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W OE: T EY AR A K BOR R A A R R S B A K BRI SR, TG AR AR K B IR A T JE AT AR
M XA 4. FETIE, ZMT R A RERR S HEIX (2022 ) AKITE (2017 4) #HTHE T KHFNRE, 255
%t AquaCrop #E A Al WinSRFR AT AR IGIE, e THFRAX B B KRMADKE (FKE. FRKEMTRESE) K
EMEHI R, B AR NS SN IR R, 4550 I, L TR KERBERA S ONEREM
BEAKEHAD , FHRALVEAN T U0 AL RETE ) B AN E K H R R A A B TR =6 /1. 455K MW, AquaCrop F70 E HE T
PR 78 X H T KA KRR, o e S e 5 SR 1 AR % 22 4 S I 2 00N 1.85% (IeE) A1 7.47% (BRAIE) 5
WFRIXE TKFKE GERYD FFKE GRIEHD FREK 1K, T2E GROEPIMERED FHEK 2K, BREKE
¥ 55 mm;  RIEFTAH X VAR LIBNBSE kR o BUETEE 5 58 /2 55.416~98.437 mm/h* #1 0.351~0.858, HTH
KSR n BIMHN 0.0565 A HRIG N R RS 2K 8] B AR Y BBl 4373 h 2.2~3.3 L/s F1 35~16 min, A3k mHEKRE (44
K EARAR C = 85%) ;5 LA 2022 E 5 R RALAL K RE ML) B A K e R R A & AR, BB E K8 N
7.819 thm?, 5T (5.972 thm?) . BUIRZAE (7.424 vhm?®) FCREBERI AR AL (7.659 thm?) 15 HAHELE, 451
T 30.9%. 5.3% A1 2.1%, HATHREKEREIUREHET D 59 mm. B 78 S5 5 R] T 7t X 5k 5 3 K S I il 52 1 s A
VIRETT R IR AR TR A AR 34
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AXHEATZHEDIE R ERTHE, HRUED R K,
EVEVIIE K&, B K, IHERF e BO WA Tk, b
FAERE R AT A e 83, Lt/ 2 F T AN A G 55
T RERARA . AN AR R AE 7 5855 ) A4 i Al
JEH 2. H L H AR )R 32 245 WOFOST (world
food studies) .
agrotechnology transfer) . SWAP (soil, water, atmosphere
and plant) A1 AquaCrop f5 825, (H AR 8% 00 f A
P 5t . B0 DSSAT A 3 Sl ik K FH G REIR B OE &
fE FA T ™= 5, WOFOST 458 % Al SWAP 4 71 3= 52 i
i CO, W EEIRF s A A R A E 7= 81, i AquaCrop
R 2 S I - 3 K 73 BR AN B E W A K R A B
B, xR R OK A S R O R E MR A A,
R T IX LAY, AquaCrop B8 B AT BT fR M NS Hb
ERVE TR AU SR A, 4 2 R AR K B BT 7T,

R % 525 AquaCrop R (13 A AN DLRS 2 3t
177 P A AED0, SRR, ZAHEIS I AquaCrop
RS AT O AR RS A AR AT P B, IR AR T
B VARV AR R T AN DT IR,
RO E 1 & BEAWEBL S B2, A R T 1A H 3K o A
eV A B R R K (H DR S (R B0 K 2 H
6] )5 8 53 73 Af CRIHH AN [R) A7 B Bir AN 32 00 3 i K 5 A0

DSSAT ( decision support system for
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[, X5MHARRAAHEESR, FREZHRRE+
BNBRE R A AR M, R A2 SR A bV B v
B Camva e, MEE ZRF AME, HAE—EBE L
Wi ¥ VEMIRR RS (R AR 45 SR . DRI, e e B A B A E UK
R BLZ A A v (B) FER (K R B CREJK I B)
VEK R KAL), Wk “EaRE” 1,
AR THEEBE K BRI 2GR

R TR, mR. HRESE R A EY AR LB K
Jra, 3T R KIS K A ) A 4R et T R T
FEAB R B AR AT, SR B B LA
W6 AH 25 A 1 7 VR AR Ak E K IR 2 R K I R, BT
WinSRFR #AF4EfRi 5, H P FUA L, KESHE K
FEAZ A T RE R K B AR B R A A AT e 714,
S5, WInSRFR FA T A b A i ASE 400t [ V8 8k 7K
WiEshidiE, HMErEEKEARERA S E S
BEAOB L, BRI T T R K R R A
W17 7 KB R, Barge T “EARE” Wi,
Pem TR, (H DAV A E KB AR B R A & AT
AL B> STED R KR AR & o

g LRI, A = R A B ) R K R
RHGWRDSMAAH T, FECIEFN RIZF ] 3.
WL/ GEBHIEMRMA” M “EARE EKERER
PAPAD ™ B i) B, (] I /D A A VEE T A AT RE UK
RERMAAXAEDIE =58 RN . Tk, AR
DIERFZ X (2022 ) FIERIZhE (2017 4F) HAURHA
T oK R AT B HE ARG M J A, 4 AquaCrop 5 A it 47
RUEFNIGAE , B BIF 70 X IR oK S /K SCAE 2644 (1)
FEWEH ;R WinSRFR [ i 74 ¥ + 3\ 75 2 30R01 i
MRS, 4568 AR HL AR LB RE TR
P T 33 B 46 F TR N VA VR B AT A KO TR AT A Ak SR
AquaCrop #5815 AP 0010 FEIE 1) 5 A K R B 4
GO0 FOR =R IR, DU ST 7 X 38 K HE R 1
il 28 FOVAE 77 R R AR R R AN AR ST HE

1 MR5E%

1.1 fRXEER

KPR TR R (B 1D, G, )
B 9. JEE. 811420 MX B, FEERELNE,
BRKEMEEY, RPEAAREE”X. AW HI
RIS T W % (X B AL AR FH (34°17'39"'N, 108°04’48"'E) ,
ZHL X AR 12.9 °C, BRK & KT 28 K &5l
635.1 F1 1500 mm, HHEK % 2095h, Jo# 211d, H
K EEARTE 6—9 A4, 2905 2ERKER 70% LA
B B IXE R kA E WITE 6 AR fl—10 A LA,
I B R K R, FLVE L B B 7 R K R K .
R, WHU R X AR (B 1D AE B RAE A AR IR
B 5 DX BRI 72 6 S 450 B A ML AU AR 3R 1k
1.2 RIS

ASCHATIE K HE AR 2 H N R
AquaCrop 58I 25, R4 /K IS Bl R EHE s it 4N

BB TR SR A . 50 Tk 4 8 FHBR AR 1136.9 m?,
FOK R 2 M A SRR 958, FEFPATCER H #14
202246 H7THMO A2 H, &AEMIL115d. X
FNE, #k. 1TEE5008 0.3 1075 m, FREEEL) 45000
Frmm®e TokEE WA, w5 B L 40 ke JR R
(& NE = 46.0%, a4 162 kg/hm®) , & F i
F1 20 kg JRZ, 55 1 IR E BRI Bl /K i F 20 kg JR & -
20224FE 8 H4H GEFEE 59 K) M8 H 22 H (HE#h
JEE 77 KD BHATHERE, WEKIT ARV, SEbRPIE
IKESHIN 68 A1 49 mm. HRHE AT IE IR L H HE £ K FiE
L, HATR T 12 KREHAA K, HKII8100 m.
VARERIGHT, B AREKIIEE 3 AN G VA
D MR VAW R, 2 i B AR & HE 7KV W T
SRR T4 eI B R P K S &, N VAt R A
—AENE . AN, VAR RE AR 1~2 min J— KA
FKE . HEKIEEERG 10 m WE 1N L, S FE
0K I HERE R FE R, 15 K ) 5 2 A 7 E K ST AR
— 8, RIKRARESE A R K . RIS R A
W1,
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Fig.1 Location of the study area
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Table 1 Characteristic parameters of furrow irrigation experiments
i 5 Fir Sec FD/ TW/ Sy
No. gALs") ymin gAL's") ¢min Fim BWm ' %

F1 4.4 20.4 2.5 224 075 037 023 046 2.0
F2 4.2 21.3 2.4 229 0.62 030 024 048 1.0
F3 3.8 22.6 2.2 219 0.73 037 022 048 1.6
F4 3.7 23.5 2.3 243 0.72 037 022 050 2.0
F5 3.6 18.7 2.5 309 075 035 024 048 1.6
Fo6 4.3 12.8 2.0 390 080 035 022 050 1.4
F7 4.1 18.5 2.2 25.1 0.73 030 024 055 2.6
F8 39 20.2 2.6 256 0.82 042 023 060 24
Fo 4.1 21.6 2.5 264 0.76 036 022 055 2.0
F10 4.2 24.6 2.2 246 0.75 045 023 064 2.6
F11 39 273 2.3 305 0.80 030 022 050 3.2
F12 3.6 24.9 2.2 264 0.80 040 024 0.60 2.8
B 40 214 2.3 267 075 036 023 0.53 2.1
e g iR ONISAKIIE FORWIEEE: BW AR FD OMAER: TW
VETRSE s S, AR EE : Fir Al Sec 43 HMRE S 1 A5 2 WO .
Note: ¢ is the discharge; ¢ is the cutoff time; F is the furrow spacing; BW is the
furrow bottom width; FD is the furrow depth; TW is the top width of furrow; S, is
the bottom slope of furrow. Fir and Sec represent first and second irrigation.
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AR 33 B 0T 7E o B v A R T
(34°16'00"N, 108°12'40"E) #4719 E F K H [R5 75 k)
(E 1), BLSGE 2 T 0 B X B KA 56 25 88 pir A% 1
AquaCrop RIS E ] Stk . Bl B s oo @ B
96 SR L 5 8 X BTk s AR FHAHFEZ) 10 km (] D,
P ISR RFIE . AR B AERE A — 3. IR X T ik
PR BN 159.6 m?, H R K S FCOAFE L 958, EAhAT
WGRE #7308 2017 46 H 1S HAI 10 H 8 H, &4FH
3L 116 do RHMLIE, . 47EE 258 0.3 F1 0.65 m,
PRI EY) 51300 HR/hm®s B RKAE IR LA T 1
UCRERE, BITER 2017 4E 7 A 11 H GEMJEE 27 R,
FEK T AR I ERE, SCPR#E /K &N 60 mm, it FH 44 %
180 kg/hm?;  FLARIRIG 4045 7T 2 WL SCik [17].

1.3 JMFs#R
131 BEEEZE

HENRATWIG, BERE 10~15 d BEHLEEL 10 ¥k T2k
M KA SE o H I AR FE$ (leaf area index, LAD,
FEMRYE LAI M H W )ZE &% % (canopy coverage, CC) i

ez, BARTHE 5 E 2 05k [7].
132 ¥EIRTFHFEERTE

HEN R S 5S4 i (above ground
biomass, B) , &I & 8] G 10~15 d, & KB A% B
10 PR F KRBT R EtEE, BCPFME G 5 7P R A 3k
73 B AT AR Bo K BB S5 B HLIE X 10 Bk R oK,
A 13% T KFFRLE K S bRE, #ie sl
133 L3E4FMHAR I AKE

& 4 & K %R TRIME-TDR U 5& , ) & ¥R F£
80 cm, 20 cm A—Z; HHEKEAIE 6 NS (U
K7 0. 200 40, 60, 80 Al 100 m) , F o i /KT
Ja Td e R3S KAER, NS 1 d sk, H
RIS TAIRERG 3~5 d MsE — ks Bl 38 5 7K 2R 8 3 2
F T %5 AquaCrop #5578 Fl 1T H#E K R £ F N Fabn . K
FH B OM LI 5 338K A RFEHh 28 (soil water characteristic
curve, SWCC), H o H [H]F /K 28 2 5 K E MR
SWCC #is€ ;s WFFLIX B IR S HL K 2,

F2 RIHARTIERMSH
Table 2  Soil characteristic parameters of the experimental field
X ERd Wk ?Wﬂ Kk A K ' lﬂl‘ﬂi’?ﬁjﬁé ﬂ%ﬁﬂ@i ﬁﬁ_ AT K E ) T
Study arca Soil depth/ Sand/% Sollt/ Clay/ Saturated V}Vate{ 3con’sent/ Field ca}pam'g}}/ FC/ W11t11;1g p(gnt/ Bulk der}glty/ Satura?e(.i hydrauhg] Soil texture
cm % % (cm’-cm ) (cm’-cm ) (cm’-cm ) (grem ) conductivity/(mm-d )

0~20 2538 58.74 15.88 0.421 0.351 0.240 1.56 125.2 Kbt
bz >20~40 2227 61.00 16.73 0.355 0.318 0.230 1.60 137.4 bt
Yangling  >40~60  19.61 61.75 18.64 0.354 0.308 0.180 1.67 101.6 Wb+
>60~80  19.79 61.80 18.41 0.354 0.296 0.240 1.56 182.2 bt

0~20 32.11  41.56 26.33 0.435 0.306 0.162 1.32 159.5 e+

fEwi| >20~40  30.75 41.68 27.57 0.439 0.317 0.173 1.58 425 b R

Wugong  >40~60 30.36  41.23 2841 0.440 0.319 0.173 1.62 344 FiiEL

>60~80  30.95 40.00 29.05 0.440 0.322 0.179 1.61 35.5 FiEt

14 BEKERHEHESE

AT 5T K H AquaCrop A5 714 ffy 52 B 72 X 38 2 oK 1)
FEWESIRE, HARRIA2E 0] 2 LSRR (7]
1.4.1 AquaCrop A A4 Af 5 Ik

DL 2022 447 % X gL AL AR R R KRS Bk N LA,
KA REE” MEMSHO TR . IR CA A
AT SRR (HI)) « bRdEIL K272 T
(WP . S KIEW#EE A (Ko~ HEEK R
(CGO) . WEFEM A (CDC) Mg kw28 &
(CC ZHUR I B Hh & R LA B = Ui, e
MRHE Bk 6 N2, HARSHCRABRIENE: KA
2017 =R 2 B SR A FE 6 258 56 1IE BT AR v 2 5 11 ]
. AquaCrop A TR AS OISR, L. (Y
U () BE S, VEANZIR AT WOCHR [20]. i, AR
B R AR mIRX (B 1) S R0 (34°17'44"N,
108°04'04"'E) , 2017 41 2022 E iR 50 5 B LKA F W
P H B R AN B I A UL 2.
142 $AVRKIF X 5 BARR R

22 B IR, AR A Pearson TIT % i £5
T FTIX 1970—2020 =5 KA & HA P BR K $ g ik 47
Mr, EHUBK SO SRR, BPFEKE (fRIEZSE P =

25%), FKE (P=50%) FIT5E (P=75%). XH
AquaCrop 158 1] 7 SR /K SCAE B FORBEB G, ARl
FER/I

D RAEMAEGAERS, LR KE.

2) VR Ak R CAVED) 55 RN E 3 /K R A 58 AT HE
SEIS R RERE CEARS ISR [21D .

3) TFRIE K B E AR E A FF K& FC, BRI
VEWE AR, TRRIE KB M RS KE S FC 2 %,
4) EKEBMRE N6 A ISH—10H 5 H.

5) LIEWIUE S KRB BN 70% AR R X 38 42 6
AT IR 3K 4
1.5 SHENAREMEKETERIL X

AW 5T KA WinSRFR #AF AT IHHEN B S HATH
THI RS 6 S8, DA SV VEE I AR ASEADL 5 N 90 Y A4 7K I )
ALHE T o
1.5.1 ANAEAHF W EEEE R

DA VA) FE R 58 S 7K 4 0 3ok R AN VA 1 7K IR B R Ay
fit, %M WinSRFR ¥4 EVALUE ¥ [A 2 RIENE S
R R RE 225, ALAVI &3 8 58 £ 8] EVALUE ¥
S5 TS M THT E R I R R NS 2 HIOR FE THDRS 26 AR A R UER
. JRKA EVALUE i DK & P17 JR B N Sl 8
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R IEAR T S 3R A K AR R TR R B K AR R 7222,
HABKE P HEGR, FHRBEMOABSHMH
THIRS 28 B N AR & FH JA) SEBR 1B Ot . Kostiakov 24 20 8% FH T
T Hh T E WL AR P A B R, R R
Z = kt* (D
X Z N RANBE, mm; t WANBE A, hs
kN—HBEEANB R, mm/h o NHIEANBIES. &
WENZYENB, EVALUE A ENBSHE R R e
VAR (furrow spacing, F) AR, JE&iaa0 (1) K
WA ALK R BN B &, 2 VAR N A%
S R N2 A et R R
1 =Fxkt" =K 2
A TN KERBEBRANBE, mm’;s FONE R,
mm; K NVHE—HENBZES, mm*/h®; K=Fxk. EVALUE
PR 8 A A6 RS R o #k47 Sl
AR FH 76 HERE /K R B VAN 458 b B HE KRR
(E) . WEKBIEE (C) AfEKME (E), HitH
ANXF S WICHR [26-27]. HT 3 MK 8RR 2 [RIAH
HFJE, WCERMSSCHR [28-29] UK AL 5%, BIAE
M E~ C, M E, W JUIMEAE NS & #EK R 4805 C 33
TV RERE AR RN, THHR AW T

C, = +E,xC,XE, 3
601 e e R
—e—Ii il £ Maximum temperature 140

501 —o-H (Kl £ Minimum temperature £
@) [% 7K i Precipitation 120 £
B 40} £
2 s
£ ) A
é’ 30 5
£ 20 &
& o
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60 . .
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o N %7K #Precipitation 120 g
£ 4op 100 .S
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5 3olked™ V-"QMJﬁ:’“ 80 =
E TR A 51
E 50 bl TS R DG T 60 &
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Fig.2 Daily maximum and minimum temperature and
precipitation in summer maize growing seasons of 2017 and 2022

1.52  AENAREFATKE ERAT &

LA AquaCrop #5858 1) 31 R 7K SCAE /K B O LA,
KJH WinSRFR BA4%F AN [F N2 BE 0 A T3 R 20 5 R
A RE S AR HEAT . i1 T Kostiakov TFENEZHL (k

Fad F N VA B A4S 7K B (] AR AL 45 SR ik,
HAE 2 IR BRI S AKIINIB S, T (2D
i e NBEFEN 3 h i1 BN B EURIENEZRE T,
S AERE . L ARANIBREST, Bl B B BN S E
B H AR R /N IR E K VAR SR e X ek e B AR R VA
FH T B0 HH A IR BE S, Y6 FEIAE 1.0%0~3.2%0 (% 1),
WA SCRFH 1.0%0 2.0%0F1 3.5%01E Ay it 71 3 155 4 2211
HorpKe, VR TRIEE . FEZK VA W i R ST SR A e B ab
(R D AR, AR, RS 228 400 V)
KA E L FE AN K T AR AR R A B /NP, AR VR
2 K HE R B BT 15 THORE 2 35 {H, fE ¥ WinSRFR
BAF RN S BN TE I 2 RS 7K T

E TR KRG R (£ 1D, NEREMEK
I TB) BAE 75 BB 2 A 1~5 L/s A1 10~60 min, AL R
H a3 EL 0.5 L/s F1 5 min AP K HUE, it 891 4144
He . WIEHTAREE KR = bR, KA (3 1THHL
HHEKBRESRNR (€D, FKAS NIE 2P F2E U
JiiE, BRI NS R RE IR 4 T LA TR AR G
5 gt WREOR, B WT:

Ci=aq* +bg+ct +dt+eqt+ f 4
Xt a. by v dv e M NG SH. DU (4 NE
fili, K H Matlab Z: il AN [F] N3 68 71 F0IG &3 B S, 2% 1
THEKF RN C B g F1 ¢ BB LRE, e =
85% AN BEAREREL, HiE g M ¢ FHUE TS .
1.6 AREERTEEKE~ENDITEMN

K FH AquaCrop BT X} 2022 44 % [X B 5 K 1) #E %
HIEEBEATARAL, 454 WInSRER %A T 15T 7t [X 2k 3 /K
FARBERMAAAS (NEHE g FEKEE 0O, XHRLE
B oK = AT B, AT Rk o) B A A AN E K
FEAR B H A A B0 B ORI 7= 88 7 1 EL 8 Hr e
IERVNI S/

D WA T K= m b T i sk
H A o RE I AL 3 AR AL gt AT X L.

2) KH AquaCrop X BLR 2648 F 40 R E &
ke BT AL T AquaCrop 158 R Rg VR Vg K 7 1)
HEAT 723 (R HR, T SE BRya E Ik AR VRV K T AN [F A B
WHINBKERZSR, WIAEREKIISIEE C,<100%. K
I, - E/KVE K AquaCrop BB 43 AR 4L 5 Ik, HHIR
FEARI A BERR A 20 m, 0 N () E 7K B 55008 40 AR A v
R TFIH 0~20. >20~40. >40~60. >60~80 F1>80~
100 m #E/KAT J5 1d 920 35 7K (0~80 cm) 5
33, HAWFTFEHANSE GEKE R KRB ¥R
FHEH B SEIIAE s B a 5 & HE KV 5 BT 13 B R oK
EHIOME, 1FAIRFMS TR K E £ 5.

3) KM AquaCrop A7 1% X 3056 R 2022 FF 5
FORFIRERE R AT, FEX =Rk 7. AquaCrop
LR RO FE AV N I E K B U 5008 2 ME], T
PR 2 DX T B N ) B K BT i) AR K IR BCR: F AL ) v
W BE
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4) LR X AR 56 B 2022 55 5 R KA AR 1) JE 8% 1)
FE A, 454 WinSRFR 214 B 43 N V4 it & A4S 7K
[, K H AquaCrop #% T % B £ K72 & #F 17 B il .
AquaCrop B RUEHLS R 5858 2) AHEL, MANBIHEKE
49 WinSRFR 3 A% FH /K B R E = AL 2H & B4
IR FIREAL GRAKTTIR 0~20. >20~40. >40~60.
>60~80 F1>80~100 m) MINB/K=E, HAhFT 75NN
(VEZKIN 8] . KRS S5 208 3) M.
1.7 REFN IR

A 5K H LLF Gi it 38 45 VP AquaCrop 155 AL Al
WinSRFR 3B B, B pese &30 (RD, HJHR
% Z% (root mean square error, RMSE), 44T 30F K%L

(Nash-Sutcliffe efficiency coefficient, EF) FlFH X % Z 4

SH{E)MH (mean absolute value of relative error, MAPRE),
HARITHRE R IA 0 2 W0k [7] A [26].

2 BRESH

2.1 AquaCrop &4 S5I61IE
PL 2022 EA R X SRR E FoRAEF N CCy B.
R &R X 3 /K& (soil water volume in the root zone,
SWO) . s E#F49) i & (final above-ground dry
biomass, FB). W 3k$#E % Charvest index, HI) Fl77 &
(yield, Y) Sl #Hs AR, KA %" Xf
AquaCrop B S H gk TR . AT 2017 £ i3 B 56
BRI HES BT S, S5 R WK 3.
3 AquaCrop HEEKLENE EKSH

Table 3 Summer maize parameters of calibrated values in

AquaCrop model
24 RHESE IR
Parameters Calibration value Source
BRORA ROR R o
Maximum effective rooting depth (Z,)/m 0.8 KA
1EM R H .
Crop coefficient for transpiration (K .1, ) 1.00 HHE
SHWGRARE ,
Reference harvest index (HI,)/% 41 et
st AR R N
Canopy growth coefficient (CGC)/(%-°C"-d ) 0.98 Feifeftl
T B L 060 Raels

Canopy decline coefficient (CDC)/(%-°C'-d™")
=K A=) .
Normalized crop water productivity (WP")/(t-hm?)
KT R

Maximum canopy cover (CC,)/%

0315 A
90 A

KA RIS SRR, X AR HE RoK
4B WIN CC. B AT SWC A U {E 5 Szl AE 1] 1 R
RMSE A1 EF 43 %5 0.99. 0.98. 0.89, 3.9%. 1.4 t/hm’.
11.7 mm A1 0.97. 0.94. 0.56 (% 4), i AquaCrop
PRI RS b, SWC RIRHURS BEAR T cC M
B, JERF A& HRERNANEME LR ESKEAER
ST 8 AquaCrop A BN E K FB. Y
HI 5 Sz {f 2 8] /1) MAPRE 43 5l 9 1.09%. 1.85% Al
3.27%. HULHEH, 2R HEE I AquaCrop B HA m 1
B E

FIF 2017 4 B3 B i ROl s el B 5 oK H AR

BRI AquaCrop #5H Z HUR HE S5 SR AT 30 E, 720
BB T N E S 4 (3R 2) MIFMEEE (51300
F/hm®) SR ZAR S SIS . 56 I FE AR DL 4 SRR
B, 1K CC. B SWC BHME 5 T IME HE AR 35—
., PiFIAM R*. RMSE Hl EF 43514 0.98. 0.99. 0.86,
10.1%. 1.2 thm*. 13.6 mm 1 0.76. 0.96. 0.63 (% 4);
HEK FB. Y Al HI BE40UE 5 sL A 2 18] 1) MAPRE 7
HIK 8.87%. 7.47% F1 1.44%. LU, SSEHE S5
(1) AquaCrop A5 R BAUUKG BE AL hf, W TR L X3 &
KA AT AR B AL o
#*z 4 AquaCrop {REVKLERIIEIESER
Table 4 Calibration and validation results of AquaCrop model
Ty AR

2

Year of planting Variant R RMSE EF
202 cC 0.99 3.9% 0.97

. -2
(ke Calibrate) B 0.98 1.4 t-hm 0.94
SWC 0.89 11.7 mm 0.56
2017 CC 0.93 10.1% 0.76

. -2
(A Validate) B 0.99 1.2 thm 0.96
SWC 0.86 13.6 mm 0.63

W RPONVE RS RMSE N IRIEZE; EF NI R R cC AHERE
B B BT R SWC AR AKX LK E.

Note: R’ is the coefficient of determination; RMSE is the root mean square error;
EF is the Nash—Sutcliffe model efficiency coefficient; CC is canopy cover; B is
above-ground dry biomass; SWC is soil water volume in the root zone.

2.2 BBUKER FRERSIE

K Pearson-IIT 74 fih 28 54 AF 7 [X 45, 1970—2020 FE.
FOKAH BN I R W SO AT AT B, AT SRR AR
(P=25%). FKFE (P=50%) FITRE (P=75%)
43 N 2005 4E . 2008 4 A1 2001 4, P& RN & AN
480.1. 360.8 1 252.4 mm. K H AquaCrop 15 7 B fUL #ff
JE T FLIX IR E RN [FK SCHE 560 T R ER ) . &5
RERH, FIKE (2005 F) M4 F, EEREFBANT
HEAT 1 IRWEIK, WEOKEN 53.4 mm, HEKI R %R S
F89 K (EEFRW: “F/KE (2008 4F) HEXKEFH
WFEREK 1R, WEKEN57.0 mm, BEKKE R G
BS54 R GRATHD ;s TRE (2001 ) EEKRAEFTM
WRHEK 2 Ik, HEKES A 53.4 F1 53.3 mm, FEIKES
6] 3 3 R #& PG5 52 K (T R Al S 56 70 K
GEFRID o Ht— B A FK SCHE R IREKE, 6%
R FH R EE R S PR 0L, WORF SR O K B3R 55 mm.
23 ANESHAMHEEBEER

HHE 5 T 0L, B REZKI BT R I N B S EUEAFAE %
S, JE R D R 1) 2 () S A AR A, 5l T
FHEARE B NB SR 25 RIE TS H RS 26 [F A A7
TEZE 5, TR DK A [R] BN V6 8 6 R0 - 3 2 [ A S 1 25
WEZREERMII K (F2). ok, F—H#EKAE 2
UHE 7K TG S 388 T 159 N5 2 50R0 TR 2R (R AR A7 AE 25 5%
A EARAEK SRR RANEIRE, DEBEWNSE, f
SHE KV I 3 gk (3 LI . RES) . &K
REEREBN, FENESSHOAH T 2 A7 AL I 8] R
WA M. BRI, HERE SR A
TR SR AEAE YL BN AR AE R 48 1, IX 5 NIE 21
A XU B it g — 8.
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Table 5 Infiltration parameters and Manning’s roughness inversion results and error analysis
e 25 1 REBE First irrigation 55 2 YRIEM Second irrigation
o MAPRE/% o MAPRE/%
No.  k/(mm-h™) a n E, C, E.  lu ho K/(mm-h ™) ° " E, C. E ta hy
F1 95.561 0.716 0.051 5.28 4.78 5.04 7.54 6.53 90.561 0.822 0.052 5.13 4.15 5.04 7.18 8.04
F2 84.686 0.351 0.027 4.13 3.94 0.00 5.70 6.36 95.686 0.581 0.033 2.00 341 5.95 7.53 7.26
F3 80.173 0.623 0.047 5.21 3.29 4.80 8.14 11.41 75.173 0.623 0.050 4.82 8.82 3.79 4.74 5.49
F4 94,243 0.751 0.051 6.12 1.98 1.01 6.28 7.40 98.437 0.824 0.062 8.11 3.38 3.94 4.67 10.64
F5 59.232 0.736 0.049 5.94 3.67 5.52 5.92 12.61 55.416 0.617 0.084 2.49 5.74 2.60 7.07 10.54
F6 77.416 0.639 0.024 481 3.14 4.82 3.93 15.60 85.232 0.616 0.061 5.86 4.77 3.13 6.81 7.91
F7 85.396 0.659 0.053 5.22 6.19 3.81 6.38 11.34 87.396 0.744 0.071 5.93 5.36 2.29 6.01 9.82
F8 81.426 0.808 0.068 391 4.81 4.10 6.34 11.17 95.426 0.858 0.074 3.95 7.62 1.22 6.30 8.09
F9 76.912 0.688 0.060 5.65 6.72 5.32 9.91 3.29 73.117 0.688 0.054 4.98 1.50 4.12 9.42 6.29
F10 67.371 0.486 0.072 4.90 5.86 491 4.51 6.91 63.572 0.446 0.079 4.82 4.58 4.46 5.68 11.84
F11 96.182 0.658 0.045 4.65 3.14 6.04 4.44 7.64 96.551 0.663 0.045 4.00 6.41 2.94 8.74 9.83
F12 66.443 0.532 0.078 5.11 4.04 291 6.17 8.91 75.421 0.602 0.058 6.27 4.69 6.65 7.96 6.30
il 80.420 0.637  0.052 508 430 402 627 9.2 82.465 0695 0060 486 504 384 684 851
VE: K ANBREG a ANBIREG n NHTREER; E, WK, C, NHEKIBEIE; E; MK, ty, NKTHEBERTR]; by 9V E KK, MAPRE A A 5 2 40 %f
=BT

Note: k is coefficient of infiltration; « is infiltration index; n is manning roughness; E, is application efficiency; C, is distribution uniformity; E is storage efficiencys; 7,4, is
advance time; A, is water depth of the furrow upstream; MAPRE is the mean absolute value of relative error.

RUSIE B HE 7K S BT A3 N5 2 0FN H THD R 26 (1) 1]
=, BHA RN WinSRFR 44 Simulation FEH AL
WHEKIZ IR GRERW, 2 RIS K
KA i o R YA B K PR S IR S B R B R A —
#;E, WE AT MAPRE 45008 6.27%- 9.12% (55 11Kk
FEWE) M1 6.84%. 8.51% (25 2 IREEME) (&5, Hr
VA B KRR BE AR T K e b i F2, — i JAL IR R v
TE R F AR5 P KR s BT I VA PR, S Bl
KBTI RZE ;55— 77 HARYE 2 7 o RV B KR
W, ARKFRBE AR T 1250 B ik 55 1) HH THTRE 2R AR, 1 S
PRt KO 2 s RS 2 A R 3R AR 22, #mT BE 51 v 1 /KR
AR BRI LR 22 . VAHERE KR &85 E,n C, 1 E,
B 5 LA 2 [ A B — 35, A K 2
UE 7K R 56 5 5 18] ) MAPRE 73 %1l N 5.08%. 4.30%-
4.02% (55 1 IREEME) A1 4.86%. 5.04%- 3.84% (52 %
WD (RS, PAREMIER, —J5H A H R
DR AR ZE AN TG 1, 5 — 5 A SO A RE T FE A
WG T S RE K VE VA T ) 1) 3 ON TS R M R H TR R
AR Sk, X5 HESEPRA T E R, SBUAHEKIRIZE)
ok R A K R R AR bR A IE S S B AR E . 45 b
ERE BN K L iE 2h i B2 v i 45 08 /K 5t 52 5 SEME A7 AE
— & Z 5, {2 MAPRE¥J7E 10% LA Y, R B R H
WinSRFR # /4 #1 EVALUE %[5 [ VA E H NS
R RS S 2 AT 1, HBA e 1 S A
24 AN REFIEKETE

MR G b SO Fe 45 SR mT 0, W 7 DX R 7K SO RO
FEIKEBUN 55 mm, HET J KB FTRER LIEANES
B, A REEE (k=98.437 mm/h”, a=0.824). 1 (k=
85.396 mm/h”, « = 0.659) . fi& (k= 55416 mm/h", a=
0.617) NBHE IR ML R BE K, 50 )~ F4. F7 1 FS
(£ 5, HhmAZE RBNBES P AEA
BRESIM 1A 5 2.2 %, WHEREE R 2 iR
B, Bl n=0.056; RAEEEFTFEKT R EN C,
ME, KHX 3 t1EHBR C; LU (4 N,
ANIE] I NB R IR I B S T RS LA s G 5
g e AT MA, BEMPMMILE S 5E; KA Matlab
AR C I g F e B ELE (B3,

P 3w, 5 DX SR A ] 35 N33 6 0 RN SR
FEEMT, C = 85% MNETE g Ffs /KIS E ¢« A&7
FBIFEZER (E3), X4 se ek T .
Rk, AfaifizmE, EEE 3 C = 85% MAE R
&g P KITE) ¢ 246 . 45538, BRIE 3h A 3i 4k, H
R E (B3RS, BABREg A
22~33L/s, {E/KIFE ¢~ 35~16 min, H g BU/ME
W, e BUOKAE, 28R RAMFER A%, ")
3B 3h F 31 NI LR g AT K I TE] ¢ 1) 22 46 45 0 N
1.3~1.7 L/s 1 56~32 min, Fi1§ g BUE /DT Kl 3 BI5ZHES
g5, AR ¢ BUE KT B 3 Bz sy, JREECNIE 3h A 31 fRER
AR TN B R T, HAEKBEEIEE (55108 2%
3.5%0), KAKRESDFEUKREWRRSE, mMiHHEE
IKAE . FEUIHME, K 3g BRI NIBREST AT
BEER, RABRKRERARB S SEUKRENRERE,
HETEREE N, AE 1%, BT KTFEE, B
AN RANB KR ZERAR, BIAT IR 5 i I RE 7K R
o GREVHHEW A SEBRIE L, DL TS VA N E T A
SR AR AL & S M, HETERE 70 XSO R N 75 B
JIRIVE 3 P 2 AF R A BRI NV A g AVEE KB Ta) ¢ B
VS 2 5~ 2.2~3.3 L/s Al 35~16 min.

NIGAEFT KR ERA S (NERE g FifEK
WFE] ) BUE SR RS, BL g =2.6 L/s il £ =28 min
FB, A FHARN WinSRFR 34026 1 85 1 IRVAEE
KT B R AT A, e & E K W T RS R S
(KD, N\BSHMHMRERERHREE (RS, 4
R 6. G5REW, W1 ARG KK AR
BRI AR FS A, HA 11 FKHEKIEK C>85%, Hf
FASE K B B A5 4 E,. Con E, F1 C; RS AR 4K 30 BB 23
BN 78.0%~97.0% 75.3%~96.2%- 91.0%~100.0% Al
83.5%~95.1%, IMH 77 5N 91.4%. 87.5%- 96.6% Fl
91.7%, HCEE 1 YU HE K T =48 b5 S E 7 532 =
26.1%- 16.5%. 2.3% F1 14.9%. FEWHKE, KL
b 55 RT3 FS 19 C N 83.5%, /NT 85%, JEIKZ FS @
TIRANBRES) (RS, HIWESEN 1.6%0, # E3RMG
BRI R, W NNARE, s KEE (& 3h).
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60 60 60
£ 50 £ 50 £50 |
£ £ £
= 40 = 40 = 40
=) =) &
o j=} =}
3 S o
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E z z
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& 9 20 & 90
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VA EDischarge g/(L-s™) Nt Discharge g/(L-s™) V5 i Discharge g/(L-s™")
a. k=98.437 mm-h™, 0=0.824, S;=1%o b. £=98.437 mm-h™, 0=0.824, S:=2%0 c. k=98.437 mm-h™ 0=0.824, S;=3.5%o
60 60
£ 50 .8 £ 50
£ £ E
S 40 B =40
=) =) &
o j=} =}
o S o
= 30 = = 30
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i 0 & 20
10 10 10
1.0 1.5 2.0 25 3.0 35 40 45 50 1.0 1.5 2.0 25 3.0 35 40 45 50 1.0 1.5 2.0 25 3.0 35 40 45 5.0
V5 Discharge g/(L-s™) Vi i Discharge ¢/(L-s™) it Discharge g/(L-s™)
d. £=85.396 mm-h“, ¢=0.659, S,=1%o e. k=85.396 mm-h*, a=0.659, S,=2%o f. k=85.396 mm-h % 0=0.659, S;:=3.5%o
60 60
g £ 50 £ 50
£ £ E
s 2 40 =40
=) =) &
o j=} =}
o S o
= = 30 =30
E Z z
2 2 2y
ik g 90 L0t
)% 10 1 1 1 1 10 1
1.0 1.5 20 25 3.0 35 40 45 50 1.0 1.5 2.0 25 3.0 35 40 45 5.0 1.0 1.5 2.0 25 3.0 35 40 45 50
A4t s Discharge g/(L-s™) Vi fEDischarge g/(L-s™") V4 #EDischarge g/(L-s™")
g. k=55.416 mm-h™, a=0.617, ;=1%o h. £/=55.416 mm-h™, a=0.617, S;=2%o i. k=55.416 mm-h™, ¢=0.617, § =3.5%0

e ET S ELNEE GRS C H: PR A C=85% A T NVRUE R K & A 4R .

Note: Contour line is the value of C; in the figure; the shaded area represents the intersection of the discharge and cutoff time combinations under the condition of C; = 85%.
B3 ARRINAREFIF KA 0 T 8 KR Z AT AR
Fig.3 Comprehensive irrigation performance indicator contour line of different discharge and cutoff time

*o MUEREKREEUESR

Table 6 Optimized irrigation performance simulation results

iR E /% C/% EJ/% Ci/%

No.  5zJI{f Measured M Simulated SZM{H Measured #E4U{H Simulated  SZII{E Measured FE3UE Simulated  SZill{E Measured FIUME Simulated
F1 73.9 93.0 80.8 93.3 95.2 99.0 82.8 95.1
F2 55.7 78.0 84.3 96.2 100.0 100.0 77.7 90.9
F3 74.9 92.0 81.4 91.2 95.4 100.0 83.5 94.3
F4 73.5 91.0 78.8 94.6 99.0 100.0 83.1 95.1
F5 77.4 85.0 68.2 75.3 94.2 91.0 79.2 83.5
Fo6 93.5 97.0 79.5 92.1 85.1 96.0 85.8 95.0
F7 82.3 92.0 67.8 89.4 94.4 100.0 80.8 93.7
F8 84.3 97.0 74.7 89.6 89.3 94.0 82.6 93.5
F9 67.2 93.0 77.4 86.5 94.0 97.0 78.8 92.1
F10 57.2 91.0 66.5 77.8 95.3 96.0 71.3 87.9
F11 60.2 94.0 76.5 83.9 94.3 93.0 75.7 90.2
F12 70.4 94.0 65.5 80.2 96.2 93.0 76.3 88.8

¥iMa 72.5 91.4 75.1 87.5 94.4 96.6 79.8 91.7
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KH AquaCrop H5 2 X o #E WL 25 1F T B X $  H
B2022 EE B EBATEA, SRAE 40, SRR
W, HE R A6 1F F Bk BN 5.972 thm?, BHUIR &AM T
WY 1317 hm? (18.1%) .« JR A 2022 £ 5 £k 4E
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< =)
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c. Only for irrigation schedule optimization
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= N --- Sto [% N F:Precipitation
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g 10 S\ T AN rvield=7819 thm2{ 160 £
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d. LI S KR B A S RS
d. Irrigation scheduleand irrigation technology elements
simultaneous optimization

wE: PWP YR8 K EN B K& SAT AN /K Z0 M) H 3K & Sto NIEEK 5 SUHE R £HOK R Air NILEIREPHE R LK E.

Note: PWP is soil water volume at permanent wilting point; SAT is soil water volume at saturated point;Sto is the soil water volume under water deficit stress. Air is

the soil water volume under anaerobic stress.

A 4

RRHETARA KR AT AL * BAIE R

Fig.4 Simulation results of soil water volume in the root zone and yield under different conditions

KH AquaCrop B BUIR 2% 11 T i 46 FH B 2022 4
B K Emd AT, S5 K 4b. 25 RERH, IARE
R E E KRN 7424 vhm?, A S E R KSR
81.6% (&l 4b) . JEP AR ME FoKE 2 IR 2d )5
HPL T RN, HBEWNEN 110 mm, &K
ST BORAE KRR RIE R S, DR T AT
K F7EENVA RS K (R], P2 A TR €, (3R 6),
XA FHOE K Z =225, [R5 80 %
K B AR ER .

el o BT AL A VR B ) B S K R S, R
AquaCrop 5 784 if 4 FH AR A4 FE 0 il BE 1 10 4 B XA 56 1
Pe2022 FE B EIHAT THERL, 4R WK 4c. 2022
SRR ORI S R ) AN T BEREK 1 IR, EKE ()R
FORFEF G2 63 K, BLFREEKE AIHEIR T 4d, K

BN 58 mm, IR T K 1R, FE117K 59 mm;
2022 FERFFUIX E FOKAEE N B & 448.8 mm, 53K
R ERT (480.1 mm), AL TS E I A B 5
A —E, U B AR SR S FORIE 9T X 38 S 7R 7K S AR R )
ST S AR Ak JE IR R R ) R L BT 1 R OK P A
7.659 thm®, HHUR A MF R T 0.236 tthm®, 108 A
3.2%, HATAMEB K 59 mm. mbiE e, e S
VEWEHIRE, BUIEREIZEMAEIAN T EE” o
27 AR, AMUE B TR EEY &, W2
WEFH 7K o

L 2022 45 F KA A 1 FE R 1) P 55 v N I A
{5 KB (AR AL 4 A R B Ak, SR AquaCrop #5784 347 7=
B, SR ILE 4d. 45RE B, AquaCrop R A
Fifg R k=B 7.819 thm®, B ICHEBE. BUR 44 AL
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4518 1

TP y%%. BT AquaCrop Ml WinSRFR & 1) B T KA FE T B4 59

S FEE A A E R E KRB0 T 1.847.
0.395 A1 0.160 t/hm?, 31573514 30.9%- 5.3% Fl 2.1%.
MU, B VA ERE K R R A, B & 3R vk
CEAVET W, AR E AR X E KK E
2.1%;  #5 [A I 0F E R A B A K R B AL, TR
WX IR E F K=& 5.3%.

3 i it

KH AquaCrop 5 BYRLHLAS HY T B 75 [X 3k i 734 7K S
CSEE FORHEMERIEE . S5 WKW, B AT X E KB
FERFEIKEFFR S TFE | R, T5F% 2 RE
W, BAUCHE K EYIN 55 mm; X SERPTFEETE
KA ARG RIEA S, FEUANE,
VE ) RER 6] B2 P o 5 e L BDK SCAE RN A &
FEYBR, AMEARSEDZE T EMEETHAENEE
SRR, B FE R B E A [ A TR R A K R R R
Ao [RIUk, VEYHERE S B 0B 2 5 T ik S R0 /K SCAE B R
B R RZEY] . A AU 7T X8k 5 K 76 0 T 4%
PN HREBL R FE AT T RE, R AR E R T
FEWEH BEWE T,  HLR T TR 40 e A HU3 450 B oK
AR R B, A ) AT R A

AT AT IS AR R FH Kostiakov 2 TR ALV E i A o
N BRE M, FERI A K IR A FE AN B KR Tk
[ 25 I T V) R 3 N5 S BRI T TR RS SR A8, B s B
TAURIH K ek o R S i R S R R
S . AR SR E AT VAHERL R NIB S kA a 4L
JEES> 5 55.416 mm/h*~98.437 mm/h” F10.351~0.858,
FH T R 6 241480 0.056. 3% 5 NIE 2500 2 36 i 15 5% o 7
JR X Tk FE v N B B kA o BT
74 47 mm/h*~ 156.45 mm/h* Fl 0.207~0.861, 1L % H T
Fé R IIE 0.075 50 IEA 5. HILE, ASCxiE
FITAAIF 58 X VA E N5 2 50 1) H TR A2 vl 1

AT = BRI R HEBRE S B bR iE, S EUEA
BRI A B KR E R A ATEH, 7R bR
bR NP PRI M, R IEV A S TR K VA N B RE T
I ARAR . DR, AR SRR IS B A R, AR SCHE
FERIE 5 X 38 E G T R ON VA AT B AR A K I ] ) B S
SRR 2.2~33 L/s 1 35~16 min, SIRFEKIE F5 11 C,
N 83.5%, AR C = 85% MBSk, {H R % 1
(C;=79.8%) i T 4.6%, BE— LA CATHREEK
FRFE R MGG FEA B & M s .

B KRR FE AL 5 (77 B 45 IR 2022 £
Frigf (B4, JEFZIUREE 2 REEK 2 d J5 g+
Femy, tHoKkpdE, SEEDLTRERE (E 4,
T KR AT R, X5 NIE &M i it 4518 — 5.
RSO T2 R, I O K FE W ) B AT K
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Optimization of furrow irrigation programs of summer maize by using the
AquaCrop model and WinSRFR software

NIE Weibo , MA Yunpeng , FENG Zhengjiang , LI Ge
(State Key Laboratory of Eco-hydraulics in Northwest Arid Region, Xi'an University of Technology, Xi’an 710048, China)

Abstract: Determining a reasonable irrigation schedule for crops and a combination of irrigation technology elements is the
basis for scientific management of agricultural water resources, which can effectively alleviate the contradiction of water
scarcity and guarantee regional food security. In this study, the AquaCrop model was calibrated and validated based on the
summer maize field experiments in Yangling (2022) and Wugong (2017), Shaanxi Province to optimize the irrigation schedule,
and the irrigation schedule of summer maize under typical hydrological years (wet year, normal year and dry year) and the
required irrigation depth were determined in the study area; the WinSRFR software was calibrated and validated using the
Yangling (2022) irrigation experiment; and the soil infiltration parameters of F4, F7, and F5 were selected to be representative
of high (k = 98.437 mm/h”, o = 0.824), moderate (k = 85.396 mm/h“, o = 0.659), and low (k = 55.416 mm/h?, o = 0.617)
infiltration capacities, and 1.0%o, 2.0%0 and 3.5%o were used as representative values of typical bottom slopes in the study area,
respectively to optimize values furrow irrigation technology elements (discharge and cutoff time) under different soil
infiltration capacities and bottom slope by using WinSRFR. Finally, evaluation the yield increasing ability of the optimized
irrigation schedule and the irrigation technology elements for summer maize by using AquaCrop model, respectively. The
results indicated that the AquaCrop model can accurately simulated the maize growth. The calibration results of the coefficient
of determination (R?), root mean square error (RMSE) and Nash-Sutcliffe efficiency coefficient (EF) between simulated and
measured values of canopy cover (CC), aboveground biomass (B) and soil water content (SWC) were 0.99, 0.98, 0.89; 3.9%,
1.4 t/hm?, 11.7 mm; and 0.97, 0.94, 0.56, respectively; the verification results were 0.98, 0.99, 0.86; 10.1%, 1.2 t/hm%, 13.6 mm,
and 0.76, 0.96, 0.63, respectively; The calibration and verification results of the mean absolute value of the relative error
between the simulated and measured values of yield was 1.85% and 7.47%, respectively; Summer maize in the study area must
be irrigated once during wet year (during the grain-filling stage) and normal year (during the jointing stage) and twice during
dry year (during the jointing and grain-filling stages), with the water quantity used in each irrigation event being 55 mm; the
optimised k and a values were 55.416 to 98.437 mm/h” and 0.35 to 0.858, respectively, and the mean n value was 0.056; the
optimal discharge and cutoff times were 2.2 to 3.3 L/s and 35 to 16 min, respectively, these values are suitable for meeting the
requirement of the comprehensive irrigation performance indicator (C;) being = 85%. Based on the irrigation schedules of
optimization and the combination of irrigation technology elements of optimization for summer maize in 2022, the yield of
maize simulated by AquaCrop model is 7.819 t/hm*; compared with rain fed (5.972 t/hm?), current condition (7.424 t/hm”) and
irrigation schedule of optimization (7.659 t/hm?), summer maize yield increased by 1.847, 0.395 and 0.160 t/hm?, respectively;
and the percentage of summer maize yield increase by 30.9%, 5.3% and 2.1%, respectively, and saved irrigation water 59 mm.
Therefore, the optimization of irrigation system and irrigation factor combination can effectively improve crop yield and save
irrigation water; and it can be concluded that although irrigation is only used as a supplement to crop water requirements in
semiarid and semi-humid, it is important because it has substantive implications on maize yield. The research results can
provide theoretical basis for furrow irrigation scheme design of the research region and technology support.

Keywords: crop; model; furrow irrigation; optimization; discharge; cutoff time; irrigation performance
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