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FRIATHL AN . EE R KM, 2015 712016 FL2 A2 FME KL EN E 2 LEALES
21.5%%!1 20.4%, 1 B FE R KB EW 24.0%F 25.0% E/ET £ £ B & A F RN B K
AW KEEEFTNY KFH AFFMMETEH 254 0.45.0.89,1.06 F1 0.93, 1% A 4L
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Modeling evapotranspiration of greenhouse tomato under different water conditions based on
the dual crop coefficient method. GONG Xue-wen'*, LIU Hao', SUN Jing-sheng'*, MA Xiao-
jian'*, WANG Wan-ning'*, CUI Yong-sheng"*> (' Ministry of Agriculture Key Laboratory for Crop
Water Requirement and Regulation, Institute of Farmland Irrigation Research, Chinese Academy of
Agricultural Sciences, Xinxiang 453003, Henan, China; >Graduate School of Chinese Academy of
Agricultural Sciences, Beijing 100081, China).

Abstract: An experiment was conducted to investigate soil evaporation ( E), crop transpiration
(T), evapotranspiration ( ET) and the ratio of evaporation to evapotranspiration ( E/ET) of drip-ir-
rigated tomato, which was planted in a typical solar greenhouse in the North China, under different
water conditions [ irrigation amount was determined based on accumulated pan evaporation (E,) of
20 c¢m pan evaporation, and two treatments were designed with full irrigation (0.9E ) and deficit ir-
rigation (0.5E ) | at different growth stages in 2015 and 2016 at Xinxiang Comprehensive Experi-
mental Station, Chinese Academy of Agricultural Sciences. Effects of deficit irrigation on crop coef-
ficient (K,) and variation of water stress coefficient (K,) throughout the growing season were also
discussed. E, T and ET of tomato were calculated with a dual crop coefficient approach, and com-
pared with the measured data. Results indicated that E in the full irrigation was 21.5% and 20.4%
higher than that in the deficit irrigation in 2015 and 2016, respectively, accounting for 24.0% and
25.0% of ET in the whole growing season. The maximum E/ET was measured in the initial stage of
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tomato, while the minimum obtained in the middle stage. The K, the full irrigation was 0.45, 0.89,
1.06 and 0.93 in the initial, development, middle, and late stage of tomato, and 0.45, 0.89, 0.87
and 0.41 the deficit irrigation. The K_ the deficit irrigation was 0.98, 0.93, 0.78 and 0.39 in the in-

itial, development, middle, and late stage, respectively. The dual crop coefficient method could ac-

curately estimate ET of greenhouse tomato under different water conditions in 2015 and 2016 sea-
sons with the mean absolute error (MAE) of 0.36-0.48 mm - d”', root mean square error (RMSE)
of 0.44-0.65 mm + d”'. The method also estimated £ and T accurately with MAE of 0.15-0.19 and
0.26-0.56 mm - d™', and with RMSE of 0.20-0.24 and 0.33-0.72 mm - d™', respectively.

Key words: solar greenhouse; soil evaporation; crop transpiration; crop coefficient; water stress

coefficient.
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Fig.1 Seasonal variations of climatic factors inside greenhouse in 2015-2016.
ET,: Z%VEY 7% K755 & Reference evapotranspiration; R, ; 548 5F Net radiation; T, : B 8 Maximum air temperature; T, : Fe /IR
Minimum air temperature; RH,; : #/NEAXEEE Minimum relative humidity; DAT . 8485 K%L Days after transplanting. T [i] The same below.
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FERED R B K, )2 58 2GS o s
T AEBVM KB WMATHUEER 0,42F )5
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Table 1 Growth indicators of tomato under different water condition in 2015-2016

lESE L AEH 2015 2016
Measured indicator Growth stage K k7K Bk 7K
Full irrigation Deficit irrigation Full irrigation Deficit irrigation
3= =B W Initial stage 0.37 0.37 0.37 0.37
Plant height KB W Development stage 1.02 0.93 1.11 0.92
(m) A= FH ] Middle stage 1.29 1.07 1.19 0.93
HF G Later stage 1.22 0.95 1.24 0.98
TR 2 A E VI Initial stage 0.40 0.40 0.41 0.41
Leaf area index & & W] Development stage 2.16 1.54 1.91 1.72
(cm? - cm™?) A F P Middle stage 3.53 2.62 3.20 2.55
B IGH Later stage 3.23 2.16 2.81 2.25
R RIRE HF WY Initial stage 0.30 0.30 0.30 0.30
Maximum root KB M Development stage 0.50 0.50 0.50 0.50
depth (m) A I Middle stage 0.80 1.00 0.90 1.00
HF Y Later stage 0.70 0.80 0.80 0.80
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TAW-RAW (1-p) TAW
TAW = 1000( 6,6y, ) Z, (16)

D,,=D,_,—(P,-RO,)-1,—CR,+ET +DP, (17)
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FHF A 8 & 2R BORK 43 kit 22 5500 A 58
ZHLVL AR A TN (B L3R 2 Fik 3.
1.4 FdlEsr i SEAEM
K H SPSS 20 Gt it A% Bl #E A T et ot
ZHE B R LSD ¥, K F23% ] Microsoft Excel
2010 2.3 5 FH - 24 46 %R 2 (MAE) 5 R i%
22 (RMSE) Fl—BUHEAR 80 (d, ) PPN (kG .

MAE=2\,IQ£—P£|/N (19)
RMSE = [ﬁ(()i —Pi)Z/N]% (20)

d]zl_i<oi_Pi)2/§4<lpi_©l+

1Q, -0Q1)? (21)
. P Q40 R A R RSTADL(E A FAE 5 Q S AT
D HEAE 3908 N R FEAR R 2 MAE =RMSE =0,
d, = 1 BRI A5 R fe A

2 ERESH

2.1 RNEAF B 328 & AEYI 2518 1) 43 Tid
%t 2015 12016 4F 2 Fhk o 544 F AR AT M

®2 ATHELIEZRRZHMKSMERBWEELIE
S

Table 2 Main soil parameters used for the determination
of soil evaporation coefficient and water stress coefficient

THESH Wi LA P3s
Soil parameter Value Unit Source
HHERR K 031 mPem™  SCE
Surface soil field capacity ()

HRREHERL 010  w?.m™  SfE
Surface soil wilting point ( 6yg)

AALRERRARRL 0.2~1.0 m SeE
Variation of maximum root depth (Z,)

i SUEIbR R E R B ) 0.35 - FAO-56
Average fraction of soil surface wetted by irri-

gation (f,,)

PR A LI AR LG 0~0.8 - S
Fraction of canopy cover (f,)

MR R 0.20 - Scilfi
Leaf senescence factor (f,)

LRENTESY € 0.32 m?em™ A
Root-zone soil field capacity (6p,)

U REF Y 009 mwPem?  FHIH

Root-zone soil wilting point (6y,)
A D, BT £, 5 LALM I RG3] £, In this study, the £,

was obtained by establishing the liner equation between f, and LAIL
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Table 3 Initial and calibration values of model parameters

BRI BHY

AT I KT ATHY AR

Model parameter Initial Development Middle Later
stage stage stage stage
2 (RYES HI4E{H Initial value 0.15 0.15~1.10 1.10 0.6~0.8
Basal crop coefficient (K, ) HEH Calibration value 0.45 0.45~0.96 0.96 0.79
TR RELL AR #1HA 1 Initial value 0.50 0.50 0.50 0.50
Ratio of soil water consumption (p) FE(H Calibration value 0.40 0.40 0.40 0.40
T2 A M T Y 38 LRI HIE{H Initial value 0.12 0.12 0.12 0.12
Depth of the topsoil layer that was subject to R E{H Calibration value 0.10 0.10 0.10 0.10
drying by way of evaporation (Z,,m)
BIRE K PR {E Initial value 20 20 20 20
Total evaporable water (TEW ,mm) FE(H Calibration value 19 19 19 19
VEY. 2SS HI4E{H Initial value 0.90 0.90 0.90 0.90
Readily evaporable water (REW, mm) RIEME Calibration value 0.80 0.80 0.80 0.80

THEZE K (E) VEWZEME (T) 78R 7EM(ET) MZE %
R R IR RN L (E/ET) 175007 (2 4) | 45
BN ERET M, EK AR KA BET 24 1

&4 20152016 FRFKS A BEEEMZTEFTHH L
RELE(E) FMEBE(T) REAEBE (ET) MELE
HBREEEBEMWILE(E/ET)

Table 4 Soil evaporation ( E), crop transpiration (7)),
evapotranspiration ( ET') and the ratio of evaporation to
evapotranspiration ( E/ET) under different water condi-
tions at different growth stages in 2015-2016

EEH it [N ik
Stage Tndex Full irrigation Deficit irrigation
2015 2016 2015 2016
LT E (mm) 18.84  20.03 19.08  19.86
Initial stage T (mm) 12.24 14.12 11.28 13.52
ET (mm) 31.08  34.15 3036 33.38
E/ET 0.61 0.59 0.63 0.59
KEM E (mm) 1939 2270 1539 1941
Development T (mm) 70.99  73.41 66.93  72.29
stage ET (mm) 90.38  96.11 82.32  91.70
E/ET 0.21 0.24 0.19 0.21
HEFE E (mm) 20.81  21.76 17.04  18.19
Middle stage T (mm) 108.88  87.63 83.73  62.49
ET (mm) 129.69  109.39 100.77  80.68
E/ET 0.16 0.20 0.17 0.23
HEHEMN E (mm) 26.82  25.83 15.92 14.40
Later stage T (mm) 82.45  95.15 50.83  54.87
ET (mm) 109.27  120.98 66.75  69.27
E/ET 0.25 0.21 0.24 0.21
EEFH E (mm) 85.86  90.32 6743 71.86
Whole stage T (mm) 274.56  270.31 212,77 203.17
ET (mm) 360.42  360.63 280.20 275.03
E/ET 0.24 0.25 0.24 0.26

2015 AFAEF UM AT WK ET 9K V-3 5 S, T=ET-E;
2016 SE& A HWIH ET B 0 AR 8 88 O, 2L BRI 1Ry 7=
ET-E In 2015, the ET of initial and development stage was calculated by
water balance method, and T=ET-E; the ET was measured by weighing
lysimeter in whole growing stage in 2016, and T=ET-E.

{43910 360.53 F1277.62 mm, E Y{E43 514 88.09
F169.65 mm, T FI{H 4354 272.44 F1207.97 mm,2
AEE K FVERK AL FRE) E/ET 253K, 1E 0.24~0.26
Z AR, T ik & BRI E B0, 0 18.84 ~20.03
mm, 1] T BAK ALK 11.28 ~14.12 mm, E/ET TE2 4
IR, M 0.59~0.63. i A B I HEDE, & F
it LAL B384 K, eis 7/ET W2 384K E/ET %
N, 2 A R K R K A 38 E/ET P16 53 5 R
0.2310.20. /£ & " 1, il LAL i 84 K, K4y 22
S ZREIE R, SR TR K E BRI/, 2 4R
KRR K AL B T By 3446 43 501 ol 98.26 Fil 73.11
mm, E (348 590K 21.29 F1 17.62 mm, E/ET ¥1{i
43020 0.18 F10.20. B 5, F it 7Bl s 2,2
SRR K AL E P 3E 5358 26.33 F1 15.16
mm, E/ET 535724 0.23 1 0.22.

HEFM E/ET f2 &k B VIR K, B A LAL 1)
HEI R H /N, 2015 F1 2016 4F- 44 F W K Ab
BRI E 5390 AR AL BREY 21.5%F120.4% , &7 ET 1)
24.0%F1 25.0% , 2 AN AT ZAR)—F 53
2.2 KA EE XEY) R E R

SRR A b S WA TR 7K 43 Ak BRI 25 T 4 7
WIRE(K,) W52, A2 SCR A 2016 4578 5 (U8R
PHT ANFIKG AT K AEEA AN it
SR EY RE(K,, +K, ) AT T X H. A
2A[LIE, KB EY RE(K ) 5 K, +K,
Z I TEH I 22 55 R K AL BRI VED R EU(K ) 5
K, +K Z A — 2 520, X fh 22 5 E 2 3l ek
B R ABTVAE TR ERMEY R
BIES 0 0.45 F110.89, Ei /K 440, L& AN
A BG4 1,06 10,93, iR 7K kb B4 5] K
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Fig.2 Variations of crop coefficient and water stress coefficient

of greenhouse tomato in 2016.

A BE/KALPR Full irrigation; B flk/KALFE Deficit irrigation. T[] The

same below. K, ; FERETEY R AL Basal crop coefficient; K, . 11#7& %

FHL Soil evaporation coefficient; K, +K, : T I1EY) FEL Calculated

crop coefficient, K_p: - Py v K AL BRAVEY) 2 ER Measured crop coeffi-

cient under full irrigation; K_: I AR K Ab BRAE Y 22 58 Measured

crop coefficient under deficit irrigation.
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K D shig s , 76 0.07 ~0.19. 7K 53 i ZH(K.)
T YEYI R ZE IS VR T, e K A K b BETE EA K
HHZHT(4 A 1—10 H) #H I T —E 17K 5
LR T EmE AR B WZAT, N TR R
K AEFVINICHM K R it R B IR A7 I, b
BT IR, MK AL B K (EZ AP R,
MK ZJEA W I R4 AR R, 30K 5 PEAT
T EL G TR R T 10 T KR B, K AL B 3 R Ik
Ve A E I K ABTE 0.32~ 1.0, & KA BRI VE Y 2
B STIE A BE e v, T 7K 0 e B FAIG T 3
MBEMRE TR EE T R RN IIR.0.5E,
AR E A R A0 W S A T VR R FE K B, 7K 43 Tk 3R
BB I IR B K.
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Fig.3 Comparison of daily measured and calculated values of evapotranspiration under different water conditions in 2015, 2016.

1. WK Trrigation amount; ET,, : S2Z% & 7%5 & Measured evapotranspiration; ET, ; 71578 % 7% & Calculated evapotranspiration.
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Table 5 Statistical analysis of measured and calculated soil evaporation (E), transpiration (7) and daily evapotranspira-

tion ( ET) under different water conditions in 2015-2016

AEARy EY E/K Full irrigation 7K Deficit irrigation

Season Index R? MAE RMSE d, R? MAE RMSE d,

2015 E (mm) 0.41*" 0.15 0.20 0.85 0.34* " 0.19 0.23 0.62
T (mm) 0.89"* 0.38 0.51 0.97 0.59%* 0.56 0.72 0.87
ET (mm) 0.93** 0.36 0.44 0.98 0.77* " 0.48 0.65 0.93

2016 E (mm) 0.48* " 0.18 0.23 0.82 0.36%* 0.18 0.24 0.80
T (mm) 0.88* 0.26 0.33 0.97 0.81*" 0.51 0.69 0.94
ET (mm) 0.92** 0.39 0.47 0.98 0.91*" 0.41 0.52 0.95

2015 4F 5 15 HZHi0Y ET SEOE /K BP0 A5 2015 45 5 15 H 2Z 509 ET S5 956 + 328 % + SR PRZE 1 I 1552016 4F 550 ET 2 2
BRREXFZBIUTF-E ET was calculated by water balance method before May 15, 2015, while ET was obtained by E measured by micro-lysimeter
plus T measured by sap flow meter after May 15, 2015; the average ET was measured by two weighing lysimeter in whole growing stage in 2016. R*; Jt
7€ 25U Determinant coefficient; MAE . 345X} 2% Mean absolute error; RMSE: 7 #1% 2% Root mean square error; d,: —ZPEFEEL Index of

agreement.

49 0.39 A1 0.47 mm - d™', RMSE 434514 0.44 il
0.52 mm « d™",d,5M°80.98 1 0.95, 1] UL, XU/EH) £
B AE AL SR K AL B ET RS B 7 1 - TR K A L X
YEY) RBCE e B b X A VE Y 28 B 1 (T) AN 148
FERT(E) A6 T )71, 2015 4F 525 K RS 7K Ak 35 )
MAE 43524 0.38 1 0.56 mm - d”', RMSE 43 %
0.51F10.72 mm - d™',d, 50514 0.97 #10.87;2016 4F-
K ALK K b BE ) MAE 43 914 0.26 F1 0. 51
mm - d”' , RMSE Ay 502 0.33 F110.69 mm - d7 ,dlﬁj\
Sk 0.97 F10.94.7E E J7 18,2015 4F 15 /K A K Ab
FRAY MAE 43505 0.15 #10.19 mm - d™', RMSE 4331
70.20 #10.23 mm - d™',d 53514 0.85 F10.62;2016
AEE K FUE K AL F Y MAE 74 0.18 mm d™', RMSE
435124 0.23 F10.24 mm - d7', d, 43519 0.82 F10.80.
K B AR AR R RE S5 i S E 4 ZR 550 A B
& I K T 5 R 2 5K SRS 2 8 ET
(RAPRA . R RETE 7K 1T S5 389 I R R AR B AT 4
Hr, 402016 455 H 16 H (K 4b B, AH EL KR,
WK G ET 30 23.8% , (0 XUAE 91 R B AR T
12.2% 1 ET; 5+ TRAKNEE A0 HL I K iT, K5 ET
Hh110.9% (HXEY) RECEARAS T 24.8%11) ET.

FFBAEY ZECEAGE E.T FET I, @K Ak
PG BRURE FE I TARK AL B (H T4 S 508 78
A PRV B, ELARSRE 5 52 DA =2 R) S A e 2 A ¢
IKF(P<0.01) , REIZUEY) RECEAEA [FIK 73 514
N EA B E T AN, K S R R K
Gy 2RI A X EY RECEARAE T ET.

301

TREEEHE SR, 2015 F1 2016 AE A F M
IRKAL B 4 38 7% 5 4y 0l IR K AL B G 21, 5% Fi

20.4% 57K FEME R 24.7% , AT ZALHY — 3
SR EFZ MO E/ET fHi K, K 0.59 ~
0.63, B4 LAL 3Gz AL KA, A= B b B 2] S 1%
K ALK 0.16~0.23(F 4) SR EMEM L, &4
B HE TR A E/ET HREVE (281K 37.2%, &
BEVE S MIK 35.0% , BEE ISR AN DEEAE TR
4z K m A 40.81 Fi1 38.26 mm , 4 = Tk
T X HRE G KEAR K, h T REER K E K
(80% M FEK )  HEM 2 J5 R 2 LS K RS
(>0.3 cm’ - em™) , BIEFR A TROGEZR KB, K
G31a) Ak aE 1m0

FKAEEE IR E F I ED RE(K) EEE
VI EE M AT I AF R4 Bk 0.45,
0.89.1.06 F10.93, iMi 7K 73 WhE 4544 F 1) K AE 53318
0.45.0.89.0.87 fi1 0.41 (& 2) ,fK/AKALBE TR /K 43kt
FEHL T FAEAT T JEIR K FERIEY) R 2L
(K,,) Z 55 VR AL Hb 3278 25 ANk 468 W ae
L INRIEGEE T X T4 & K, , Bonach-
ela 25 A I I SE X TR A F P R IR K,
390 1.4 F1 1.0, Hanson 261 F ] 3 4R iR 5645
THREFNRGHE A T A4 I K, 78 0.96 ~
1.09;X¢?7§1§§% K, , Abedikoupai g:f“ﬂ WET
PR R = i K, e F R R E W A E
WIAEF S50 0.44 .0.68 . 1.15 F1 0.68, B il
HEAEO R SIMDualK BV 2 T P AL X R 2= 3
BRI R R K, , 7R R3] 0 R0 5 30
43514 0.40 ,0.85 F1 0.55; 47 /N e 2521 ) Fi§ SIMDu-
alK B A5 2 5 BV HE R i Y K, AEE IR
0.34, KB N 0.34~1.16 , BN 1.16, £ F 5
W18 0.63, H BLIxX 20 22 S A v] BB JRL DR 2. 1) e 7
JEFEAR T 5% ~15% 19 K, 3 2) ML S 4h B K,
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ek 2 DY ) R Y B AT KGR R E S 380 T IR K, M
3) M FIREE S M A A 2 A ) 25 5, % K, AT A
AT ALY 22T MR R R R HK AN RE SE A i
JEVEYIZEREFEK IS  VEYI T 4R 52 /K 43 ikt B 5%,
ARV ZEIEVEHRES , KAra8 ALK, B,
TR FETR K AE 0.32~1.0, 4= B )5 BB 1K
2). Razmi %" ARy, HE K A A] [A] PR E 3R 4 d, ) K
kN 18.2% 5 A1 /NFR AN Ry, B/ iR & B W T K
50%Mt, KB AEF R AA T JE I K 500
0.8.0.94 F10.98, & & WA 4= & HIH#ER 5 /K 50%H,
K 4391°50.8 .0.69 f10.91, X FHY AFHHMAET
JE WL 7K 50% 1), K 43 51250.8 0.7 F1 0.63.3X
P R N e 0 N [ ) e 4 s B N i b ) @
ik S AR K R, A B R A ROR R
JZEREE R 60 em, HLi HEHE K &> HELLA B E 60
em &b, A RN IE K 1R SRR, R BOE AR K.
T SEA) e 8 A 455 BELB - 87K 7 A 28 %, 28 K IRk
3 S Ak AR ) BEL P AR — 3 432 [l 338 v PR ik
BTG 0 K B AR 458

SAEY) R BOEBEAR A ARy NI ET (3R
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