 BB A F

CERES-Wheat st DSSAT #iM & 41| H [ F#i7 2
e, LN EIAEYIT RO, R R IR (e R s 4T
7t DSSAT-CSM (cropping system model) A3LT7& I,
FER ARG - O R DL S 3K o . A R T
ki, DARAN RPN AR K E . B
BB KT i i AR 3 Bl R v KOs RO S 1
. BRI R TR KRR 7
. AEKHIEL, A, KB MBS ETER. 2.
FH H) 4 BR4E %5, CERES-Wheat AU 4T BT a5 B
435, RGBS VRS AR AN
)45 PR -

7f CERES-Wheat 57 1, |- 33 7K 43 J& A4 Ritchiel®
P R 7K ST 7 VR L) o AT R H 1 K
HOPAR A Ritchie —4E “#ifil”  (tipping bucket) J7
B, el LAREIAE— )2 IR AR TR AR R . ¥

TEMR R L IR MR A ISR 457K
T2 A IRREL, EE R 78 (potential evapotranspiration,
PET) H] Priestley-Taylor®" 5t FAO56 Penman-Monteith!*®!
TNETHE, AR R IARTREO ETo HIRREL. TH
IR G 19 T TR AR i B 2 LU Ay e 2 (B K 9y 77
KO FIEBAERR RWK CBAE Y)W 858K 2 Rl
KRR, ZKDFERIIEMETR, WAERRBK KT
WEEZENE . AR, TR RBOK AR 28 K P BTk
K, AR R KB Wk, AR Bk 2] AN BIA,
RIES 1 AN/K 4 Bpa Bl K1 (turgor factor, TURFAC)
(A0 1 B D, &K a2 AR 1)
P4 K (expansive growth) , @I TFHRIKFL R A 1K)
fREAE, XL FRAEAT AR R X 7K 23 ik e 5 Ok Rk
VTR ZE NS T B R R A R IBOK I, IS 2 A
Wria ¥ (second water stress factor, SWFAC) (A 2;
K1) M4, s s A KA AT e
pOR 2/ B I S L = a1 a = DU = < 1 2D A 7 A2
T -7 T B CA B AR BRI R A, AR TR T L AR ) 25
PR R B IEA, TERAKSaEMET, MAKFEh
1.0 —HIKWria HIL, ok 2l —AN T 1 1,

IX 55 B A 2K 0 RO A AT W 3K 43 ZE B R/ E B
(B 1) o B PR A e P AEVE M A KR
KA ERR AL CRALE R A a1 35
AT ) 0) B R R R M R A KRR B I Ak
PRIAL

TRWUP

TURFAC= ————— (D
RWUEP, x EP,

TRWUP (2
0

A TURFAC A 1L /ANKa a R (SRR

TRWUP Wi 7Ef Rk K; EPy I 7E78H; RWUEP, &

—/NMIMRE S, HETEERTA DSSAT 1EY)h 343 E N

1.5; SWFAC K8 2 AN/K4r e A+

SWFAC =

§ 121
Q
< 10t
g
£ 08
§ 0.6
g el
zo
§ 041
£ ool T —— AR HHEA T SWFAC
R I i/ H-F TURFAC
0 0.5 1.0 1.5 2.0
TR/ 7 2

Potential uptake/transpiration
B 1 DSSAT #ZA! o i 42 BB A2 A Ao K A B T 89 % &
Fig.1 Relationship used to calculate water stress factors SWFAC
and TURFAC in DSSAT model

1.3 1REUGNEIE

2012—2014 3% HAGE th Bevg B e B K — i
RGP, EHERE H H IR (h) 3% H S < CCO .
ZHEBAVRE CC) MERE (mm) (B 2) , HFR
K AEERR A T AT, WIS 00 1 HOKBHAR T EAR
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% AngstrontO2e 5 0 55
&:RW(Q+QEJ (3
N

X ROVAPHESRS (MIM?) 3 Rpax A RSCEEST, BY

1 1 1 1 1 0
0 40 80 120 160 200 240
$&Ph J5 R A Days after sowing/d
a.2012—20134F

AR TMIN

100 &~ 40 ¢ 1100 &

g £

= =

30 ?, 301 é

g R E
3 S B 2} 2
z o 5 2 2
g € 8 10} S
(=% =3 s—
5 90 £ E k|
& S = 0r A
= = 2 =
{ 20 B U J10pw : Sie =
= R tan B o BRI LR =

_"< ——— i e I.a- - \/(

BRKBHARSTEL, MU & by WK REL SRR
FORBLA G, MR FAO #E#E, %E#f a,=0.25, b=0.50; n
HEHHBEG, h, WTEBRAZERG N yEHT
W%, BRI, he

~ KPS SRAD

. . 0
0 40 80 120 160 200 240
TPl S R B Days after sowing/d
b. 2013 —20144F

H: TMAX AZ H s TMIN D38 H AR SRAD 3% H R BRI 4o
Note: TMAX represents daily maximum temperature, TMIN represents daily minimum temperature, SRAD represents daily solar radiation.
B2 ANEAFHNRE B KAEHSE

Fig.2 Daily temperatures and solar radiation of winter wheat.

IR D R St . RS 0 SR B
SR AR AT E ), RO AT /2 ] TopSizer
WO T ACGIE , S AR IHRE AR
R A BRI E . ORI R AN X NIk

IR R 55 AR 0, HRNERE, YR 1 m, RS
20 cm HUFE—k, RGN EE, 7E 105°C FHMET
VRN E o WOREAUA A $0 1 TR R I e — ok, T 1
DUJE B FEURE— IR o BERLIEAT BT s 384 Lk 2.

2 WA XS TR

Table 2 Initial soil properties of experimental plots

o o - A AR Il 5 LI o EEEkAE

Layerem  Clay/% Silt% Bulk derﬁlty Wlltlr;g point Field capacity Saturated water content Initial water content/c(m”.cm™)
/(g-cm™) /(cm®.cm™) /(cm®.cm™) /(cm®.cm™) 2012—2013 4 2013—2014 4=

0~20 18.36 42.29 1.26 0.15 0.25 0.43 0.23 0.20
>20~40 19.45 43.65 1.35 0.16 0.26 0.45 0.24 0.21
>40~60 17.40 42.83 1.30 0.16 0.26 0.44 0.26 0.18
>60~80 16.09 41.99 1.32 0.14 0.29 0.35 0.27 0.18
>80~100 16.36 42.35 1.35 0.15 0.24 0.30 0.29 0.21

HH G AE AN IR /N X P AL X RE AR 3R /N X 4
K 1 m? RERRAE 3T AR, VRN B &= Bl 2 (X
W, ANRVEHRED, HoAh R IR FELERE T AN AT . TR
ANXEEJT AN RAEE B bR Nz, L HE Ei A1 105°C F
AT 05 hy 75CHER RESNE, MILTRE, KRR
] F e K. RN GG, WORFE T Wi B AR
W, GUUHAAEEL, JREN 10 MR ECPIRRIEL, BT
BHRMEN TR, 7€ 105C FAFH 05 hy 75CHEE i
wEE AR R, PR ERCT R E .

1.4 REGZIE. WIER R XHIE

AR DSSAT-GLUE 20 FR 37tk 4 /N2
F oM 227 HATSHCRE, FHESHA PV, PID.
P5. G1. G2. G3 f1 PHINT (£ 3) . DSSAT-GLUE &
BOFIRFE P10 72 3L T Generalized likelihood uncertainty
estimation (GLUE) J7yE#t 193, GLUE J5ikx) 1
AT I S HOAS 2 T Pt 5 P sl 652, TR AL 45 R
5SS g5 SEATR LG, AR BUAR R B i e S BT E

FE, AR AT BOR AR REANG 52 PEATULIN ANt 5 1 (0 2 A
T, RO AT SR o S R,
®3 Z)NEHGRMEESHRIEER

Table 3 Genetic coefficients of winter wheat and their value

ranges

24 Eiia A Y
Parameter Definition Range
P1V SR B A R M A B B A R B 5~65
P1D Je IS HU% 0~95

P5 FPRLHES IR (C -d) 300~800
Gl T4 0 B R 55 S RO AT (no.g ™) 15~30
G2 B AT R ARUERFRLIT R /mg 20~65

G3 S e R SR R RS E T T g 1~2

PHINT  Sefi— AR F AU/ (°C-d) 60~100

71 GLUE FEferh, K AUR ek R o il it A% 2 20 ql
THPERIRRUE, %P LB — AN BT 5 6 RO
WE - TR 22 5, I SEe AT ARG, ISR AE
KW R BAUE 5 MNME 2 W28, RZIMR. R)a
THE AT AHOCHSTAOE S5 W INEL ) S AR A, IR DA
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W o8 S AR ) SR AR, S R 2
KR 10 AR AR e A e A5 R 2 1) )5 o6 o AR 12,
DSSAT-GLUE #i /3t id W4 GLUE i 4 SE B E ) it AL
R, R EY RN S5, B Al
AR S, FELRIT: ORESEIN LR 50
@MW SH A Th LA S H s @A FIRBEHL
NI SHEEEIBATIEAL, @O AR OMEER
fiio N T HHERSEAS VF R P RS 56 o0 A vE S A 2R
Pk, 56 GLUE B %/ EHZ1T 3000 KL 1H9,

ARG A /N 22 R W fige 1 /R 4 T 4 30 0 Rl 24
WD ORI AR ORRL A E AR Y
AR g R DY R AT S UL T B S UE . RS 8K
T, ERRER PBATITSR N Asg i, Ri5is
1T GLUE, £ 20,000 XBEHLEZ 5 SRAFE A I 5E ) —
N A . T2 RS E) )RS0 1 2 [B) A i) A% S
DL K¢ i DR - 3 3855 - 45 P B A ( GenotypexEnvironmentx
Management Interaction) #5210, R AN [F] (1) 8 24
fEvE-BE T (G 4, W &7 ERE LS R b,
PAIR B AL ) —Fh 7 %2

4 CERES-Wheat 8B R E#IE-IHE /5 5

Table 4 Different plans for calibration and verification of
CERES-Wheat model

Wi S BERLRE A A G £ gl
Plan Data of model calibration Data of model validation
1 PIAESE 78 AR AL B (CKO oAb ST b

2 2012—2013 4F R T Ab HT 2013—2014 fEFE A Ab 3

3 2013—2014 4R fT A Ab HT 2012—2013 4EFE AT Ab 3T

4 WS EKALEE (12D1-12D4, CK) PHAEE{R/KALEE (11D1-11D4)
5 PAEFEMKARHE (11D1-11D4)  PRAEREE7KAREE (12D1-12D4, CK)

2 X HHIE (cross validation, CV), 4 I IRFRIGEHl
i R Fh gk BB A D) B AR N AR
146481 A% WISIF AT 4>k Hold-Out V5. k-FLAZ IR AIFVEAN
B —2¢ X I&1iFi%: (leave-one-out cross validation) . B —
A XA S F A P R A b B B R S, B/
ZARZER VLT, FEREFEBRBENLIN R B Rg .
PRI FE T g e AR . Rk, ASCRAE 230 i
R R I8 e LB R S HAG iF R Uk T £ T,
CERES-Wheat FAIBAUNRG R . ABFF PRS0 AL FAT 9
A, PUIEGEA 9 MEAS, BENFEAGLSE PR BLAR 2
Wi, ARG ADFEARVERIAEAEA, HAth 8 MEALE
HNGEREAS . IXFEAFE] 9 Py Ty =UA 9 MK 45,
I 9 MRS, BRI P IR AT R M RE . SOk
DGR 1 9 ANMEEARIRE LA S I,
T RACBEH AL TS50, Fln, STk 11D1 Ab 2R E B
YEDMIME, BT AT —asg (i, AR5 H
R 11D1 (1) HA4x 8 AL BEE #1217 GLUE, % +%42 1 20 000
RN R G R RN RN — U S A G, BT
R IRALE S HOL 11D ZLFE,  FF LA S RIRAUL AR AU
THE, A,

AHIE T (IR FRASE T A0 56 UE 3ok R 1S AR A 5 A
Z R 5 iR % Crelative root mean square error,

RRMSE) Fflgaxf A%} i%% (absolute relative error, ARE)
SKIEAT VT, EATTRe % B S BRUAE 15 S R AR N 22
FEPE, WM JETLENG &, 7 AN 148 &2 6]
BEAT L), RRMSE il ARE (88 /)N DU B A8 70

AR L B
RMSE = /%i(& -0’ (4)

RMSE

RRMSE = 5 x100% (5

S -0
ARE =1_~11,100% (6)
Oi

ZH: RMSE h¥ 772 25 ; RRMSE AHN 3 7 AR 15 22
ARE M2 AIRTR 22 S A2 | AMRRE; O A i A
AL O WL A~ FIAME, n B 5.
2 ZFER59h
2.1 AERE-EIEAEFFSENSHAY LR

NIRRT S HUAL VT 7 BT SRAF SEUS W R 5
Fi7Ro

x5 AREEESEHITHETHENZNERESH

Table 5 Estimation results of genetic coefficients of winter wheat
under different parameter estimation plans

2% Parameter

J7% Plan
P1D P5 Gl G2 G3  PHINT
1 63.71 90.42 6323 2885 3946 1726 9181
2 4527 93.01 609.1 29.64 3418 183 99.46
3 63.33 7892 5984 2282 4538 1254 99.05
4 49.64 9333 5684 27.34 3855 1925 958
5 4232 9434 5703 28.86 3825 1948 96.02
¥{H Mean 5285 90.00 595.70 2750 39.16 1.74 96.43
Stand:j?(;{%?\n/iation 10.08 6.36 27.00 2.75 3.82 0.28 3.08

Coefficientof 19.07 7.07 453 999 976 16.34 3.19
variation/%

T SRS XK 3.
Note: Specific meaning of the parameters are shown in table 3.

FLi 8 85 Bnl 4, BB PIV(SHE L 42.32~
63.71) 1 G3 (SHHIEH 1.254~1.948) , ZEAFEI T
KRB RN M, AR RE (coefficient of
variation) {H¥JHET T 10%, EIZ% P1V Ml G3 [K{E AR
R SHAS T Z AR R AR KA . AN E TS5,
7 5 FAREBE AR NZAKEEE CAFTIEE
BEALEL AFEAEG) , AT PV A G3 IEAGTHEIR K
FEE AT I AR VR AR I 85, BT R TR - R -4
HAESXIX 2 NMSEIANTHEIE BRI . Rk,
LT HH (R A B AT ORI AR AR, %) PV F G3
X 2 ANSEEFIA T A S BN AR R R EUEIK
T 10%, S PHINT FRARvEZ A8 55 25050 5k
3.08 1 3.19%, X7 [ Ui HIX L8 2 5 52 KL DA Y - A 05 -
FEH AR AR AN, AN E B ED A KBS S8l
B8 55 W] DSSAT-GLUE S h A5t
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R S R T SEME
2.2 TREARBEEKIEFRIEL R LI

AT KT 5 PR RS IE R UE 7 ZE X N IR TR A
WL R, ROk TR AR R R R TR AR AL R
SR 2 TR 0 22 S EAT T X EE o, 38 B P BT 457 R 1
LR 22 (1 RN R IR B U B AR IE NI E T %0 A
TR, KRG TR L AR R (R 6),
T Z N AN RRLL A Z R (RT) .

Jr% L R IR R, TR AR IR R I A
AN S FEA 3, ARE {1 0.52%F1 0.21%. )
SRURFRL ™ S IR ARCDURG FE A 1y AHN IR 2593 1 6.48% 11
4.22%, {HERLTT BN B R, ARE KT 10%. 7%
1 BRESIE R, S TR AR i 1Y) ARE (B
M 2.09%F 2.20%, {H [F]—4F AN ] 52 FEALBE AN (1) T
A 3R A PRI ABEAOLAEL AR ), T 5 Ak 38 S 4 A
RS, B2 R, 2 R R )™
o, FF A IR R R U AR B T . I 2 RO I A

CERES-Wheat #5784 = % i A5 R R A0 ' J8 A SRR
YIRIE, TANTE REIK A IR RAE T, DR e TE v A
EEFOL T 57 WA BT 36 T A N 2 I 2 o AR ER N
FORLT R AR RRE R B R BRI, AR R 22
JEE I S BRI RN S I 572 B AR BE, I LN AR 2 (1A
g RIGAHAE, ARE ¥ KT 20%. X0 fgse T 4hfE
RITRE JE I 7K G5 1 JE K /)N 28 T P A7 50 K5 1, T A
T A LA 1) 7K 43 38 IR 6 3K — 52 1) 4 A IE AN 8 78
g A HER S A K 43 38 5 R R E S R 2 TR (1 0%
Ro SFPRire R, AW SRS E IR T I 2 T
IR 72, flin D1 BB GERAFIRE D 5220
ARE KT 30%, ifj D2 BB GRE MK 25
I ARE 357K 1+ 20%. 31X i B 4K 19 1 52 S0 B A= 4 1
DA% foe 26 77 AT AR K IR 5% 1) 177 A5 20 A 400 A7 70 30 KR 22
AT RE A TR R 56 /) 22 A KT 3 K 23 W e AU 1
RANGE T8 43, P REVEA A0 K 2 I 35 /N 22 4 1 AR &R
R AR K 5

£ 6 HE1LLZMT CERES-Wheat #E! KIEFNLEIELE R
Table 6 Results of calibration and verification of CERES-Wheat model with plan 1

B ) N = g =
ERE 4b xR A"‘T‘Fﬁ:ﬁat? Maffr’i}ﬂa“? Unit liriiﬁvfight/g Biomis%jhm‘z) Yijl?/?kjrfh'z)
Season  Treatment __(days after planting) (days after planting)
Sim.  Obs. ARE Sim.  Obs. ARE Sim.  Obs. ARE Sim.  Obs. ARE Sim.  Obs. ARE
BOREE 2012-2013 CK 190 192 1.04 228 228 0.00 0.040 0.036 11.11 16531 18029 831 8131 8407 3.28
Model  2013-2014 CK 196 196 0.00 236 235 043 0.040 0.047 1489 16999 16243 4.65 7874 7488 5.15
calibration Ff 0.52 0.21 13.00 6.48 422
Average
11D1 190 184 3.26 228 222 270 0.040 0.034 17.65 5783 11014 4749 3161 5079 37.76
11D2 190 185 2.70 228 223 224 0040 0.032 25.00 7413 11309 34.45 4188 5202 19.49
11D3 190 188 1.06 228 224 1.79 0.030 0.027 11.11 8795 12110 27.37 5136 5626 8.71
11D4 190 188 1.06 228 225 1.33 0.024 0.027 11.11 9942 11719 1516 4876 5316 8.28
2012013 12D1 190 184 3.26 228 223 224 0040 0.037 811 5784 12159 5243 3161 5755 45.07
12D2 190 187 1.60 228 224 1.79 0.040 0.035 1429 7376 13401 4496 4107 6682 38.54
12D3 190 189 0.53 228 225 1.33 0.029 0.028 357 9486 13065 27.39 5443 6460 15.74
i 12D4 190 190 0.00 228 226 0.88 0.034 0.028 21.43 13287 12756 4.16 7411 6323 17.21
%\%oz‘z;ﬂ: 11D1 196 188 4.26 236 229 306 0040 0.043 698 2664 6432 58.58 1433 2927 51.04
validation 11D2 196 189 3.70 236 229 306 0039 0043 930 7486 9129 18.00 2931 4375 33.01
11D3 196 191 2.62 236 229 306 0040 0.044 9.09 8364 10011 16.45 5259 4440 18.45
11D4 196 192 2.08 236 230 261 0.022 0.044 50.00 8848 9264 4.49 4290 4168 293
2013204 12D1 196 190 3.16 236 230 261 0040 0.046 13.04 2664 7438 64.18 1433 3503 59.09
12D2 196 192 2.08 236 231 216 0040 0.046 13.04 10510 12684 17.14 4132 5243 21.19
12D3 196 194 1.03 236 231 216 0040 0.048 16.67 11837 12130 242 6776 4884 38.74
12D4 196 194 1.03 236 231 216 0.026 0.045 4222 12480 11066 12.78 5983 4733 26.41
A%Z}Ege 2.09 2.20 17.04 27.97 27.60

W ARE RZaxtHHATIRZE, %; Sim. H1 Obs. 2> 5 A AU ALY o

Note: ARE is absolute relative error, %. Sim. and Obs. represent the simulated and observed values.

Feflth, oA 77 FEAERLRS 1 R UE o R AR T
SR AR ) S AT ARE AT RRMSE 1 (£ 7)
PO & T4, ISR IE R S UF e, TR 1
[ MRS ARE F1 RRMSE 8¢/, HARRURS (Fid 75
ARE F1 RRMSE HA 5%/ A7, ARG F L+ ARE

A RRMSE KT 15%. 1% A PR A A5 2R 56 i ok it v B 5
AELETK AT T B AR B, JE L2 B T 17K 43 3 (1) b 22
TXATAG S AT S BRSO BRI . IX SR A 78 70
MR AT (1 A HEAT A RS 1 T DA SR A5 A %o 4 iy PR A A
FEEE, AR 2 8 41 R /N A e 2 7 A —
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SERRZE . HAh 7%, TR EMR U e b
EAFAEAFIREE K 3 e A B2, (K ARE F1 RRMSE
HEIRT 10%. HrhJ5% 5 MBIAYRS IF 45 Rk =i K,
X R TSRS IE (R AR BB O AR AL 3, P — IRk
if] CERES-Wheat B B K 73 il 4 A1 1 1R/ 22 AR AT
FEERAR. T7% 3 MBI IS SR 2 K, Xt
2012—2013 112013 —2014 Wy 1 FE e w46 338K 4 4%
PEA ARG . SRS, 7% 1 A Al
R R IE R IR T %6
x 71 FRBESEMEIT-1IES REUBE LR
Table 7 Comparison of simulation accuracies of different plans of
model calibration and verification

. TR G U TR0

ES Model calibration Model validation
Plan ARE/% RRMSE/% ARE/% RRMSE/%
Planl 4.89 518 15.38 17.88
Plan2 15.12 1652 172 17.89
Plan3 13.33 14.48 20.05 2177
Pland 14.88 17.07 16.21 18.92
Plans 16.23 18.66 1551 18.16

7: ARE il RRMSE 731 A 2600 FHX R ZE MR B ik s, Rl
Note: ARE and RRMSE represent the absolute relative error and relative root
mean square error, the same as below.

— AU Sim.
20000
:
= 16000 +
=11]
=)
= 12000 +
£
=1
£ o000}
2
|
= 4000
50 100 150 200
15 K K Days after sowing/d
a L
a. Biomass

E: Sim. Al Obs. 73 A BHUAIIE, T .

Note: Sim. And Obs. represent the simulated and observed values, the same below.

250

KR

Soil water content/(cm?-cm?)

2.3 HAEITHETEXRBLERILE

H T PR A A AN AR RS - 560 7 ZE A
TR ST RN ZE SR, RO & E— S EE W EE
ARG AT T . T % 1 IR B,
AN LA 1 R, R T AR E I R T A 1)
WAL Z Rl K 2012 — 2013 4F JF 1) AH O B s ok i AT
CERES-Wheat 52, %) & /N2 A ) & 338K 43 111 5))
BN EIAT RS (K 3—5) « HT/IFEIRZRE
BEANMAE T IER LA 80 em 12, Hih0~40cm )2
WL, WKL, RNy TRER, AR
VBN 20~40 em 21 L 58K 40 14T 50 Bt o

FERITHERSGAMT, &N Ay EM LKA M3)
ABANZE I S B I (B 3D, AR AU AT A 04
2 Aff) R? F1 RMSE 4341 0.98 il 1144 kg/hm?, 20~
40 cm 2 L HEK S B ATINAE 2 18] 1K) R? Al RMSE
235k 0.42 F11°0.03 cm®fem?, A=W AR 8 1 L 0%
KAy (B 3a) 5 AH KA BRI B A ASEA A,
KNZHWNE S B REMAY S (K 3b) o Wik,
CERES-Wheat #5784 ] AR U M40l K 79 78 A 5 11 R 46/
AR LK MBS RIS R .

* 52l Obs.
0.36

100 150 200 250

0 50
1 )5 K K Days after sowing/d
b. ISR ER
b. Soil moisture

B 3 2012 - 2013 SFE AL HBRAM T4 A A E A 20 ~ 40 cm £ & 23R K549 3h & B A
Fig.3 Dynamic changes of biomass and soil moisture (20-40 cm) for winter wheat growth under sufficient irrigation in 2012 - 2013 season

SR AEAN [F) B B 52 SR 6, ABE RS A 4 o 0 38K 43
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FAERKIIHIER . B2 2R R, B A4
o PR RSAOL A R 2 T A, L SR e AR S 1B
(D4) , BME S WNMEIEARR )& 458 (& 4g~4h)
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JolR K AN A K R

TIEIK Sy (20~40 cm 12D [MEhASHUSE HR I 1

/K oy o JE R R T, T K A3 (R AL R 2 O
FEMEZKF 11 R i H g8k s Bidil (18 5a, 5c, 5e, 5g) KR
K THEME KT 12 (& 5b, 5d, 5f, 5h) o 7E[F]—FhiEi K F
11N, K MRE R AN KR, ) g8k oA
FUMEAR T UIE, RRBCTRARAL T BB B 38K o & o,
BCE A T K A RE R, X 0] AE i A Y R R LR
FERGRIMEHE N — (& da~4d) o HEEE K0k
AR ) R RS, EHOK S RS B D, e
TSP AIRE R W52 520 (DAY =33 /K 20 ML 55 B
LAWY B, K2 B INAE 2 P AR ih 28 - (1 5g),
203K W] CERES-Wheat #7 G845 UERAATHL A KB B
HHIK G5 Tl 30 A /N2 AR 355 2R 8 38K 43 ()5
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— BUME Sim. o S Obs.
‘& 16000 £ 16000 ; 16000 ’E‘ 16000
1 "5 12000 . o 5 12000 - 1z 5, 12000 w1 5 12000 o
FSg= o RS . < O R .
7 8000 o _T\_“ g 8000 o -;v 7 8000 o TH 7 8000 -
< o o & . H & .
g 4000 . g 4000 / E 4000 . _% 4000 .
as] 0 s m Olees oo f . , m e oo o0 m OlLeee oo : . )
50 100 150 200 250 50 100 150 200 250 50 100 150 200 250 50 100 150 200 250
R R R R FER G REL R R REL
Days after sowing/d Days after sowing/d Days after sowing/d Days after sowing/d
a. 11Dl b. 12D1 c. 11D2 d. 12D2
T 16000 L 16000 16000 16000
i 5 12000 oo 1 g 12000 Kis 12000 e 1w o, 12000
0 =~ 0 .
S7 8000 = 57 s 8000 - £ % 8000
R Z o K 1
£ 4000 . E 4000 . 4000 . £ 4000
S 8 S
=a) m PP N . L ) s o oo . L ) e s oo " L s
50 100 150 200 250 50 100 150 200 250 50 100 150 200 250 50 100 150 200 250
Lz IEPN Y RPN R R E A E R
Days after sowing/d Days after sowing/d Days after sowing/d Days after sowing/d
e. 11D3 f. 12D3 g. 11D4 h. 12D4

WE: 11, 12, D1. D2. D3. D4 4352 40mm #E/KER . 80mm FEACER . MA+HRTFNBRZE . R HETTI B2 .

i, R

PO+ B 5 AR RESR N B

Note: 11, 12, D1, D2, D3, D4 represent irrigation quota of 40mm, irrigation quota of 80mm, drought in wintering and greening growth stages, drought in greening and
jointing growth stages, drought in jointing and heading growth stages, drought in heading and grain filling growth stages. The same as below.

B4 2012 - 2013 FZ AR B F 4 T A R AW & 83 A4
Fig.4 Dynamic changes of biomass for winter wheat in different conditions of water stresses in 2012 — 2013 season
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B 5 2012 -2013 5% F4m T4 AL EARNSZ) A4 (20~40cm)
Fig.5 Dynamic changes of soil moisture for winter wheat in different drought conditions in 2012 - 2013(depth: 20~40 cm)
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UEY) ARE Fil RRMSE fE JE AR )75 1 (138 K i o/ (%
8) , XS DI Ay G 30 32 S A B Yk 2 g AR f 6 3 R
FAE R B RS 4 . IXHE— DA CERES-Wheat
BRI Xof A /N 22 A K B B 300 7K 4 J e (R ASE UL - i 34
Ko A, A2 S ™ L A2 I B, B

PP A5 2 R o 2 A RS R A2 /K 1) CK A B R AT 15 7Y
Bk, HoAD AR BT BB IR I, SN (AR B 5 iF 1R
/)N, ARE F1 RRMSE {43518 6.31%#1 7.91%, 1K
T 10%. Xk F I CERES-Wheat #:51 v] DLA Ay v
T M BTAEL K 7 78 A2 4 A N I AN AR KR 5T .
WIS, RIS 8 A IRV R TR GE 161 3
ARE il RRMSE 23l 24 15.91%#11 18.03%, #5745 11k 1)
*F¥) ARE Ml RRMSE 74374 15.24%F1 16.54%, H
CERES-Wheat #5784 75 A5 H 1) S 44T S B0 2 )
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Table 8 Prediction accuracies of CERES-Wheat model based on leave-one-out cross validation method

IR E Model calibration

HiRIGE Model validation

J5% Plan ST PRI
Data of%ff;ﬁ;;ﬁfﬁmaﬁon ARE/%  RRMSE/% Data ofé;iﬁgjjiﬁmaﬁon ARE/%  RRMSE/%

1 11D2, 11D3, 11D4, 12D1, 12D2, 12D3, 12D4, CK 14.01 16.51 11D1 25.75 25.45

2 11D1, 11D3, 11D4, 12D1, 12D2, 12D3, 12D4, CK 15.34 17.66 11D2 15.98 16.46

3 11D1, 11D2, 11D4, 12D1, 12D2, 12D3, 12D4, CK 16.01 18.07 11D3 10.43 12.44

4 11D1, 11D2, 11D3, 12D1, 12D2, 12D3, 12D4, CK 19.70 21.09 11D4 11.42 15.60

5 11D1, 11D2, 11D3, 11D4, 12D2, 12D3, 12D4, CK 14.21 16.49 12D1 25.81 25.49

6 11D1, 11D2, 11D3, 11D4, 12D1, 12D3, 12D4, CK 15.16 17.20 12D2 17.60 19.06

7 11D1, 11D2, 11D3, 11D4, 12D1, 12D2, 12D4, CK 16.06 18.13 12D3 12.84 14.91

8 11D1, 11D2, 11D3, 11D4, 12D1, 12D2, 12D3, CK 15.91 17.80 12D4 11.02 11.53

9 11D1, 11D2, 11D3, 11D4, 12D1, 12D2, 12D3, 12D4 16.75 19.33 CK 6.31 7.91

Average 1591 18.03 15.24 16.54
3 W B TE IR LA [RI RIS 1 - 56 0E 5 500 I (1) i H A S AL

3.1 FEMEBRFZIE-IIE R ELEL

ANTE FRAVE) dt b B AT AR MR AE S 45, A
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Parameter estimation and verification of DSSAT-CERES-Wheat model
for simulation of growth and development of winter wheat under water
stresses at different growth stages

Yao Ning™?, Zhou Yuangang™?, Song Libing"?, Liu Jian*?, Li Yi**, Wu Shufang™?, Feng Hao*?, He Jiangiang"**
(1. College of Water Resources and Architectural Engineering, Northwest A&F University, Yangling 712100, China;
2. Institute of Water-saving Agriculture in Arid Areas of China, Northwest A&F University, Yangling 712100, China;
3. Institute of Water and Soil Conservation, Chinese Academy of Sciences and Ministry of Water Resources, Yangling 712100, China)

Abstract: Crop growth simulation models are useful tools to help us understand and regulate the agro-ecological systems in
arid areas. In this study, the CERES-Wheat, a wheat growth simulation model in the DSSAT (decision support system for
agrotechnology transfer) software, was investigated for its ability to simulate the growth and yield of winter wheat (Triticum
aestivum L.) in arid areas and to find the optimal plan for the estimation of genetic parameters and the model verification. Field
experiments were conducted under a rainout shelter for winter wheat growing under water stresses at different growth stages in
2 growth seasons (from October 2012 to June 2013 and from October 2013 to June 2014). The whole growth season of wheat
was divided into 5 growing stages (wintering, greening, jointing, heading and grain filling). Water stress occurred every 2
continuous stages while irrigations were applied at other stages, which resulted in 4 different levels of water stress period
(D1-D4). Two irrigation levels of 40 mm (11) and 80 mm (I2) were applied. There were a total of 8 treatments, with 3
replicates for each, and the split-plot experiment was designed. An extra control treatment with irrigation in all 5 stages was
arranged near. The experimental data were used to run the model. A total of 5 different plans for model calibration and
verification were designed and the DSSAT-GLUE, a program package for parameter estimation in DSSAT, was used to
estimate the relevant genetic coefficients. Then the 5 plans were compared for the discrepancies between corresponding
simulated and observed values of phenological phase, single grain weight, biomass, yield and soil moisture so as to determine
the accuracy of CERES-Wheat model to simulate the agro-ecological processes of winter wheat farming system in arid areas.
The results showed that 2 genetic coefficients P1V (days required to complete vernalization at optimum vernalizing
temperature) and G3 (standard dry weight of a single tiller without stress at maturity) varied remarkably under different
scenarios of water stress. The coefficients of variation were 19.07% and 16.34%, respectively. It suggested that the values of
these 2 parameters were influenced heavily by genotype-environment interactions. The rest of parameters were relatively
independent of water stress scenarios since the coefficients of variation were all less than 10%. The DSSAT-GLUE package
was proved to have good convergence since the estimated values of most genetic coefficients converged into narrow ranges.
For output variables, the different plans of model calibration and verification showed great discrepancy. Plan 1 (model
calibration used the data from the CK treatments with sufficient irrigation and model verification used the data from the rest of
treatments in the 2 growth seasons) was proved to be the optimal one since its absolute relative error (ARE) and relative root
mean squared error (RRMSE) for model calibration were the lowest, only 4.89% and 5.18%, respectively. When water stresses
occurred during the heading and grain-filling stages, CERES-Wheat model was able to correctly simulate the dynamic changes
in growth and development of wheat as well as the soil moisture content. However, when water stresses occurred during the
wintering and greening stages, there were relatively large simulation errors. When water stress occurred earlier and severer, the
simulation accuracy was lower. In addition, CERES-Wheat model could not correctly simulate the phenological discrepancies
caused by different water stress scenarios because current algorithm for phenology estimation was only based on temperature
and photoperiod but neglecting the secondary effects by water stress. Thus an improvement on current phenology algorithm of
winter wheat was needed. The results of leave-one-out cross validation showed that the overall error was about 15%-18% for
CERES-Wheat model to simulate winter wheat growth and yield under different scenarios of water stress designed in this
study. In general, there were some limitations for CERES-Wheat model to simulate winter wheat growth under arid conditions.
It was necessary to research into the mechanism and simulation method of winter growth responding to water stresses in early
vegetative stage, if CERES-Wheat was expected to be applied more widely in the management and research of winter wheat
production in arid and semi-arid areas in China.

Key words: models; crops; moisture; winter wheat; DSSAT; CERES-Wheat



