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PUFRB AL 5 T oK 8P JR B, R 3K 718 78
J5 TR AT BEUE AR S R KRR . R LA
Al S50 R KR 25 BT R A S AT DL R ), RS AR
&, AMUATRAGE RS A WA RAR, B EE S
AR E R EAER, SERTRE R, EE G E R
[fH E K R, Hydrus RIIBALIEF Richards J7 F2 A8
BONAER I S 3K SR KB AN R &R, AERIAR
HK M2 ¥ J5 1 BA T SRR R, WAL B 2% I 5 2%
i, AHZRBERRKAED A KSR IEEN, ThE
PERLEY =8, M AR K 5 R 210,
SRAMNZ — BRI, SEILK 7> S AAE YA [R5 B,
VR 2 538 M IR AR KA B 2 Mo R 5 1) 07 30l B
R KA B o AR ST R — 4 sk B ) A
(water and agrochemicals in the soil and vadose environment,
WAVE) B[R] T 7K A7 38R AE D) A [ 1 B o 1F
AR BT E AR, HA TR TN OKEE b
Thil & a4 T . BhAh, RO AR R R G AR AR A
(agricultural production systems simulator, APSIM) P!,
T IEIK-KR R AEW B (soil-water-atmosphere-plant,
SWAP) USI0 b 4% A #% ik ¥ 55 S ¥ R 48 (decision

support system for agrotechnology transfer, DSSAT) ")

YER)-IKHE 77 F17K 3 BB A (FAO crop model to simulate
yield response to water, AquaCrop) 2" 5441 A] Sz 7K 3¢
ARSI A . H AquaCrop 158 7 2 14
MNE B e ERTEET, E28A 535K5
(Yt X 58 HLAT pR AP,

M AN AR B A KR B B E A T K T
BRE, ASCHIH 24 MR KRB ZBLOT RA E LT K
AT ARTAS [ 8 R k1) B2 1) 1) 3056 DAY AquaCrop #5578 i 4T
SHFENR, DANE LIRS KE, dEEHE.
B AR BN PR TR AR, I8 1 B A [ R
i TR ARG 5, BRI NEZARKKEMLE50K
Iy ENASAACERE s HETT 20 M & /N2 A M T AR s
FEAT EARAE, FHIRTGAE A F L T 7KK A7 I 53
DRI B BAE, 97K B U e RIOF FH A0 AR b TR 7 33 42 it
KR

1 MR5E%

1.1 REXIER SR E

TRI67E b 5 T R K AR BRI 7T i K
ISR 9T E L (39°37.25'N, 116°2521'E) JF/E. AKX
JB VR KB M S, SEPIRIR N 121 °C, HIER
B4 2600 h 7245, ZAEFIIMEWN N 556 mm, FELH
T 6—8 H. WA XFHEBRA N LN - FKENE, %
BAXA AR 3925 OB - Oy, IR E M 5
1,

RIGWIMLE 2021—2022. 2022—2023 4 /N L3
AFEM (3—6 H) 1T, MELNELEBTHANM T
BEAIRA A 151 . 159 C, FHBRKIEAN 1.3 .

1.5°C, MHEAK. /N ZHFCATE 21, THE 10
A $&Rl, A 6 H i ajik. BEAE AR Z B
12 MR ERZB (2.0 mx2.0 mx2.4 m) Al 12 P E
RERZEBI (2.0 mx2.0 mx3.5m), HidERRERE
BACHL A% R B HEK R B DA I E Y A KO R R R K
IKAL . HEER AR A0 B S &N T X L 1

® 1 REBUALGERYIBEY

Table 1 Main physical properties of soil in lysimeters
TRRERRAR o ik
LR Canie D Pl mEs Wk e K
= Soil particle size = . Saturated
E‘ )71* mass fraction/% dBul']t{y/ W11.t11t1/g Fleliy/ water
01 T enst poin capact
layer/m ik *ﬁ,ﬂ bk (grem™) (em’em™) (em’em™) Co?tem,/g
Clay Silt Sand (em™em ™)
0~0.6 20 77.1 29 1.43 0.14 0.32 0.43
>0.6~
13 27 689 4.1 1.54 0.18 0.33 0.40
>13~
04 8 90.1 09 1.38 0.23 0.41 0.44
>24~
33 10 785 11.5 1.48 0.14 0.33 0.43

NHERR B EY A B K BT RS, E A/
2R 75 Je R 56 0 I 3 P B R I S A AT Y . B
Y EEKARE A/ NEIRE FIRE 3 ML EE, R
la b¥E IR G 3 KRIIE® K265« Ib AbEE (IR
TGV 2 KRR K i) A Ie kb GREJSHE 1K
RIS BE/K 70 ) o 20212022 SEAEMEEALTE 4 DEE,
2022—2023 SEAAAEL 3 NER HE 1 MR LA AR
A MEAE AT o RRE 12 HEBHEHEK 258,
HR KA R A ) S AR B B B LA 2021—2022 HEFE 1.0
1.5. 2.0m, F12022—2023 “EZ 1) 0.7, 1.3, 1.8 m,
ANREE 2 ANEE . Hirb 20212022 4F B K8 JEAE #E K -
AR AT BE 22 4 TRV K 45 mm, EAREE WL 2.

a. 24N RS R B
a. Distribution schematic of 24 lysimeters

c. BBLOB T KUK E
c. Groundwater supply and
drainage device for lysimeter

d: BN, B S, RERZSMW, ERERZSME, b Rgis K
KN 1-6,

Note: N is north, S is south, W is the weighing lysimeter, F is the non-weighing
lysimeter . And the numbers are 1 to 6 from west to east.

B 1 AEXKAZSBERIE AR A F iR K 5 A

Fig.1 Distribution and main instruments of cluster lysimeters for

b. &N WX E

b. Map of winter wheat research area

winter wheat experiment
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Table 2 Irrigation treatments and groundwater table controls of winter wheat

WK 72 % Irrigating quota on each application/mm

Fhy AR K IR -$ 753 P - AE Y

FilRE- e Y

Year Treatment Winter irrigation Reviving-Jointing Jointing-Heading Heading-Filling Filling-Harvesting Irrigation quota/mm

HESK - LAY TR E BB

Lysimeter number

(11-1D)

(03-08—04-14)  (04-15—04-29) (04-30—05-18) (05-19—06-10)

Ia 90.0 675 675 75.0 45.0 345.0 NWI/NW5/SW1/SW6

Ib 90.0 67.5 75.0 45.0 277.5 NW2/NW3/SW4/SWS5

202l—= e 90.0 75.0 45.0 210.0 NW4/NW6/SW2/SW3
2022 1y b, oTby, 90,0 67.5 75.0 45.0 277.5 NF6/SF4;NF5/SF6;NF4/SF3
TS P P 90.0 75.0 45.0 210.0 NF3/SF2;NF2/SF5:NF1/SF1
Ia 75.0 675 675 75.0 285.0 NW2/NW4/SWI/NW3 (B+)
r— b 75.0 67.5 75.0 217.5 NWI/SW2/SWS/NW5 (Bt
5023 Ie 75.0 75.0 150.0 NW6/SW3/SW6/SW4 (1)
Tag 1, a5 75.0 67.5 67.5 75.0 285.0 NF6/SF4;NF5/SF6;NF4/SF3
Ieo sl 36, 5 75.0 75.0 150.0 NF3/SF2:NF2/SF5:NF1/SF1

e lay Ib # Ie 23 IARRA/NEAEIRE FHE 3 7K. 2 KF1 17K, 20212022 454 Ab 3 PRI AL AL HE 3K - AR 22 4P 78 E K 45 mm;  VEZK AL B A FRARER BB R 7KK oL

MR, m.

Note: Ia, Ib and Ic represent that winter wheat were treated with 3 irrigations, 2 irrigations and 1 irrigation after reviving, respectively. Specially in 2021 — 2022, all treatments
received an additional irrigation water of 45 mm during the filling - harvesting period due to topdressing. The subscript of the irrigation treatment represents the depth of the

groundwater level in meter.

1.2 WMIEFR

FIF K D4R 5605 TRM-ZS1 Y B R Rl RET K
B AR KR RGE S K PHEE S, B R AR
0.5h, LIRS EEMEKE ET). FREAZZBNE
R E, SREMF 30 min. A N E K Hydra Probe
[T A1 SM10D 338 /K 73 1% k245l e 388 ke, oA f
R B A E R EN 100 200 40, 60 100, 150.
210, 240 cm, AEFREAXZBACH 100 20, 40, 60, 100,
150, 210 240. 270. 300. 330 cm. 56303 T KAt
HEKZE B 0.5h A3 12 M HEFRE X202 00 HK
&, AR KRR E .

7278 i 2 (canopy coverage, C.) fRERAEDH F
MR BFEEE . /X 3 BRACKR AR IFARIE, T8
5 5d N T ERRMN s K KEMERE, RATE

¥k HE SR T B4R 2 (leaf area index, LAD P4, C. i
LAI 5 H 2 18] 5% 2 A i+ 515 30,
3 0
> (LB
LAI=Kp — é‘ 2D

Cc = 1.005[1 —exp(—0.6LAD)]"* &)
X KA HEREG p NFE S, FR/m® n N5 i bk
TEI T v B Ly R0 By 4y A i IRAER, 56 AN
A BEFI B R SR, m.

Hby b AR A A ARG B B AR 7 d B IR, i
HU10 em KR A LSRR, ML A 355 )
ANMERE 105 °C &% 1h ), H 75 C lHIEM 2= 5 EEE
TR FEAEY A & /N DGR | m® AR KT AT
FiAL, 0 s FLAORF L R e B
1.3 AquaCrop BB HIBEFESH

AquaCrop BRI T 58 MEVIK 20 A2 7= B 5 R 4L
KA, TOAIE K R ARV AT R AR 7= 5
FEEMNS S EW. . R KR () & S
K20, BEAL I I 45 A R IR e SRS - K S A
B KSR A KB 45 & DO R x K 43 i de

(¥ R BRI B A, BRTHE LR (3) BT,
W1 =W,+1+P—-Ry+Cr—E—-T,-D, (3)

KA W, AW, N -1 BRI ¢ B 20 ) AR X /K &
mm; [ AERE, mm; PAREWNE, mm; R, NHLERRZ
WPURE, mm; Cp NHUF/KAMAE, mm; ENTIEZER
&, mm; T, NEVZEEE, mm: D, RFZEFE, mm.
L T AR VR N T 4 m NS S R K BEREY,
K IS B BT E A ME YRR R DAY 2 AEY K o
HER, AR R I A N T B AR TR R KA HE R SR A
SR AHEM TR ROKIANG, BRI (4) BT,

Cr= exp(ln(zc)l_b)

Az AR H KA ARXS T HIERT AR, ms a. b
RRFESE. BT R KANS 52 3K o PR Bl 2R TR IR
MK S ES LIRS /KERRKBREFTN, S8 a. b
B A 48 AN [R] T o, 2B IR A M
a=—0.498 6+9x(10°9)K,,» b=—2.132 0+0.4778InK.,,,» K., &
IR TR, G0 X iR AquaCrop #5845
SERUE TG, A K, B 575 mm/d BT,

B AR BEA BT 75 R B SRR T 00wt e e 1) B B
WMAGEE . AEMSHE P RIRTFSEA R AL E . FhiE
I RN B 55 0%, AR IR TF SR % R i 2
BB B K RO R SR A )R s
IXEhE A, DLRIES KR, R EEE. AMENTE
JFEFR, HHE AquaCrop B 45 72 S5 H I FAO-56 $24it
&N ESHIETEFE TR IE. HESHAELEE
B RIEESRM. FARE, MELS. HEFKE. WS
KRR K S S 4 FH )4 $ 2 B0 F6 )45 it
IR S FEE P T o B ARY  HH E EHE L B K AR
. EEERERF LR, A ER B K
& gsE ., AW AquaCrop B8 S HUE W% 3.

1.4 REFN R

KWk G S H ik E 2 (coefficient of deter-

mination, R*). FHXi%Z (relative error, RE). H77HR

4
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#®Z% (root mean square error, RMSE) FIFR#EILT) R IR
7¢ (normalized root mean square error, NRMSE) X #& !

3 %iZE AquaCrop HENFESHEVE

Table 3 Values of main parameters in AquaCrop model for winter wheat

FEEHATIEY . ot R? B#5F 1. RE. RMSE #1 NRMSE
RN, 0 AR R AL R R, B e S .

ERIFNEH Wi KIRa S TR
Basic parameter Value Water stress parameter Value
LR/ C 0 K53 a2 A A R I L R 0.2
LRI C 26 KM RE R T 2 A T R 0.65
TR 2 % 99 Jeb JZ SRR A TR B T 5.0
e R EU(%rd ) 3.0 KM IR AL R R 0.65
i IR R (% d ) 11.6 LRI KA AR R T 25
FEROE T A SRR/ (C-d T 123 K ST B T 2 5 2 5 L PR 0.7
AR EITT A6 TEE T 7 A MAUR/(C-d ) 1388 SRR K Bt TR T 25
TR0 ST T AR IRA(C-d ) 1763
FEROEFFAEFTF A 2R/ (C-d ™ 1095
Pl B3 AR T 5 A3 2R IR/(C-d ) 486
KA ARG /m 0.8
SCIN(RYES 3 1.1
A= FHBR 5 7= 01/ (grm™) 20
ZHEWERIRHU% 50

2

LRGN

2.1 AquaCrop BRI ZFE 5K

DL 2021—2022 4 i FH ] 15056 B8 XA B4R AE 2 3tk
1738 NP EEAME IR, FIFH 2022—2023 F 56 B 34T
BRGS0 . B P/ ERIX RIS K%, WEE %
B AW E AP 8N AquaCrop 157 5 5 K A 36 R Y

Xt EE AR PR o

Kl 2 79 AquaCrop #5853 A v 4% A AL 2 A5 4L

e
K
Soil

water

content

R
i

Canopy
coverage

E7/) %

Biomass

Fig.2

1l 5 KA Days after sowing/d
a. Ib

S KR, e R o AR S S b
R ARALHEER N T 1 m i, ARIX IS KA 0~60 cm

SEH A K S, HARAFEIEL 0~100 cm P35 L3S
K, B 2 A A3 K U 5 S b i,
R* £ 0.83~0.97 2 [i], RE N 2.40%~5.15%, RMSE
790.01 cm*/cm®, NRMSE A 3.20%~ 6.29%. 7E H [t

BEK TR, AR KA AR ] AL BB IR Z B, Tb

m L Measured value

‘?E T’E
2030 £ 030
£ g
S S
£0.25 Z 025
Z Z
=] o
5 . 5 020

0.20 5 0.
g R=097 g R=0.83
z RE=5.15% ) z RE=2.40%
(2 0.15 1 RMSE=0.01 (cm®cm ) 30151 RMSE=0.01 (cm*-cm)
3 NRMSE=6.29% 3 NRMSE=3.20%
Tol X 0.10
f,%F‘ 120 140 160 180 200 220 240 @E 120 140 160 180 200 220 240
) 5 K H(Days after sowing/d :4 FEFh 5 K EDays after sowing/d
= < 100
3 100 2,
g £
2 80 g %0
8 R=0.90 8 0| £=091
> =0. 2 _
g 60t REt 730 g RE-L.13%
8 40| RMSE=1.92% & 40 RMSEZL30%
& NRMSE=2.02% P NRMSE=1.36%
HE 20 #E 20
B B’
g i
B "0 40 80 120 160 200 240 B 0 40 80 120 160 200 240

JHF 5 K £ Days after sowing/d FEFh S K EDays after sowing/d

25 25
g g 20
2 15} R=0.96 Z 15t R=099
g RE=14.14% g RE=15.97%
£ 10F RMSE=149 (thm?) 2 10} RMSE=2.08 (+hm?)
i NRMSE=11.31% = NRMSE=15.11%
g S ] 3
< 0 < 0

0 40 80 120 160 200 240 0 40 80 120 160 200 240

1E 5 K Days after sowing/d
b.Ib1.0

AT PR R ZE B KON 5.15%

FUE Simulated value

m)

76k /2 78 7 J¥ Canopy coverage/% 157K % Soil water content/(cm?-c

“EW) ErBiomass/(t-hm2)

e
i
S

o
e
G

I
i
=]

o
O

o

0
1

=
100 S 100
g
80 5 50
60 R*=0.90 3
RE=1.15% g 60
RMSE=1.56% g
40 - S 40
NRMSE=1.65% £
20 H 20
e
0 =
0 40 80 120 160 200 240 B o
JHFi 5 K E(Days after sowing/d
25 25
20 E2
151 R=099 715
RE=15.04% g
10 L RMSE=1.59 (t-hm™) g10
NRMSE=12.03% =
5 ] 5
H
0 0
0 40 80 120 160 200 240 0

I
i
S

S
)
G

o
o
S

R=0.91
RE=5.11%

RMSE=0.01 (cm*-cm™)
NRMSE=5.40%

o
[

o

20 140 160 180 200 220 240
1Tl J5 K #(Days after sowing/d

3% K% Soil water content/(cm?-cm?)

1EFf 5 K Days after sowing/d
c.Ibl.5

R*=0.93

RE=3.34%

RMSE=0.01 (cm*-cm?)
NRMSE=4.15%

120 140 160 180 200 220 240

HFi5 R Days after sowing/d

R=0.91
RE=2.32%
RMSE=3.06%
NRMSE=3.28%

40 80 120 160 200 240
15 K Days after sowing/d

R=0.93
RE=13.64%
RMSE=1.39 (t-hm?)
NRMSE=11.44% /=

40 80 120 160 200 240
RS K EUDays after sowing/d

d. 1b2.0

B2 AquaCrop HA F i itfe f £ K 3 AKE . BEEZEA LM THEIMESL FRME L (2021—2022)
Comparisons of simulated and measured values of soil moisture content, canopy coverage and biomass during AquaCrop model
calibration process for winter wheat in 2021 — 2022


http://www.tcsae.org

% 20 3 i
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XNERHEREERIEERKREE, #EABLH)E,
i EAE KA REMEEEIOEAEK, A7EmiEHIA
Bl Kl 2T BB &/ NRIBE A, RS
B FRAR. FTA Ab e 2 B o5 R ASOLE 5 S ) R
RE. RMSE HI NRMSE FRER 514 0.90~0.91, 1.13%~
2.32%. 1.30%~3.06%. 1.36%~3.28%, &% 2%
BN ZNEEMBEFTMHIGEREEK, 2RAH—H
FFFERAOKT, REREIREEK ., &NEZEYE
B A Ab 3 R 2. RE. RMSE #1 NRMSE 73 511 5 0.93~
0.99. 13.64%~15.97%. 1.39~2.08t/hm?. 11.31%~15.11%,
RS 5 S ME AR R A AR — B, BRI A S B A=)
BEIEAE BRI

Kl 3 2 AquaCrop #5578 %6 g 3ok v 7= B ADL(H 5 51
DB xS P e /N Z2 R R 5 BT A A B AR UL A 5 Sl
5 R*. RE. RMSE Ml NRMSE 7} 5l 9 0.85. 1.97%.
0.23 thm®, 2.58%, MERIBIHLIR RN, AquaCrop 57!
R85 5 b s e A /NSE S B e K

PL 2022—2023 4 %4 4} AquaCrop 578 13 56 1) 4t 1
SRUWFE 4 Fimo Tas Tagys Tass Tagg AR 355 KA
UE 5 S AER RE 2 5N 5.40% 2.50%- 3.33% Al
4.61%, B D4R KA SR A WG ey, AR R 2

TR, HERURE BB 5 i 52K 23 il () 38 i g/ . BT
A FE A R P R (AR UL S SE DB (M i S8R 2 3
AT 0.85. RE ANKT 13.95%. NRMSE AT 14.88%,
PO RG FE AUt o ok J2 B 2 FE AR 5 S 1 R RE-
RMSE F1 NRMSE # it il 7 5 5 0.91~0.95. 1.17%~
1.38%. 1.40%~1.66%. 1.45%~1.76%, MR-
DL S5 REEH, AquaCrop #5581 ] 1R 47 R ASEHDLAS [m] Wk i)
|1 L VA NS S RSN 3 BN NG YR U

10
y=0.756x+1.989
.............. 1:14% 1:1 line

Rl
T

R*=0.85
RE=1.97%
RMSE=0.23 (t-hm?)
NRMSE=2.58%

FE R AR
Simulated yield/(t-hm™)
e

7 8 9 10
7 S
Measured yield/(t-hm2)

B3 A F T EAIME L ZalEst i (2021—2022)
Fig.3 Comparison between simulated and measured values of
winter wheat yield in 2021 2022

F4 20222023 &\ AquaCrop HEEIRIGLER
Table 4 Verification results of AquaCrop model for winter wheat in 2022— 2023

sh TS IKER gtk 78 AW g
HIR Soil water content/ (cm®-cm ) Canopy coverage/% Biomass/ (t-hm™2) . = =
Index Yield/ (t-hm =)

la lay; la, 5 la, g la lay; la, 5 la, g la lag; la, 3 la, g

R 0.85 0.95 0.80 0.84 0.95 0.92 0.91 0.92 0.97 0.95 0.99 0.96 0.85

RE/% 5.40 2.50 3.33 4.61 1.30 1.35 1.17 1.38 10.81 10.38 9.36 13.95 9.69

RMSE 0.01 0.01 0.01 0.01 1.59 1.57 1.40 1.66 1.82 1.63 1.50 1.78 0.95

NRMSE/% 6.03 3.94 3.74 6.01 1.65 1.64 1.45 1.76 12.54 11.67 10.64 14.88 12.03

22 AEESTERNEMTKIMATREHEER

P A 4% J5 1) AquaCrop #2784, 3 i i B AN [F] E /K
A ERFIAN A M R KA1 5, AN EA KR E S 5
KD EBLFE LB FAKANE B, RS H
2021—2022 FHIHE KA PRV L8088, Wit T 4 FhEK
5, WA T1 GRE K 67.5 mm + k75K
67.5 mm + FHFEK 75.0 mm + KK 45.0 mm), F 3 Fh
R REW (T2 RFE /K 75.0 mm. T3 & FH /K 67.5 mm +
PAT/K 75 .0mm. T4 IRFH7K 75.0 mm + #EILIK 45.0 mm) ;
TEA/NZIRIX 0.4~2.0 m Hu R KAZIEERA]RE 0.2 m (0.44
0.6, 0.8, 1.0, 1.2, 1.4. 1.6, 1.8. 2.0 m 3t 9 /K.
2.0~4.0 m Ho F/KAHHRTAIRG 0.5 m (2.5, 3.05 3.5, 4.0m
L AANKT), L E 13 MR KA ERAE . DL
XAE, Hit 52 ANASFEREBLH] R Rl T KA A2,
I AquaCrop 584 73 7 B AT 1E P A= KRR AR

T FRIX 52 FpAS [ Ab B4 51 AquaCrop A5 7 A5
PEER, XF 4 FPEEMR AL T AN AR E B IR K E—
HiLU R K R 5 5 FE RN R KA 2 R 3 i K 2 T8 40 )
HATEVASAT, ERLE 4. B4R, S
TARALHRE KA T 0.4~4.0 m JEFE AN, HIEGEKE

FUHE R KNG SR R IEAR DG, MR KA MR AT L e i
KERIMAART, BIHEHLIIBTEE R 4 FhEEK
AR R A& /N T A RN T P B E 2 - A IA B B K
TEFE o HEWE AR N LI MK BRI B, MR KRN
T HEIK Bl A KA HEER BTN, H R KA HE R R
Ko HUOR A HIEAEY K m N, BT 7R
ELE AR AR FEE K, ML A B, 2 R
BUD LR KNG SRR R VE T KB R AR R B
AN, ¥EEMKEMER, FEKEED, MK
TRV, HURKAMA TR, R S H T1 R T4
AR PR AR M B 41 AR B 2 ()[R ok R U AN S 4L
L AREUE .

SRR [F A SRR R, AR 13 Rt R KA HE
TRIKFAE 5 2 AN A /N2 A2 B I T 7K 5 2% S I 254
HEATIOAE, Kk A 2022 4 1.5 m HEAN 2023 4F 0.7 m.
1.3 m HER N [ S0 0 25 58 55 60 T1 F0 T4 73 e ik A 32
TR S R B T AT A . TRl E O R )
KRN P T S S S A SR R LA S TR .
AL, TE TS VEMR KA T 4/ IN 2 L K RN 4 o P S A
53t S EK R*. RE. RMSE A1 NRMSE 43 7 A4 0.873.
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8.9%. 0.316 mm/dFl 11.8%, AEFREMEMH TN MR KA E—LIFEMG KRBT TR, %R TR
0.915. 9.2%. 0.275 mm/d 1 9.1%, it SEEAEBAR SN ) R VR 1) RN TR KA R R B AN I R KNS
H I AT DL B LS 1 S A K e T K D 45 g A

m 11 #fiSeedling (10-18—11-11) o 4 WFrozen stage (11-11—03-07) A R - T IReviving-Jointing (03-08—04-14)
v AT Jointing-Heading  (04-15—04-29) & S M Heading-Filling (04-30—05-18) « FESR-IPFilling-Harvesting (05-19—06-10)
» 44 H I Whole season (10-18—6-10)
g s 5 E
5 g ] g
§ 4.5 E 45 £ 45 E 45
3 40 Z 40 40 240
®Z 35 3}%%3.5 ﬁg&s ggﬁ
HE 0 SE30 TE3 ZE30
g 25 525 525 525
SG = & 2 e 2 e 20
%520 2520 %520 <520
=8 15 g LS5 g Ls g L5
25 10 2L 10 2210 = - 1.0
=1 o o |53
£ 05 £ 05 505 £ 05
2 00 £ 00 £ 00 £ 00
S 200250300350400450500 550600 S 200250300 350400450 500 550 600 £ 1200250300350400450 500550 600 £ 200250300350 400450 500 550 600
8 stk & B LS 5 AR & e
Soil water storage/mm Soil water storage/mm Soil water storage/mm Soil wa;tcr storage/mm
600 600 600 600
£ 550 E 550 £550 £ 550
3 500 3 500 500 3 500
B o0 I =0 IE =0 il
L £ 450 ;“ £ 450 ;“ £450 E £ 450
DS ¥ % 400 . 2 7 400 2 7400 2 3400
®E N E BB ®E RS
& 2350 = 2350 2350 2350 §
= < < < 1] 11 S < ¥
2500 T T 250 T 2300 T Z 500 N
3250 32 250 3250 3 250 RS
200 200 200 200 L ;
0.00.51.01.52.0253.03.54.04.5 0.00.51.01.52.02.53.03.54.04.5 0.0051.01.52.02.53.03.54.04.5 0.00.51.01.52.02.53.03.54.04.5
R KA iR KA R MR KA R Hu R R AL R
Groundwater depth/m Groundwater depth/m Groundwater depth/m Groundwater depth/m
a TI4bHE b. T2k o T34bTE d. T4bH

b. T2 treatment d. T4 treatment

a. T1 treatment c¢. T3 treatment

e SG MK L AE/KE—I T KFNASREZ; DS A FR AR — b3tk i T1 9FE 20, B4R IR T KT K+ BUK+#E 3K (67.5 mm+67.5
mm+75.0 mm+45.0 mm>: T2, T3+ T4 R AR, 2HAREE TIREK (750 mm) .« BFHKHETIK (67.5 mm+75.0 mm) . REFRHEIRK (75.0
mm+45.0 mm) FIRLEE,

Note: SG represents soil water storage-groundwater recharge intensity; DS represents groundwater depth-soil water storage; T1 is the sufficient irrigation treatment
with irrigations at reviving, jointing, heading and filling stages(67.5 mm+67.5 mm+75.0 mm+45.0 mm). T2, T3. T4 are the insufficient irrigation treatments,
representing irrigation occurred at the reviving stage only(75.0 mm), at the reviving and jointing stages(67.5 mm+75.0 mm), and at the reviving and filling stages(75.0
mm-+45.0 mm), respectively.

B4 Ao kA T I A H T AN 3 B Ao T A SRR — K B = 2 AT

Fig.4 Regression analysis of soil water storage - groundwater recharge intensity and groundwater depth - soil water storage during winter

wheat growth period under 4 irrigation conditions

RS T T4 ERAIRRT HIRHEKE TG R E S TKORR — TR K EBRAFERARSH
Table 5 Fitted regression equations of soil water storage - groundwater recharge intensity and groundwater depth - soil water storage under
T1 and T4 treatment

; i S =a,—b,"In(s+c s=a,~b,"In(x+c
£ H ] Growth stage FEWEALFT Trrigation treatment y=ar—byIn(ste) > by Inrtey) >
a, b, c R a, b, ¢, R
54 Seedlin Tl 0254  —0.178  —390.490 096  474.359 68.067  0.140  0.96
¢ g T4 0254  —0.178  —390.490 096  474.359 68.067  0.140  0.96
4] Frozen stage Tl —0.069 —0.159  —378.809 093  481.548 78.894 0242 097
A & T4 —0.069  —0.159  —378.809 093  481.548 78.894 0242 097
. . o T 2763  —0966  —346.315 097 496318 96421 0411 097
== A _
JB77-31 11 Reviving-ointing T4 2762 0966  —346.622 097  496.235 96.168 0410  0.97
. . . Tl -8437 2273 —323.084 097  479.584 91.999 0258  0.94
= _h Fil ) -
RCH-firB Jointing-Heading T4 8241  —2235 279340  0.98 500.105  134.017 0448  0.94
o o T1 ~5.987 —1.830  -348.628 097  475.067 81.564 0202 095
H i 1 _
$irBE-HESR W Heading Filling T4 -5.045  -1.579 241356 0.9 570439 212913 0813 0.94
I . T1 -33.650 —6.435  —143.108 097  508.393  130.680  0.515  0.95
N 5 _
#E- AR Filling-Harvesting T4 5925  -1.735 207419  0.97 715140 302.315 1432 094
Tl 4733 -1403 337258 098  484.456 90.591 0296  0.96
> S H)
&/EF ) Whole Season T4 2956  -1.050  —309.273  0.99 524.641 142486  0.621  0.95

Ty RHUFKFNGIRE, mm/d; s & 2IRAEKE, mm; x ZHUFKAIEER, m.
Note: y is groundwater recharge intensity, mm/d; s is soil water storage, mm; x is groundwater depth, m.

2.3 ZNEEFHAM T KK XRESE SCEEAERAL 2.2 AN R AN AR A K
23.1 M T ARAKALIE IR B KRN 45 5 B e 3 AR A R R 3 A K 1 [

MR KR SRR AR KA RE B AR R, PR 4 MEB A T AN e F NS ET
J2 WKTH B U T A A T B T AR AR, B Bl St R KK AR RS R 6 BiR. i
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F 6w, TI. T3 M T4 H FA/NEEEE IR
RIKAL IR S ) 3.38, 3.39 Al 3.40 m, &/NEAFH
(i S b 7K A7 3R A B K R I B T PR A,
Wk /D, Hb R KRN ERERZY, I SRR T2 A
TN RIATT 1 IREBEANK, SEEDRITEN
A, AF R AKCD, h SR KK A RS, 4
A H W SRR R E 3.39 m. 4 FhEE KA T I A
R KK R IRAE 2 /N2 T A ERAC R 7 - 31T A
7, 433108 3.28. 3.36 F13.54 m. RF-1K T B 4 FPEEK
Ab 3 PN SRR S R B s RUORAZ S JH AL T 4 /N iR
BAEKH], FHORIEHKBEN . IR 5 F 7803 T1 &b
BN SN E A BEBEAN K, I S TR KK AL R A
A AR, A E Bl S R AOK AR 3.38 m.
TERTT-FAEIA, 4 FPE K AL BE T B4 /N 22 I 1 R 7KK
PRI G I ZE S, AEFE/r dEBR R T2 A T4 A3 I
FLH R KK AL ER Y 3.41 m, T3 AbFE Ny 3.22m, w0
TIREHIREB K CHWAIE AR, FEFEBER
I R KA AV E RN, T S Bl 1 3R T - R

KN TR KBURE . TEEIR -, MR KANE B
SEZL, R K KALIG SRR I s T4 AbFRAE 455 -Jh A
SO R ol - 2 S T WA B R P SRR A T RE . SEUIEREK -
R 5 B RE IR MR KA A B R E D PR AL R RN 4G
2B WG SRR 3.41 mo

W
w

1148 e e 1112
41 n=12 . e
R=0873 .- R=0915  «.57"
RE=8.99% .~ 3 | RE=9.22% &
./'/- 7 '
2 _#C RMSE=0.316 (mm-d ') 2 ~ RMSE=0.275 (mm-d™')

*  NRMSE=9.15%
1 S . . )
w1 2 3 4 5 1 2 3 4 5
= 2l {E Measured values/(mm-d™") S Measured values/(mm-d™")
a.Tl b. T4
X on AN
Note: n is the number of samples.
B 5 3T RAMSREE )25 2 LS AT e
Fig.5 Comparisons of the regression equations for calculated and
measured groundwater recharge intensity under 2 irrigation
conditions

L NRMSE=11.89%

At Calculated values /(mm-d™)
w
i+ % {f Calculated values/(mm-d™")

i

*o FNEEFHIRERLIRA IS T KKAIRR

Table 6 Critical groundwater table of winter wheat in different growth stages under four irrigation conditions m
TEWE i A BRI PR A HEI- I EHEH
Irrigation Scheduling Seedling Frozen stage Reviving-Jointing Jointing-Heading Heading-Filling Filling-Harvesting Whole Season
Tl 3.28 3.36 3.54 3.25 3.21 3.41 3.38
T2 3.28 3.36 3.54 3.41 3.37 3.36 3.39
T3 3.28 3.36 3.54 3.22 3.39 3.38 3.39
T4 3.28 3.36 3.54 3.41 3.37 3.42 3.41

232 A EIEE A KO T KRALIZIR

KNG AEE B T I K KA R BT A R PR 8 4%
B R NIRRT R, HIFFEEY = mik F
BALE I AKACRES . RSCHIR A AN IE 'K
R KK AL, XERTIR 52 4L SHRUEE b & N e
S H R KRR AT XS AT, g5 SR 6 B

9.0 -

o
n

o
=)
T

—TI
| —— T2
—— T3
—~— T4

PR Yield/(t-hm 2)

=~
W

70 I I I I I I I
00 05 1.0 15 20 25 3.0 35 40

R 7KK AL R Groundwater depth/m

B 6 ARRIRBAMHT AN ZT 25T ARLILIRIE 8 &

Fig.6 Fitted curves of groundwater depth and gain yield of winter

wheat under four irrigation treatments

W& 6 mIKkn, i ROKAEAREG, G 0.6 m) I,
bR A TR B B S RS U AR,
XA /NEIR AR B MRS, BEssm . FEE T
IKALIRER RN, RS SGE, &NEMRARLE R
PRSI, FEHERL T1 2RAFR, /NPT K
ALARGR ARG T 22025 I, BB R KAz B R L F)] 2.0 m

B, PERIARR R, ULJE R KA R ER AR N, R
BERMRFFARAR . 15 3 FAER AT, &N ETE
W8 JEE K R A T G N, FE MR K AL VR A 7E 2.0 m I
PR R, M T2. T3. T4 877 & 2 N 8.837.
8.815. 8.848 t/hm?, it ] 24 N /K AL BEGR BEvR INF, AT LA
B IE M K T AR S TR R KA R KT
2.0 m B, EKEBRD, b R KA HER I N
INEIIE EERR K, 7E 2.5 m A4 FREWIE . HE/K MR K
PEIERFF ARG N 3.0 m B, 7= Bk /N R RS i T T 5%
TR AL R R AR E T AR R R, BRI
Ko B 2R, A A 2 R K AL HE IR A T 2.0~
2.5miy, 7840 EMR AR R KA R 2R R 217~
2.35kg/m®, AEFE/PMEME (T2. T3. T4) (/K5 FIFH 2L
R RN 2.18~239 kg/m®. 2.17~234 kg/m®. 2.18~
2.43 kg/m’.

ZE AT, S AN AL R KA R 1)
X H AR, HUR KA IR HIE 2.0~2.5m 2 [[], I
I} T4 Ab 77 5 R 7K 2 R FH 2GR e g R R B AR, 20
4 8.848 t/hm” 1 2.18~2.43 kg/m®, X FERE A {RAIF T30k
BEHLNERAKRE, XAeG R T KT, L
AR TR R SR

3 3 i
YEYHL T K KN A R T R AL A2 1 58 & B [a) /K B B
HERATHE, BAEAZSERE T —RIMEE 5%, H
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F & FRL 1) R PR A S bR AT E v, M Z 3] TR
fils ASCNA/NEHERS H &, #E 8 A AquaCrop 5
PhZE RS b, W E AN AT Tk A EA R
BREC R ETEMN TR, TR BIRA SRS, B
BH—E L.

AquaCrop FE A 7] DLR &7 [P ALLAS [H] 7K 43 2644 T 44/
FHEKKEMLEKD TS WA SCEE T 5,
AquaCrop FERITE 78 43 A T KA VR B I 262 T
ARG B vy T HARARHE, 2R B mT DURCAHRS i B 40L
Ko i ia s R e 2 T RIEAEK K E, (HAEM™
Ko B S AR AR 2[RI B RLVE ) S5
F16 34 EUtF A 780 S B i A DO, R AR A ) 45
AN T KANEE R, SR T
IKANG AR A /N REH - ARCR, AL EYIIR &
KB TEA . FH R KRN 5 FE ] S 5 v SR L
AMrFR G S A, Wk T R R R, NS
SEH R KA OB BB I — P IR LR S

15 S b 7K A7 3R FE B AE ) A K B R KA MR R
BINmEEAESHE, WEEDMIE, IER., IR%
R FE ) A B A e S 0 AR Bh i AR s N e L A& N A
B AN ST AR SRR AT A, & /NEAEA A AR E B
HAEK PR AKKAIEERAR, e T KA R BE &
ZNENERREHEMNZR . RN EeEE NI
SRS KA R VO A 3.38~3.41m, % FEIE,
R K CEEA R X &N TR s AR T RE 1, Hid
PRSP G —8. &/NEAEE WG SR KRR B
Reii B A /NERARAEK TR, HEHAEEE BRI
R KA R, DL EsR N E AR, &N EEEEKT
R KA SRR A AE 2.0~2.5m Z[8], M EHFTFT
AR R R YRR R KT 2.0 m B, MR
IR 2 /INFE A2 AR AN 2 BADR AN BRIEE 7K A 2 T i %
I, e 24 T 8™ e B EL I8 /IR 5 o 2R 7 38 2
BRI R T 2220 S5 AU e S5 1 KA X I,
LR ) A Hr AT, X 1 1~2.5 m IR FE AT K
XoF 7 B S R ) 3 7 X RN X0 5 il R KA Ak T
WRIRFERS, e T H BHHK S T REL &, i
TAAERT LImi, FeEe FHD. R R KK
A7 133 B R E A S A, X T AR X B EY A= RE IR
FrteFAEH

AT I A R KR 5 I A, IR A
NG E LR KM B EARAE, H 45 R T fEAR R B
AL BT X N, g DX 3K SCASE RS A S A K P Al
RS RR . fEAE S, REATKE AL, R
TR E R RN T KR 2 v Y R AR S A N
ZiA s S MRt N oKiE®, 1Rl EEW R KT
A, 15 25 2 m ORI K BRI B AR . S T RENLIE N
S50 24 R ER A R R KRN e AR Y, ARG HE
I B2 T T A0 DA R b T 7K b 25 200 B R s )5 S
FUH AT R T X B R R R s, R AR TR AL P R
FEBE S Tt R KNS B A IS A, R T 2%
PR RR, D B R ) R AR 3R KT () E R DA R B E

By, PbinA & BRI B, ATk PR R A
TS TR Z R K AR S 0

4 & B

K TR FH A AR 2R 2B A A /N 32 )3 56 R ot
AquaCrop HERFAT T R e FIREES, ALl T AN [ EIE AL HE |
AR AKRAL R AN AR R, iR RN EE
B W R KK I PR DL RS B A K R B .
BB UT:

1 FIA 2 a AR T AR FTEEBEALFE R 1 & /N 2k
55 H T AquaCrop #EA HEAT # 8 FIRR B . & /NEATA
PR IR EKR, WEELE . AR EEES
SEIME 2 (M GE v S 40mT [F i IA 2 e REA/NT 0.8 AH
X 22 FBRAEA 35 7 AR 1R 2238 /N T 16%,  AquaCrop #5R7Y
REfE P A N AE KR B -« AquaCrop 15 7Y BB L U
BN R KRB R

2) P F R G 1 AquaCrop B} 52 FfAS [ E Bk
b BRI T KA 5 R AN AE KRR TR, A
WT 32 4 FPEmEAb B N A /N2 A W I K E—Hh T
KRN 58 FE AN 3 R K A7 2 R — = 3 it /K 2 Y 2R TRl
TifEe AL TR, HE/ NIRRT -
HH R 7K R 45 9 B B R . R FE R] Sl i R KR 4 5
5 EAER R, e REIYAE 0.873 ML b HIXF R
ZAKT 9.22% BIHRIRZEAKT 0.316 mm/d. FrifE
TR ER KT 11.89%, AL HHSEEMN, £W
0B 19 [ U1 g R T iy S [0 W A P R b KA B VR R
(14N R K AN S o

3) EI AN R E WM R KNG A AR, 1T
SRAFA/NFZ T A ARIR T 4T W s SR 43 3
793.28, 3.36 H13.54m; I Ft 3T 7K KA B Bl 55 K
BRI AR, T1 (FRAHEMD EAEAF A
3.38m, ANFEIAEE WIRTEE 78 20 9 B A 3G SRR AN A,
Hh T2 GREAK) A B FAEFHNIGET 1 IR
K FEAEVREATHENBAS, AFERTKELD, &
A E W T R KA PR A 3.39 m, oAt 4k T EE B i >
R KRN R ER ZY, I T R ERTR o

4) JEIL AT 52 P SERL R &N e R K
IO HRVR Z R R, 1B/ NG HAEK R T
IO HR BN 2.0~2.5 m, LI AEFE BN T4 GR
HKHER A A= E AR DRI BCRILIE R A, 5
514 8.848 t/hm” Al 2.18~2.43 kg/m’.
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Quantifying groundwater contributions and threshold in the growth
stages for winter wheat

XUE Xin'? , CAI Jiabing** , YU Yingduo? , ZHANG Baozhong? , HAN Yan'an®

(1. State Key Laboratory of Simulation and Regulation of Water Cycle in River Basin, China Institute of Water Resources and Hydropower
Research, Beijing 100038, China; 2. National Center for Efficient Irrigation Engineering and Technology Research-Beijing, Beijing
100048, China; 3. Irrigation Center of Jiaokou Puming Water in Weihe River, Weinan City 714000, China)

Abstract: Groundwater recharge can greatly contribute to the crop growth in farmland for the sustainable development of
regional production in modern agriculture. It is crucial to precisely quantify the rational utilization of groundwater sources.
Among them, groundwater recharge can be broadly classified into empirical and mechanistic models in recent years. However,
some limitations are still remained in practical application, due to the complexity and highly nonlinear of groundwater
recharge. In this study, a series of experiments were conducted on the winter wheat under different groundwater levels and
irrigation treatments using 24 clustered large-scale lysimeters. The AquaCrop model was calibrated and validated using the soil
moisture content, canopy coverage, biomass, and grain yield of winter wheat as evaluation indicators. The calibrated AquaCrop
model was then utilized to simulate the growth and development of winter wheat, as well as the soil water dynamics under
varying irrigation treatments and groundwater depths. An estimation model was proposed for the groundwater recharge in the
period of winter wheat growth. Thereby, the critical groundwater levels were determined for the different growth stages, and
the threshold depth of water table suitable for winter wheat growth. Results showed that: 1) The AquaCrop model was
performed best on the growth and development of winter wheat under different irrigation treatments and groundwater levels.
Simultaneously, the better performance was achieved in the statistical parameters between the simulated and measured values
of soil water content, canopy coverage, biomass, and grain yield during the growth period, with the determination coefficient
(R)=0.8, the relative error (RE) and the normalized root mean square error (NRMSE) are both<< 16%. 2) The validated
AquaCrop model was employed to simulate the growth of winter wheat under 52 scenarios of groundwater depth and irrigation
treatments. Subsequently, the nonlinear regressions of soil water storage - groundwater recharge intensity and groundwater
depth - soil water storage were fitted during the growth period of winter wheat. The groundwater recharge intensity was
calculated to compare with the measured values for verification. The statistical parameters fell well within the acceptable error
range of the model, such as R*=0.873, RE<X9.22%, RMSE<0.316 mm/d and NRMSE<{11.89%. 3) The critical tables of
groundwater were calculated in different growth stages of winter wheat under various irrigation treatments. The critical tables
of groundwater were 3.28, 3.36 and 3.54 m, respectively, for the winter wheat during the seedling, frozen and reviving-jointing
stages under irrigation. Furthermore, the critical table of groundwater was 3.38 m under the sufficient irrigation treatment in the
whole growth period. There was the various behavior in the different growth periods of winter wheat under the insufficient
irrigation treatments. In general, the critical table of groundwater decreased with the increasing irrigation amount. The optimal
threshold water table was ranged from 2.0 to 2.5 m for the winter wheat, according to the relationship between grain yields and
groundwater levels under 52 simulated scenarios. Therefore, the yield and water use efficiency (WUE) of winter wheat were
simultaneously reached their optimal levels under the insufficient irrigation treatment (at reviving and filling stages), which
were 8.848 t/hm” and 2.17 to 2.43 kg/m’, respectively. The findings can also provide the technical support for the accurate
assessments of groundwater contribution for the precision irrigation and decision-making management.making management.
Keywords: winter wheat; groundwater; contribution; critical groundwater table; AquaCrop model



	0 引　言
	1 材料与方法
	1.1 试验区情况与试验处理
	1.2 观测指标
	1.3 AquaCrop模型数据库特征参数
	1.4 模型评价指标

	2 结果与分析
	2.1 AquaCrop模型率定与校验
	2.2 不同情景下冬小麦地下水补给强度数值模拟
	2.3 冬小麦生育期地下水水位关键阈值
	2.3.1 地下水水位临界埋深
	2.3.2 冬小麦适宜生长的地下水水位埋深


	3 讨　论
	4 结　论
	参考文献

