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AT S R AR e S Y, iR SRR, 9 ¥ERON 0.01 mm. 4 30 min it 1K
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= RO L, AR BN 1.40 glem?,
H AR R K %N 28.3%, HHLFE N 15.9 g/kg.
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BERAESE Ry “EAEET, RATEY,
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10 : 10) .
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Tab.1 Meteorological factors during the growth period of

autumn lettuce in 2021 and 2022
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Fig.1 Variation in reference crop evapotranspiration (E7p) of

autumn lettuce in greenhouse in different years

2.3 MEEREMBRBIEMERY
R 2 NLERFERS L TR AL hR

2 WAL BEEAESAEEIHEL, K. 2B
fefady, M 2021, 2022 FAEF HTHHI Ko o 735114
0.60 11 0.87, A= H N K o fesEfE 058 fiti, 4
BIEHAM Ko ag 7E 055 Z2fie 5 Ke paoMLL, 2022 4F
EERTIIN Ko g @1 24.3%, HARSEFIN Koo
KT Kernofl, FRRIEEEN 14.3%~43.2%. 172017
K, Keag 5 Keioo EAEREERKKBEH BB,
FEXFRZE A T-6.7%~5.4%.

R 22aREMFARSETMEMN AR

Tab.2 Single crop coefficient values of autumn lettuce in

greenhouse at different growth stages in 2 years

Ay E-p Kcrao K adj Ke toc
EHHH 0.7 0.60 0.62

2001 PRI R E W - 0.60 0.56
EE 1.0 0.58 0.58

LHEY 0.95 0.54 0.52

EHHTH 0.7 0.87 0.89

[/ SE a=¢ ! - 0.73 0.76

2022 Hzi‘}‘xrhiﬁﬁ 1.0 0.59 0.56
EHEY 0.95 0.56 0.59
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ﬂ‘:'ﬁj\ £ FiEJT /Hﬁ d /:L I/ /:L W/ A F{ e/ il% ﬁﬂ‘/
C C /C % (W-m?)

EHTTH 8 33.83 1056 1859  59.6 56.31

Hu R & 13 3417 981 1806 650 47.71
2021 AH R 17 2487 780 1349 762 29.14
G 8 2740 885 1470 707 26.88
AEEW 46 2949  9.03 1588  69.2 38.72

AEH AT 9 3405 11.61 2006 346 44.44

Mo R & 1 12 2811 1147 1742 443 29.06

2022 AE R 17 3096 1024 1734 584 25.05
EFEH 8 2682 1171 1689  43.8 18.70
Eea=t 46 3010 11.09 17.81 47.6 28.79
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PN 229, 2.44 mmid; AEH S ETo MBI,
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Bl 2 B IE AR REUES H KR SR H
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ET A e e G5 4 K, N 2.44 mm, BEE
AEWIMR ET R FRIBETRE, HENT
0.7~1.5 mm. TERKFEAEAEF N, ET. FAO56
¥ K HAGE AR (BT FISCZERE (ET..)
K 2iE 5N 60.25. 77.07. 59.01 mm. 5 ET.,
FHLG, ETe M ET 5 lEifli 7 18.06 mm F1 1.24 mm.
HE 3 /A, ETwm 5 ET IEZFIEAD, e REL
R*J9 0.975 (P<0.01), T ETwm'5 ETHI R* 4 0.839,
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Fig.2 The measured ET,,, and estimated ET and ET;of

greenhouse-grown autumn lettuce in 2022
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2.5 RBEGitHENR
KEEEARRAEETM ETo T 0.924~2.169
mm/d, ET,, /- T 0.881~2.120 mm/d, ET.; /v T
1.536~1.711 mm/d. HEREHEENE ET 5 ETom
RMSE F1 MAE ¥{&T ET45 ETens ETs5 ETem %
BB — BUEFR 2 d SIRT ETw 5 ETem. Fil21E
AETAEFE, FHEEIE K AER ET 8
FAOS6 %7 K AGFM) ET/EREE RIRTHECR, £F
H ] RMSE F1 MAE 73 HIF#AK 69.3%41 70.6%, &
J& 1 RMSE F1 MAE F5A% 82.4%F1 84.2%, d H1 0.20
PLR 3G m#] 0.86 LA F.
% 3 2022 5B EMEAE ETys EToyn ET R 547
Tab.3 Statistical indicators of measured ET.,,and estimated ET

and ET for greenhouse-grown autumn lettuce in 2022

FEbRT GuitHEds %ﬁ R@ L %g ik
B OREM P JEM B
ETen Mean/(mm-d")  2.169 1359 0929 0924 1283
Mean/(mm-d") 2120 1324 1.037 0881 1.310
o7 MAE/(mm-d")  0.149 0.138 0255 0.097 0.176
“ RMSE/(mm-d")  0.177 0.183 0300 0.111 0222
d 0.991 0920 0.861 0981 0.955
Mean/(mm-d") 1711 1571 1.796 1.536 1.675
. MAE/(mm-d") 0458 0368 0.868 0612 0.612
¢ RMSE/(mm-d") 0487 0487 0977 0630 0.720
d 0.885 0.653 0200 0.057 0517
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X5 Casanova ZEWFFTHIAL, BT K FH B 46 1F
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EISAE B R = B DA S B E R A& 1E, I
WS 1) () A 295 mis, MM E] T IH
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AN [ o 25 EE S ALt IR et 2 7 2 P ) 22 SR T s ) K
B 0 B R B A AR — Bt 3 AN R AT
W E — 1 K, 2RI R A
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BIEME L FAOS6 HEFEME AL A& # = L3 NfF

RS

EAEY RBUE S H AR ET 1

IR m A . RERBUAREE—ERE

AR, W1 288 OO & A 8% Rk R G K 7 ik

JXRE AT B PR AR D AR AR SR R SR A e AT

Bk KD SRR TR AR

PR AR B

SO R ET, FIREFE, 753 BIFE R 1T, B
SRR S R B D W 0 (R B AR NI (7
Mok HAG S ET 5920 ET., 10 R*>0.95, KW
W BB 0] LR S E T KR 25 4K

4 25 g

DA N A E AT s, DRI R E IR AT T B,

D MEREAZEMARBBLEE (K g

AHPEHETRE. SEFIEM K. .o 8 FAO
HEFE (Kepao) BEHEIESLIE (Kepoe)o

2) TR AR R BORAL TR 5K

BE (ETy) BRI Ko EAHEMZESE (ETo
BN A (ET.,), WEREE, JHET.

(e 5 A LK IR R AA S0P R

S -

[1

[2

[3]

4

(5]

[6]

[

P, EEal, BEE, 5 ARAE TN E L RIS EARD]. Hk
BRI, 2014(9): 14-15.

A, R, PO, S BT AR K A8 K B i 3B AL SRS
FEBLERT TC[)]. WERLHEK A4, 2022, 41(4): 13-19.

LI Yinkun, ZHAN Baocheng, GUO Wenzhong, et al. Optimizing irrigation
amount for greenhouse lettuce production based on pan-measured
evaporation[J]. Journal of Irrigation and Drainage, 2022, 41(4): 13-19.
TR, Wk, IMFR. AR 8K o B A S AL KR R S ],
TRRAAL, 2021, 49(5): 59-61.

ZHANG Mingyu, YANG Jing, AN Shuailin. Effects of different soil
water content on lettuce growth characteristics[J]. Journal of Anhui
Agricultural Sciences, 2021, 49(5): 59-61.

B, BEZIE, TRE R, 5. T ORI ARVE AR A /N2 A8 IO AR B A
FN[I]. HEBEHEK 244, 2022, 41(5): 17-26.

JING Feng, DUAN Aiwang, ZHANG Yingying, et al. The effects of soil
of different
evapotranspiration from winter wheat field[J]. Journal of Irrigation and
Drainage, 2022, 41(5): 17-26.

PEREIRA L S, PAREDES P, HUNSAKER D J, et al. Standard single
and basal crop coefficients for field crops. Updates and advances to the
Water

water on accuracy methods for calculating

FAO56 crop water requirements method[J].
Management, 2021, 243: 106 466.

ALLEN R G, PEREIRA L S, RAES D, et al. Crop evapotranspiration:
Guidelines for computing crop water requirementsfM]. Rome: FAO

Agricultural

Irrigation and Drainage Paper56, 1998.

Wb H, BT, A&, S R HH IR EEA SR B TR IEXED
FH SR FORZETRT). BEMLHE K 22 4R, 2023, 42(2): 1-8.

YAO Tingyue, WANG Yining, SHI Leitao, et al. Modifying the dual

8]

(9

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

crop coefficients with leaf area index and meteorological factors to
improve the estimated evapotranspiration from maize fields[J]. Journal
of Irrigation and Drainage, 2023, 42(2): 1-8.

BORERR, ATV, ST S PR Bk e A OR AR (L R U T S
HT[3]. HEBEHEK 5541, 2022, 41(10): 26-33.

HUANG Yaowei, HE Qingyan, JIANG Shouzheng, et al.
Evapotranspiration of kiwifruit orchards and its sensitivity to
meteorological factors in southwest China[J]. Journal of Irrigation and
Drainage, 2022, 41(10): 26-33.

PAOLA L, GIANFRANCO R. The use of crop coefficient approach to
estimate actual evapotranspiration: A critical review for major crops
under Mediterranean climate[J]. Italian Journal of Agrometeorology-
Rivista Italiana di Agrometeorologia, 2010, 15(2): 25-39.

RTRY, Bk, 20, S5 HOGIR ARG RO 4G AT IR R S0 4%
R[], FKHERE, 2023(4): 73-81.

ZHAO Mingyu, YAO Mingze, LI Bo, et al. Review on the estimation
model of crop evapotranspiration in solar greenhouse[J]. Water Saving
Irrigation, 2023(4): 73-81.

JOWJ,KIM D S, SIM H S, et al. Estimation of evapotranspiration and
water requirements of strawberry plants in greenhouses using
environmental data[J]. Frontiers in Sustainable Food Systems, 2021, 5:
684 808.

WANG Shangtao, ZHU Gaofeng, XIA Dunsheng, et al. The
characteristics of evapotranspiration and crop coefficients of an irrigated
vineyard in arid northwest China[J]. Agricultural Water Management,
2019, 212: 388-398.

WE. IRZEM T H 57 800 R S XIS (D). K4 (Ll
B K, 2018.

YANG Yi. Study on model estimation and evaluation of daily reference
evapotranspiration in greenhouse eggplant[D]. Taigu: Shanxi Agricultural
University, 2018.

EIRE TS, SR, 5k, 55 JE T8 IEXUEY) R B0 ARG S0 % 35 A
FZENE R R[] Al TREZER, 2018, 34(15): 117-125.

YAN Haofang, WU Haimei, ZHANG Chuan, et al. Estimation of
greenhouse cucumber evapotranspiration in different seasons based on
modified dual crop coefficient model[J]. Transactions of the Chinese
Society of Agricultural Engineering, 2018, 34(15): 117-125.

BRAEgE, AR, BRAESE. S XUIE) 22 HORE LAl S5 25 2 il FE 7K
B[], KFIZEHR, 2015, 46(6): 678-686.

QIU Rangjian, DU Taisheng, CHEN Renqiang. Application of the dual
crop coefficient model for estimating tomato evapotranspiration in
greenhouse[J]. Journal of Hydraulic Engineering, 2015, 46(6): 678-686.
LI Yinkun, GUO Wenzhong, WU liale, et al. Estimation of greenhouse-
grown eggplant evapotranspiration based on a crop coefficient model[J].
Water, 2022, 14(19): 2 959.

WANG Shunsheng, LI Bo, GONG Xuewen. Research on validity
examination of simulated results of eggplant water requirements with drip
irrigation under mulch in sunlight greenhouse[J]. Water, 2018, 10(2): 130.
GONG Xuewen, LIU Hao, SUN lJingsheng, et al. Comparison of
Shuttleworth-Wallace model and dual crop coefficient method for
estimating evapotranspiration of tomato cultivated in a solar
greenhouse[J]. Agricultural Water Management, 2019, 217: 141-153.
DHUNGEL R, ANDERSON R G, FRENCH A N, et al. Assessing
evapotranspiration in a lettuce crop with a two-source energy balance
model[J]. Irrigation Science, 2023, 41(2): 183-196.

IRIE L, PR, R, 55, ASRENERE 7 300 Lt 78 F A SE A 52
W I]. dbJ RS, 2017(11): 8-12.

XU Houcheng, CHENG Ming, AN Shunwei, et al. Effects of different
irrigation methods of lettuce of spring open cultivation in Beijing[J].
Northern Horticulture, 2017(11): 8-12.

FERNANDEZ M D, BONACHELA S, ORGAZ F, et al. Measurement
and estimation of plastic greenhouse reference evapotranspiration in a
Mediterranean climate[J]. Irrigation Science, 2010, 28(6): 497-509.
GONG Xuewen, QIU Rangjian, SUN
Evapotranspiration and crop coefficient of tomato grown in a solar

Jingsheng, et al

greenhouse under full and deficit irrigation[J]. Agricultural Water
Management, 2020, 235: 106 154.

13



FEWEHE K 4] http://www.ggpsxb.com % 43 %

[23] WILLMOTT C, MATSUURA K. Advantages of the mean absolute Journal of Shanxi Agricultural Sciences, 2022, 50(10): 1 482-1 488.
error (MAE) over the root mean square error (RMSE) in assessing [29] CASANOVA P M, MESSING I, JOEL A, et al. Methods to estimate
average model performance[J]. Climate Research, 2005, 30(1): 79-82. lettuce evapotranspiration in greenhouse conditions in the central zone of

[24] BERTT, SRS, MRS, % T IUEY RESAMA AT R X 4N Chile[J]. Chilean Journal of Agricultural Research, 2009, 69(1): 60-70.

-H R OKEAE RGEFREET]. F/KRERR, 2023(2): 28-37. [30] FERNANDEZ-PACHECO D G, ESCARABAJAL-HENAREJOS D,
ZHAO Jinjiang, MA Juanjuan, ZHENG Lijian, et al. Estimation of RUIZ-CANALES A, et al. A digital image-processing-based method for
evapotranspiration of winter wheat-summer maize rotation system in determining the crop coefficient of lettuce crops in the southeast of
southern Shanxi based on dual-crop coefficient approach[J]. Water Spain[J]. Biosystems Engineering, 2014, 117: 23-34.

Saving Irrigation, 2023(2): 28-37. [31] ¥R% B, AR A S A K R T KoK R R

[25] XU, #AEE, AF.04R, A5 BRI LB AE R AN R SR Bl B ) g o RIGWFC[D]. 58 WALk KA, 2022.

AR[I]. Hdb/KRK R 2 2R (E SRR AR), 2018, 39(3): 50-54. TU Zhiyong. Effects of different soil conditioners on growth and water
LIU Yue, JU Qin, SHU Xinyi, et al. Response relationships between use efficiency of lettuce in greenhouse[D]. Baoding: Hebei Agricultural
bare land soil evaporation and different drivers[J]. Journal of North University, 2022.

China University of Water Resources and Electric Power (Natural [32] &, EEH, sk, & T EY R Priestley-
Science Edition), 2018, 39(3): 50-54. Taylor A5 70 ff 5035 22 B IR BUR )] HREEDLIR TR223R, 2023, 41(8):

[26] GONG Xuewen, QIU Rangjian, GE Jiankun, et al. Evapotranspiration 849-857.
partitioning of greenhouse grown tomato using a modified Priestley- ZHAO Shuang, YAN Haofang, ZHANG Chuan, et al. Estimation of
Taylor model[J]. Agricultural Water Management, 2021, 247: 106 709. cucumber evapotranspiration in greenhouse based on improved dual

[27] Bkkz, X0, g, & FE R NS R Z MR FIED R (). #E crop coefficient model and Priestley-Taylor model[J]. Journal of
WEHEK 224R, 2022, 41(7): 24-34. Drainage and Irrigation Machinery Engineering, 2023, 41(8): 849-857.
GENG Yun, LIU Hao, LI Yunfeng, et al. Evapotranspiration and crop [33] ALLEN R G, PEREIRA L S, HOWELL T A, et al. Evapotranspiration
coefficient of transplanted cotton after wheat harvest[J]. Journal of information reporting: I. Factors governing measurement accuracy[J].
Irrigation and Drainage, 2022, 41(7): 24-34. Agricultural Water Management, 2011, 98(6): 899-920.

[28] SR, SRENHIR, S5, % JET Bayesian-XGBoost [AE3E/EY  [34] PEREIRA LS, PAREDES P, LOPEZ-URREA R, et al. Standard single
FEUSEINED] LTELRNE, 2022, 50(10): 1 482-1 488. and basal crop coefficients for vegetable crops, an update of FAO56
GAO Hairong, ZHANG Zhonglili, YUE Huanfang, et al. Estimation crop water requirements approach[J]. Agricultural Water Management,
method of lettuce crop coefficient based on Bayesian-XGBoost[J]. 2021, 243: 106 196.

Estimation and verification of autumn lettuce evapotranspiration in

greenhouse based on single crop coefficient method
WU Jiale", LI Yinkun®, ZHANG Zhonglili*, LIU Meiyingl*, LIU Shengyao’, JIA Lijuan™*
(1. Inner Mongolia Key Laboratory of Soil Quality and Nutrient Resource, College of Grassland, Resources and Environment, Inner
Mongolia Agricultural University, Hohhot 010018, China; 2. Intelligent Equipment Research Center, Beijing Academy of Agriculture
and Forestry Sciences, Beijing 100097, China; 3. Institute of Agricultural Information and Economic, Hebei Academy of Agriculture

and Forestry Sciences, Shijiazhuang 050051, China; 4. College of Agriculture, Hebei Agricultural University, Baoding 071001, China)

Abstract: [Objective] The variation in evapotranspiration is an important parameter in irrigation design. In this
paper, we propose and verify a modified single crop coefficient method to calculate the evapotranspiration of
greenhouse lettuce. [Method] The experiment was conducted in autumn from 2021 to 2022 in a greenhouse grown
with lettuce. The crop coefficient was calculated using the formula recommended by FAO-56, with the calculated
crop coefficient for initial growth stage being modified based on ET, and irrigation frequency, while for other
growing stages it was modified based on meteorological factors and plant height. The modified single crop
coefficient was then used to calculate the evapotranspiration of the lettuce, with the calculated results being validated
against measured data from weighing lysimeters. [Result] The mean reference crop evapotranspiration (ETp) of the
lettuce varied between 1.18 to 2.44 mm/d, but showed a decreasing trend from 2021 to 2022. The modified crop
coefficient and measured crop coefficient both peaked at the initial stage, with their associated two-year average
being 0.74+0.13 and 0.76+0.13, respectively. As the crop grew, both crop coefficients asymptotically decreased to
0.5~0.6 in the middle and later growing stages. The modified crop coefficient was closer to the measured crop
coefficient than that calculated from the formula recommended by the FAO-56, with the relative error between them
ranging from -6.7% to 5.4%. The mean estimated and the measured evapotranspiration of the lettuce in autumn were
1.310 mm/d and 1.283 mm/d, respectively. The determination coefficient, the mean absolute error, root mean square
error and the index of the agreement between the measured and estimated evapotranspiration were 0.975, 0.176 mm/d,
0.222 mm/d and 0.955, respectively. [ Conclusion] The modified single crop coefficient is more accurate than that
calculated from the formula recommended by the FAO-56 for estimating the evapotranspiration of greenhouse lettuce.
Key words: greenhouse lettuce; single crop coefficient; evapotranspiration; reference crop evapotranspiration;
weighing lysimeter
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