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Abstract. Water management is one of the most important operations in greenhouse baby
leaf production. However, growers mainly irrigate the plants based on experience, which
generally leads to yield loss, uneven quality, and low water-use efficiency. This study
evaluated four evapotranspiration (ET)models, such as Radsum, Penmanmethods, FAO
Penman-Monteith, and Priestley-Taylor, for irrigation strategy by predicting the ET
level of greenhouse baby pakchoi [Brassica rapa L. ssp. chinensis (L.) Hanelt] under
different plant densities (72-, 128-, 200-, and 288-plug tray). Among environmental
factors, net radiation and photosynthetically active radiation (PAR) had the highest
correlation with ET, with R2 of 0.93 and 0.94, respectively. Plant growth period was
divided into different stages according to canopy development and substrate surface
coverage. The corresponding crop coefficient (Kc) was introduced into ET prediction
models. The result shows overestimation of ETc (crop evapotranspiration) by the
Radsum and Penman methods. FAO Penman-Monteith and Priestley-Taylor methods
performed the best with R2 ’’0.7 for all planting densities. These two methods are
recommended for greenhouse irrigation scheduling in baby pakchoi production.

With growing interest in local food pro-
duction using greenhouse technology, fresh
and nutritious baby leaf greens are becoming
increasingly popular among consumers
(Kroggel et al., 2012). Plug trays filled with
substrate is used for greenhouse baby leaf
production with ebb-and-flow (E&F) irriga-
tion systems (Danfeng et al., 2013). E&F
irrigation is characterized as producing uni-
form plants, with a short production cycle,
high water- and fertilizer-use efficiency, and
adequate plant quality (Yang et al., 2018). In
production practice, the quality of baby leaf
is sensitive to substrate water content. Water
deficiency or overirrigation can have a sig-
nificantly negative effects on baby leaf plant
physiology (Guo et al., 2017). Therefore, it is
critical to manage irrigation precisely in
greenhouse baby leaf production to improve
production quality and water-use efficiency.

Greenhouse growers typically irrigate
crops based on their personal experience,

which normally leads to uneven product
quality and waste of water resources. Few
studies have reported the irrigation schedul-
ing strategy for leafy greens by using subir-
rigation such as E&F irrigation. Irrigation
frequency and flood time were identified as
two key factors in the E&F irrigation strategy
(Yang et al., 2018). In substrate type, flood-
ing depth and time have also been studied to
optimize E&F irrigation (Anlauf et al., 2012).

Different methods have been developed
for greenhouse irrigation management. The
main approaches include soil-based, plant-
based, and climate-based methods (Jones,
2004). The monitoring of water content or
water potential in growing media is a fast and
reliable way to establish irrigation schedul-
ing. However, sampling position and sensor
cost limit the application of this method in
baby leaf production in trays. Weighting the
tray could also accurately measure the water
amount, but this method has high labor costs.
The plant phenotyping technique can be used
to determine plant response to different water
content with cameras scanning the plants
(Guo et al., 2017). In this way, irrigation
time could be indicated by plant phenotypes,
but the irrigation amount is difficult to quan-
tify.

Irrigation water requirements can be de-
fined as the quantity of irrigation water re-
quired to produce the desired crop yield and
quality and to maintain an acceptable water
balance in the substrate. Previous studies
showed that water requirement for different
crops was highly related to the light radiation,
vapor pressure deficit (VPD), substrate char-
acteristics, and crop growth characteristics in
greenhouse (Orgaz et al., 2005; Sumner and

Jacobs, 2005). Predicting ET is a commonly
used indicator of irrigation decision-making,
which is the main index for determining the
optimal crop water and fertilizer manage-
ment (Allen et al., 1998).

In greenhouses, the soil, crop, and envi-
ronment are regarded as a continuum to study
the water absorption through crop roots, the
transport of water in crops, and the transport
of water inside plants (Campbell and Nor-
man, 2000). In this process, more attention
should be paid to crop response to irrigation
and greenhouse microclimate, as well as the
combination of agronomy, plant physiology,
environmental control, engineering technol-
ogy, and other factors. Optimized ET models
and greenhouse thermal environment man-
agement enhance greenhouse energy con-
servation, reduce water consumption, and
improve crop quality and yield. Several stud-
ies have investigated ET prediction in green-
house. The model varies across different
regions, climates, and greenhouse environ-
ments; hence, the application is often limited.
Whether it is applicable in other regions or
other greenhouses, systemic calibration and
validation should be replicated in more di-
verse greenhouse climates.

The use of the ET model in a greenhouse
environment is different from the open field
because of the variation and dynamic cli-
mate. Existing studies about ET prediction in
greenhouse mainly focus on vegetables such
as tomato, cucumber, and eggplants. Sea-
sonal ET of melon, green beans, watermelon,
and pepper was studied in an unheated plastic
greenhouse (Orgaz et al., 2005). Three
models (Stanghellini, Penman-Monteith,
and Takakura) were compared to simulate
the ET of bell pepper and tomato. Results
showed that the Stanghellini model has the
best overall performance under all condi-
tions evaluated, but there were no signifi-
cant differences between the three models.
(Villarreal-Guerrero et al., 2012). Several
models developed to estimate ET in green-
houses have been reviewed, suggesting
greenhouse ET models should be selected
depending on the type, location, and crop
type (Karaca et al., 2018). In another review
article, 10 models used in different type of
greenhouses were compared, and the FAO
Penman model was recommended for plastic
greenhouse ET estimation (Ilahi, 2009). To
date, limited studies have been done on ET
research on baby leaf vegetables in green-
house production.

There have been several investigations
into the ET modeling focused on leafy greens
or short plants in greenhouse. Floating seed-
ling water evaporation in greenhouse was
investigated using an ET model based on the
Penman formula under artificial lighting con-
ditions (Zeng et al., 2015). A canopy transpi-
ration model for greenhouses was established
based on the Penman-Monteith transpiration
model to simulate the ET of pakchoi in a
plastic greenhouse covered with insect proof
net (Jun et al., 2009). ET of turfgrass in
greenhouse was studied with the FAO-56
Penman-Monteith and a 20-cm evaporating
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pan method with adequate correlation be-
tween actual ET (ETa) and reference ET
(ET0) predicted by the FAO Penman-
Monteith model (Xue et al., 2008). Ander-
sson evaporimeters, FAO Radiation, and
FAO Penman-Monteith equations were com-
pared with estimate lettuce ET in greenhouse
(Casanova et al., 2009). The Priestley-Taylor
model was evaluated for estimating green-
house tomato with drip irrigation, but no
research was found for greenhouse leaf veg-
etables (Vald�es-G�omez et al., 2009). FAO-24
Penman and Priestley-Taylor were compared
with FAO-56 Penman-Monteith in Venlo-
type greenhouse ET prediction with the con-
clusion that the application of FAO-56
Penman-Monteith in the greenhouse was un-
satisfactory and modification was needed to
adjust the Aerodynamic resistance (Eitzinger
et al., 2007). The Penman-Monteith and
Priestley-Taylor models can directly estimate
ETa but require canopy resistance. These
variables depend on leaf area index, soil
water availability, elevation, soil character-
istics, VPD, and solar radiation (Sumner and
Jacobs, 2005). Water management of green-
house tray seedling leafy vegetables lacks a
basis for decision-making, relying mostly on
empirical selection. ET model studies rarely
involve greenhouse seedling leafy vegeta-
bles.

The objectives of this study were 1) to
assess the applicability of four ET prediction
methods in greenhouse baby pakchoi produc-
tion; and 2) to investigate the performance of
the ET prediction models on baby pakchoi
irrigation management under different plant
densities. Climate-based methods could pro-
vide a potential solution for greenhouse smart
irrigation scheduling.

Materials and Methods

Experiment condition and greenhouse
management

The greenhouse experiments were con-
ducted from 1 Sept. to 23 Sept. on baby
pakchoi, cv. Huawang. The seedlings were
grown in a multispan plastic greenhouse
located at Jiading, Shanghai (lat. 31.36�N,
long. 121.21�E, 17 m altitude). The experi-
mental greenhouse was a GSW-8430 type
four span greenhouse with single layer poly-
ethylene film. The greenhouse had total area
of 3974 m2, with top height of 5.2 m, span of
8 m, and gutter height of 3m. The greenhouse
was equipped with 70% internal shading
screen, electrical top windows, manual side
windows, E&F seedbed, and irrigation control
system. The greenhouse climate was con-
trolled by manual ventilation and shading.
During the experiment, manual ventilation
was used several times per day according to
the climate conditions. The side window was
kept open during the experiment period (late
summer in Shanghai) to maintain the natural
ventilation. The top window was opened when
the air temperature was >25 �C and closed at
night and on cloudy days. E&F irrigation
operated twice per day at 0800 HR and 1600
HR, and each irrigation lasted �7 min (flood

time). In the preexperiment, three irrigation
frequencies were compared, and the result
showed that twice daily irrigation could fully
saturate the substrate. During this experiment,
the baby pakchoi were grown in four types of
tray (72-, 128-, 200-, and 288-plug trays, tray
size 54 · 28 cm). Each group had 21 trays and
three random group replications.

The pakchoi was sown into plug trays
filled with commercial seedling substrate
(Jinhai Agriculture Technology Inc., Hang-
zhou, China) on 1 Sept. After germinating for
72 h under 25 �C and 95% relative humidity
(RH) in the germination room, trays with
seedlings were transferred to the greenhouse
and irrigated with nutrient solution (EC = 0.5
mS/cm and pH 5.5 to 6.5). Trays were placed
on movable E&F benches, 0.7 m above-
ground.

Variables measurement
The PAR, air temperature, and RH were

measured by sensors with a HOBO 3.0 cli-
mate station (Onset, Bourne, MA) located
2 m aboveground. Net radiation was mea-
sured by four-component net radiometer
(NR01; Hukseflux, the Netherlands) 2.5 m
above ground level. All sensors were scanned
at 5-s intervals, and 5-min averaged readings
were recorded. Plant biomass was obtained
every 2 d until baby pakchoi was harvested
on 23 Sept. Average daily actual ET of seven
trays from different treatments (72-, 128-,
200-, and 288-plug trays) was measured as
ETa according to the water balance method
(Yuan et al., 2001). ETa was measured as the
mean weight differences of seven trays be-
fore and after each irrigation at 0800 HR and
1600 HR with electronic scale (Scale: 0 to 6
kg, Accuracy: 0.1 g, D11; Sanfeng, Shanghai,
China). Leaf area was scanned at 2-d inter-
vals by using a Canon digital scanner (Can-
onscan LiDE 120; Canon Inc., Tokyo, Japan),
and the images were analyzed with ImageJ to
extract the leaf area data (Schneider et al.,
2012). The total leaf area per plant from
different groups were obtained to get the leaf
area index (LAI). LAI was calculated as the
ratio of one-sided leaf area to the total tray
area (54 · 28 cm). Growth rate of LAI was
calculated by the percentage increase at 2-d
intervals during the experiment.

Evapotranspiration model description
The application of ET model relies on the

availability of data, which is limited by the
measurement equipment, expertise, climate,
and historical data. Therefore, models re-
ported in previous studies with fewer inputs
and better greenhouse performance were se-
lected (Ilahi, 2009). Two physical ET models
(Penman model and FAO Penman-Monteith
model) and two radiation-based models
(Priestley-Taylor model and simplified radi-
ation model) were evaluated in this study for
their applicability in greenhouse leaf vegeta-
ble irrigation practice. Detailed information
on the models is provided in Table 1, together
with description and value set in this study of
variables and constants required by the four
models.

The Penman method. The first model
estimating evaporation for open water, bare
soil, and grass was developed by Penman
(Penman and Keen, 1948). Penman’s equa-
tion requires daily mean temperature, wind
speed, air pressure, and solar radiation to
predict evaporation. The equation is as fol-
lows:

ET0 =

DðRn –GÞ=l+ gð2:626+1:381u2Þðes – eaÞ
D+ g

;

[1]

where

e0ðTÞ = 0:6108exp

�
17:27T

T + 237:3

�
; [2]

es =
e0ðTmaxÞ + e0ðTminÞ

2
; [3]

ea =
RHmean

100

�
e0ðTmaxÞ + e0ðTminÞ

2

�
; [4]

For the calculation of ET0 in Penman and
other models, the slope of the saturation
vapor pressure temperature relationship, D,
is required. The value is calculated as:

D =
4098

h
0:6108eð 17:27Ta

Ta + 237::3Þ
i

ðTa + 237:3Þ2 ; [5]

In addition, the psychrometric constant is
calculated as:

g =
cpP

el
= 0:665· 10 – 3P ; [6]

P = 101:3

�
293 – 0:0065z

293

�5:26

; [7]

The FAO Penman-Monteith model. De-
veloped from Penman model, FAO Penman-
Monteith is the most commonly used model
and simulates a reference crop of 0.12 m in
height, with a surface resistance of 70 s/m
and an albedo of 0.23 (Allen et al., 1998).
This method estimates evaporation from an
extensive surface of green grass cover of
uniform height, actively growing, completely
shading the ground and under nonlimited soil
water. The Penman-Monteith equation for
the calculation of daily ET0 (mm·d–1) is as
follows:

ET0 =
0:408DðRn – GÞ + g 900

T + 273u2ðes – eaÞ
D + gð1 + 0:34u2Þ ;

[8]

Priestley-Taylor model (PT, 1972). On
the basis of equilibrium evaporation, Priest-
ley and Taylor proposed a model for estimat-
ing evapotranspiration under the assumption
of no-flat flow conditions by observing me-
teorological data of large-area saturated land
surface (Priestley and Taylor, 1972). A di-
mensionless empirical multiplier, aPT = 1.26,
was used to replace the aerodynamic term of
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Penman-Monteith equation. The PT method
was widely used to calculate the ET0, espe-
cially when weather inputs for the aerody-
namic term (RH, wind speed) are unavailable.
The equation is given as:

ET0 =
aPTDðRn – GÞ

lðD + gÞ ; [9]

Simplified radiation sum model (Radsum,
2016). A solar radiation sum model was
developed for the reasonable approximation
of ET0 estimated by equating the latent heat
of vaporization to net radiation (Waller and
Yitayew, 2016). This radiation model works
well during sunny days in the arid climate
without water vapor transfer limitation, and
the simplified model was implemented in
some commercial greenhouse irrigation soft-
ware. The equation is given as:

ET0 =
Rn

l
; [10]

Single crop coefficient (Kc) method was
used according to FAO-56 (Allen et al.,
1998). Crop evapotranspiration, ETc, is cal-
culated as the product of the reference crop
evapotranspiration, ET0, and Kc. The equa-
tion is

ETc = KcET0; [11]

Crop type and growth stages are the major
factors influencing the value of Kc, which is
strongly related to the substrate surface area
covered by the crop canopy and to LAI.

Evaluation of model performance
The R2 and Akaike information criterion

(AIC) were used for comparing the models.
The R2 value measures how well the model
results fit the actual value, with the value
close to 1 indicating more variance explained
by the model. AIC is a technique based on in-
sample fitness to estimate the likelihood of a
model, which is used further to estimate the

predicted values. A good model is one that
has the minimum AIC compared with all the
other models (Akaike, 1974).

The average daily ETc were calculated by
the four models with input variables includ-
ing daily environment data, such as temper-
ature, radiation, humidity, and wind speed. R
language program software with the Evapo-
transpiration package was used for such cal-
culations (Guo et al., 2016).

The accuracy of the models for predicting
the average daily ETc are assessed by statis-
tical indices, mean absolute percentage error
(MAPE), and root mean squared error
(RMSE) calculated as:

MAPE =

Pn
i = 1

jPi – Oij
Oi

n
· 100; [12]

RMSE =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i = 1 ðPi – OiÞ2

n

s
; [13]

where n is the number of observations, Pi is
the estimated ETc by different models (pre-
dicted value), andOi is the measured ETa (the
actual daily ET). Statistical analysis was
conducted in R 3.4.2 and ET model were
simulated using the Evapotranspiration pack-
age (Guo et al., 2016).

Results

Climate conditions and plant growth under
different plant densities. Figure 1 shows the
daily average climate data during the experi-
mental period. The net radiation level was the
highest in sunny days with the daily average
value >80 W·m–2. The net radiation in cloudy
days was less than 50W·m–2. The correspond-
ing ETa was 2.7mm·d–1 on sunny days and 0.7
mm·d–1 on cloudy days. RH varied from 65%
to 95% during the experiment and tended to
change in opposition to radiation and air

temperature. The corresponding RH is 75%
on sunny days and 90% on cloudy days. Aver-
age daily air temperature varied from 21 to
29 �C. The corresponding daily air temperature
was 25.7 �C in sunny days and 24.1 �C in
cloudy days. As air temperature increases, air
can hold more water, and RH decreases. ET is
driven by VPD, which is a function of temper-
ature and RH. As VPD increases, the plant
transpires faster due to the larger difference
in vapor pressures between the leaf and the
air. There was a significant correlation be-
tween weather data and ETa, indicated by
the coincident occurrence of peaks and
valleys (Fig. 1).

The Pearson correlation analysis was con-
ducted to get a better understanding of the
relationship between ETa and climate data.
As shown in Table 2, a positive correlation
was found between ETa and radiation/PAR
(r > 0.9, P < 0.001) and a negative correlation
between ETa and RH (r = –0.77, P < 0.001),
whereas the correlation was not significant
between ETa and daily air temperature with
r = 0.46 and P > 0.05.

The LAI in different tray size at harvest
stage varied from 3.3 to 7.0. LAI increased
with increasing density. As Fig. 2A shows,
the 288-plug tray maintained the highest LAI
throughout the entire period, whereas the 72-
plug tray had the lowest due to the density
difference. LAI of baby pakchoi in 288-plug
tray reached 3.0 at 14 d after sowing (DAS),
whereas LAI of the 72-plug tray reached 3.0
at 20 DAS. The LAI growth rate (compared
with the day before) reached a peak value
(206% for 72-plug tray and 160% for 288-
plug tray) at 8 to 10 DAS (Fig. 2B). The first
true leaf was expanded in 8 to 10 DAS
compared with former stages, which made
the peak value of LAI growth rate. After 10
DAS, the growth rate of LAI decreased. The
increase rate of LAI at different densities
showed a different trend from that of LAI

Table 1. Variables and constants used in these evapotranspiration (ET) models.

Symbol Name Value Unit Description

Universal constants
l Lambda 2.45 MJ·kg–1 Latent heat of vaporization = 2.45 MJ·kg–1 at 20 �C
S Stefan-Boltzmann constant 4.903 · 10–9 MJ·K–4·m–2·d–1 Stefan-Boltzmann constant
G Soil heat flux 0 MJ·m–2·d–1 G is negligible for daily time step
cp Constant pressure 1.013 · 10–3 MJ·kg–1·�C–1 Specific heat at constant pressure
« Epsilon 0.622 Ratio molecular weight of water vapor/dry air

Site special constants
Z Elevation 17 m The ground elevation above mean sea level = 17 m

for experiment greenhouse
P Atmospheric pressure 101.25 kPa The atmospheric pressure at Shanghai
g Psychrometric constant 0.0673 kPa·�C–1 The psychrometric constant calculated by P
u2 Wind speed 1 m·s–1 Daily wind speed at 2 m

Variables
ETo Reference ET Output data mm·d–1 Daily reference evapotranspiration calculate by the models
Rn Net radiation Input data MJ·m–2·d–1 The net incoming solar radiation at the evaporative surface
T Air temperature Input data �C Measured hourly air temperature in the greenhouse
RH Relative humidity Input data % Measured hourly relative humidity in the greenhouse
es Saturation vapor pressure By calculation kPa Daily saturation vapor pressure
ea Actual vapor pressure By calculation kPa Daily actual vapor pressure
D Slope vapor pressure curve By calculation kPa·�C–1 The slope of vapor pressure curve, daily value decided by

daily temperature
Coefficient for specific model
apt AlphaPT 1.26 AlphaPT for Priestley-Taylor coefficient = 1.26

Universal constants were used for all models. Site special constants were used specifically for the experiment location. apt was used only in Priestley-Taylor
model.

206 HORTSCIENCE VOL. 56(2) FEBRUARY 2021



value. The highest increase rate occurred in
72-plug tray (Fig. 2B).

Determination of crop coefficient.
According to FAO-56, Kc is mainly affected
by the crop characteristics, agronomy,
growth stages, and climate conditions. The
frequency of rain or irrigation is important
during the early growth stage. The Kc values
can be classified into four stages: initial, crop
development, midseason, and late season. In
this research, the baby leaf grows only for the
first three stages before harvest. The initial
period represents the period with 10%
groundcovered by crops, and the develop-

ment period extends from the end of the
initial stage to the effective full cover
(Allen et al., 1998). Midseason extends from
effective full cover to when plants begin to
decrease. The effective full cover can be
predicted when the crop reaches a LAI of
3.0. For baby leafy vegetable, taking baby
pakchoi as the example, the initial stage starts
from sowing to the cotyledons fully ex-
panded with coverage under 10%. In this
stage, substrate surface evaporation contrib-
utes the most to the ET. The development
starts from emergence of the first true leaf to
full coverage with LAI = 3.0. These stages

are highly related to plant density and growth
rate.

Soil evaporation in the initial stage con-
tributes the most to crop water demand.
Therefore, the impact of precipitation or
irrigation needs to be considered when deter-
mining the Kc ini value. Kc ini is related to the
ET0 and interval between irrigations. As the
irrigation frequency in greenhouse was twice
per day, the substrate surface kept being wet.
According to the relation curve of average
Kc ini and ET0 and the interval between irriga-
tions >40 mm per event for medium and fine
textured soils in FAO 56, when the ET0 is <5
mm·d–1 and the irrigation event occurs less
than 1 d, the Kc ini value should be 1.15. The
Kc mid is recommended as 1.05 for small
vegetables at the full growth stage (with
LAI >3.0) (Allen et al., 1998). Table 3 lists
the growth stage and the LAI of different
plant densities. The time interval was decided
by LAI for each group. The Kc values of each
stage under different plant densities are listed
correspondingly.

Estimation of crop ETc.By introducing Kc

to the four evapotranspiration models, we
obtained the predicted daily ETc of the entire
17 d of experiment period (Fig. 3). During the
experiment period, the fluctuation pattern of
predicted ETc was similar to the measured
ETa.

The FAO-PM and PT models had higher
accuracies in predicting ETc compared with
the Radsum and Penman models, which
overestimated ETc under most conditions
(Fig. 3). The FAO-PM and PTmodels showed
better performance on sunny day than cloudy
days. Overestimates were found in cloudy day
such as DAS of 6, 7, 10, and 11. MAPE,
RMSE, R2, and AIC were calculated to indi-
cate the performance of the four models in
different plant densities (Table 4).

The overall performance showed that
FAO-PM and PT models performed better
than the other two models in different plant
density groups. The performance of Penman
model ranked the last. MAPE <50% was
considered appropriate model performance.
Hence, PT, FAO-PM in 200-plug tray group,
and Radsum in the first three groups (72-,
128-, and 200-plug trays) were acceptable.
Models with smaller RSME represent better
prediction of results. FAO-PM and PT models
showed better results (RMSE = 0.4 to 0.6
mm·d–1) than Radsum and Penman models in
four groups. Meanwhile, the FAO-PM and PT
models had a higher R2 value at�0.7 and lower
a AIC value than those of Radsum and Penman
in different plant density groups.

Discussion

ET is affected by variations in green-
house environmental factors, and the order
of correlation with ETa is PAR > net radi-
ation > humidity > VPD > air temperature.
This result is consistent with those of Orgaz
and Casanova, who also concluded that
solar radiation was the main factor affect-
ing ET (Casanova et al., 2009; Orgaz et al.,
2005).

Fig. 1. Greenhouse climate factors and measured actual average daily evapotranspiration (ETa). PAR =
photosynthetically active radiation.

Table 2. Correlation analysis of climate factors with ETa.

ETa Radiation PAR Air temp RH

ETa 1 0.93 0.94 0.46 –0.77
Radiation *** 1 0.99 0.45 –0.79
PAR *** *** 1 0.42 –0.76
Air temperature 1 –0.62
RH *** *** *** ** 1

ETa = actual evapotranspiration; PAR = photosynthetically active radiation; RH = relative humidity.
**, ***Significant at P = 0.05 or 0.01, respectively.

Fig. 2. Dynamic of (A) leaf area index (LAI) and (B) LAI growth rate of baby pakchoi in different plant
densities (72, 128, 200, and 288 plants/tray). Dashed line indicates the tray was fully covered by plant
canopy. DAS = days after sowing.
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The dynamic change of LAI was signifi-
cantly different among the four planting
densities groups in our study, but the differ-
ence of measured ETa was not statistically
significant. Some studies reported that both
Kc and ETc were highly correlated with LAI
(Netzer et al., 2009), and higher LAI in-
creased ET as biomass development related
to water use efficiency (Jha et al., 2018). In
our study, the main reason that LAI had less
effect on ET may be the short growth period
of baby leaf having less impact of LAI on Kc.
Also, the relatively high-frequency irrigation
kept the substrate surface wet, and the evap-
oration from the surface of the substrate was

relatively higher than plant transpiration on
the growth stage.

The predictions of the four models show
that the Penman and Radsum models did not
predict the actual evapotranspiration well. In
contrast, FAO-PM and PT provided better
predictions, with R2 values of �0.7. The
Radsum model only considered the radiation
as input, without humidity, for the ET pre-
diction. In the case of extreme humidity
conditions, the prediction results could be
biased (Sentelhas et al., 2010).

The FAO-PM model, a function of net
radiation and VPD, was less effective com-
pared with the PT model, which agrees with

Sumner’s observations (Sumner and Jacobs,
2005). The FAO-PMmethod would seriously
underestimate the ET0 in a greenhouse envi-
ronment with small wind speed (Fernandez
et al., 2010). In this research, the average
wind speed above the plant canopy in green-
house was �1 m·s–1 with circulating-fan
ventilation. Therefore, the FAO-PM model
is applicable for the well-ventilated green-
house. The Penman model mainly considers
the energy balance and does not take into
account the dynamic changes of plants, so the
prediction accuracy was lower than FAO-
PM. Compared with the FAO-PM model, the
PT model had fewer parameters. It is more
suitable for the conditions of the uniform wet
ground surface, which fits the conditions of
greenhouse used (Sumner and Jacobs, 2005).
After adjustment by Kc, the PT model is
recommended for the prediction of green-
house evapotranspiration. These models can
be used for daily irrigation scheduling by
being implemented in a decision support
system. The calibration of parameters such
as crop resistances and apt (i.e., Priestly
Taylor) may improve the prediction results
(Villarreal-Guerrero et al., 2012).

Higher accuracy of FAO-PM and PT than
Radsum and Penman demonstrating the im-
portance of the VPD portion of these models
(Prenger et al., 2002). With more compre-
hensive environmental variables, the models
have better prediction efficiency. There are
uncertainties associated with different
models due to data and structure. A different
model should be developed to minimize the
biases in the further research.

Conclusion

In this study, four ET models were imple-
mented in greenhouse baby pakchoi irriga-
tion scheduling, and the performances of
these models were evaluated. The ETc (crop
evapotranspiration) prediction results proved
that the FAO-PM and PT models performed
better than the Penman and Radsum models
in greenhouse. This model-based precision
irrigation scheduling portends to be mean-
ingful in a decision support system to guar-
antee the water requirements of greenhouse
baby pakchoi tray production.
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