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Abstract: Understanding crop water requirements is important for establishing irrigation schedules,
and improving water use efficiency (WUE), crop yield and crop quality. In order to reveal the optimal
water requirement of tomatoes in various growth stages, the responses of the water requirement,
crop coefficient, fruit yield and quality of tomato to different irrigation levels were studied in a solar
greenhouse in Hetian, Southwestern Taklimakan Desert, China from August 2019 to June 2020. The
medium irrigation quota (Ia) was calculated in different tomato growth stages based on the root
distribution range, suitable soil moisture content of high yield, and the planned wetted percentage of
drip irrigation. Five irrigation levels (60%, 80%, 100%, 120% and 140% Ia) were used. The technique
for order preference by similarity to ideal solution (TOPSIS) results showed that 120% Ia was the
optimal irrigation quota for the yield, water use efficiency (WUE), and fruit quality of tomato. The
daily water requirement of 120% Ia were 2.26, 4.28, and 2.35 mm·d−1 in three growth stages in the
autumn–winter season, while it was 1.96, 3.99, and 3.80 mm·d−1 in the winter–spring season. The
crop coefficients of the three stages in each growth season were 0.49, 1.10, and 0.76, and 0.61, 1.09, and
0.78, respectively. The results could provide guideliens for improving the productivity of protected
agriculture in the Southwestern Taklimakan Desert or other similar regions.

Keywords: tomato; water requirement; crop coefficient; drip irrigation; WUE

1. Introduction

As an important form of protected agriculture, solar greenhouses have been widely de-
veloped and applied in the arid areas of Northern China [1]. It is very important to produce
vegetables in winter without any auxiliary heating [2,3]. A solar greenhouse is different
from a conventional greenhouse. Specifically, heat-storing materials are used to retain solar
heat in order to receive the maximum solar heat during the winter, and large amounts of
insulation are used where there is little or no direct sunlight [4,5]. Hetian is located in the
southwest part of the Taklimakan desert, and it is rich in photothermal resources; in other
words, this region is one of the most advantageous areas for the development of protected
agriculture in Xinjiang, China [6]. The oasis area in Hetian only accounts for 3.7% of the
total area, the per capita cultivated land area is less than 0.087 ha, and the average water
resource per unit of land is only 390 m3·ha−1 [7]. Obviously, poor soil and water resources
have seriously hindered the development of the local agricultural economy. In recent years,
this area has developed the protected agriculture with high-value non-field crops. This is
one of the most successful and effective means to solve the above problems, by utilizing
superior photothermal resources and developing drip irrigation under mulch technology
in the local agricultural production system.

Presently, a total of 136 thousand solar greenhouses and other facilities have been
built in Hetian, China. The protected agriculture area is approximately 3.30 thousand
ha. Tomato (Lycopersicon esculentum Mill.), one of the main vegetables in the Hetian area,

Water 2022, 14, 3050. https://doi.org/10.3390/w14193050 https://www.mdpi.com/journal/water

https://doi.org/10.3390/w14193050
https://doi.org/10.3390/w14193050
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/water
https://www.mdpi.com
https://orcid.org/0000-0002-0086-041X
https://doi.org/10.3390/w14193050
https://www.mdpi.com/journal/water
https://www.mdpi.com/article/10.3390/w14193050?type=check_update&version=1


Water 2022, 14, 3050 2 of 19

is widely cultivated. Due to the serious lack of cultivated land, the development and
utilization of non-cultivated land resources have become an important means in increasing
the cultivated area, such as developing oasis desert agriculture [8]. The local protected
agriculture industry is mostly built on the edge of the oasis desert, and the soil layer of
protected agriculture is mainly composed of an aeolian sandy soil with a loose structure,
large porosity values, and poor water and fertilizer retention [9]. Drip irrigation under
mulch offers many advantages, including improved yield and WUE [10], so it has been
widely used in protected agriculture. A previous study indicated that drip irrigation under
mulch was beneficial for crop growth [11,12], but there is a lack of scientific understanding
about the water requirement characteristics of facility tomatoes under aeolian sandy soil
planting conditions. The irrigation system of local protected agriculture is not perfect, which
leads to the serious problem of deep percolation, and further aggravates the prominent
problem of “high input and low output”. Therefore, it is urgent and necessary to carry out
research on the tomato water requirement in this region.

Many studies have been carried out on the water requirements of tomatoes in solar
greenhouses. Harmanto et al. found that the water requirement of cherry tomatoes in
tropical greenhouses is approximately 75% of crop evapotranspiration (ETc), and the actual
irrigation amount is about 4.1~5.6 mm·d−1 [13]. Guo et al. studied the water require-
ments of cherry tomatoes in solar greenhouses using a large-scale weighing lysimeter, and
obtained the daily ETc, crop coefficient (Kc), and pan coefficient for cherry tomatoes at
different growth stages [14]. Liu et al. developed a suitable irrigation schedule for tomatoes
in greenhouses based on the 20 cm evaporation pan. The irrigation quota was 10 mm, the
irrigation interval was 2~6 days, and the pan coefficient was 0.9 [15]. Mohmed et al. found
that 100% ETc was the optimal irrigation amount for ensuring tomato yield and quality in
a greenhouse based on the Penman–Monteith equation [16]. Li et al. studied tomato water
requirements in the winter–spring and autumn–winter seasons and concluded that the
daily water requirements of tomatoes increased first and then decreased with the change
in reproductive period [17]. In addition, the peak water requirement for tomatoes in the
autumn–winter season occurred earlier than that in the winter–spring season, but the total
water requirement of tomatoes was high in the winter–spring season. Gong et al. studied
the evapotranspiration and Kc of the tomato in a solar greenhouse under deficit irrigation
(DI) and regulated deficit irrigation (RDI) conditions and showed that the single crop
coefficient model could accurately estimate the Kc value at different growth stages [18].
Moreover, Tal Saadon et al. [19]. found that the net radiation can be used to predict the
evapotranspiration of crops in greenhouses after introducing the cloud effect coefficient.

Although many studies on the water requirement of greenhouse vegetables have been
conducted, the water requirement of the same vegetable varies a lot in different regions
because the water requirement of greenhouse vegetables is affected by various factors, such
as vegetable varieties, soil characteristics, meteorological factors, agricultural cultivation
measures, greenhouse ventilation methods. However, whether the key results such as the
water requirement and crop coefficient can be directly applied to the southwestern region
of the Taklimakan Desert still needs to be studied.

There is also a lack of research on the water requirement of vegetables in greenhouses
located in extremely arid areas. Therefore, to fill this gap in knowledge, we studied the
response of the water requirement, crop coefficient, fruit yield and quality of tomato to the
different irrigation levels in a solar greenhouse in Hetian, Southwestern Taklimakan Desert.
Thus, the main objective of this study is to determine the water requirement and the crop
coefficient of tomato in solar greenhouses in extremely arid desert area.

Novelty: The water requirements of tomatoes in a solar greenhouse located in ex-
tremely arid desert regions were studied in this study, of which the findings could further
complement existing research. The research could provide guidelines for improving the
productivity of protected agriculture in the Southwestern Taklimakan Desert and could
also be applied in other desert areas for water management in protected agriculture.
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2. Materials and Methods
2.1. Experimental Plot

The experiment was performed in a solar greenhouse in Hetian County, Hetian area,
Southwestern Taklimakan Desert, China (37◦16′ N, 79◦52′ E) from August 2019 to June 2020.
The experimental plot was in the warm temperate zone and had a continental climate with
low rainfall and high evaporation. The annual average temperature and precipitation are
12.2 ◦C and 33.5 mm, respectively. The annual potential evaporation is above 2600 mm
(measured using a 20 cm evaporation dish) and the annual total radiation is within the range
of 138.1~151.5 KJ·cm−2. A 60 m × 9 m steel arch plastic film solar greenhouse that ran east to
west was used for the experiment. The transparent cover material in the greenhouse was an
ethylene vinyl acetate copolymer (EVA) double protective film, and the greenhouse wall, rear
roof, and insulation were covered with the material (glue-spreading cotton with a thickness of
5 cm and a density of 700 g·m−2), as shown in Figure 1. The solar greenhouse was located
on the edge of the desert, and the soil in the cultivated layer was mainly aeolian sandy soil
with a good uniformity. Soil texture and soil hydraulic property at the experimental site were
shown in Table 1. The average soil pH and organic content of the soil at 0~100 cm depth were
8.12 and 1.25%, respectively. The available nitrogen, phosphorus, and potassium contents in
the topsoil were 0.046, 0.007, and 0.205 g·kg−1, respectively, and the soil’s salt content varied
between 0.06% and 0.09%. Groundwater at a depth greater than 6 m was used for irrigation,
with the total dissolved solids (TDS) of 1.625 g·L−1.
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Table 1. Soil texture and soil hydraulic property at the experimental site.

Soil Depth
cm

Dry Bulk Density Soil Particle Size Composition (%) Field Capacity
cm3·cm−3 Soil Texture

g·cm−3 <0.002 mm 0.002–0.02 mm 0.02–2 mm >2 mm

0–30 1.59 2.62 7.58 89.80 0.00 0.19 Sandy
30–70 1.58 2.79 7.97 89.24 0.00 0.20 Sandy

70–100 1.57 2.95 7.81 89.24 0.00 0.21 Sandy

2.2. Plant Material

Tomato (Solanum lycopersicum L., “Nongge 520”) was selected for this study; we chose
an early maturing variety with the unlimited and medium plant growth. The tomato variety
had a strong continuous fruit setting capacity and a high yield, with a single fruit weight
of approximately 280 g. It was suitable for autumn–winter and winter–spring cultivation.
The tomatoes in the experiment were cultivated by ridge planting and film mulching. Plant
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and row spacing were 20 cm and 40 cm, respectively. The specific planting pattern for the
tomatoes is shown in Figure 2.
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Figure 2. Tomato planting pattern.

Tomatoes in the autumn–winter season were transplanted on 4 August 2019 and last
harvested on 22 November 2019, with a total growth period of around 111 days. Tomatoes
in the winter–spring season were transplanted on 10 January 2020 and last harvested on
25 May 2020, with a total growth period of around 137 days.

2.3. Irrigation Treatment Design

The total tomato growth period can be divided into three stages: the seedling stage
(transplanting to flowering of first fruit), the flowering and fruiting stage (flowering of first
fruit to ripening of first fruit), and the maturation stage (ripening of first fruit to seedling
pulling). The specific divisions of the total tomato growth period in the two seasons are
shown in Table 2.

Table 2. Division of tomato growth periods in a solar greenhouse.

Season Year
Beginning and Ending Date

Seedling Stage Flowering and Fruiting Stage Maturation Stage

Autumn–winter 2019 4 August–2 September 3 September–24 October 25 October–22 November
Winter–spring 2020 10 January–24 February 25 February–23 April 24 April–25 May

The root depth of the tomato at the seedling, flowering and maturation stages is
usually 20, 40, and 40 cm, respectively [1,20,21]. The suitable soil moisture interval for
the three growth stages of high-yield tomatoes were 60~100%, 70~100%, and 70~100% FC,
respectively [22,23]. The corresponding wetted percentages (the percentage of the surface
area wetted by the drip irrigation system compared to the entire cropped area) of the three
growth periods could be estimated as 52%, 74%, and 74%, according to the soil texture and
the root depth for each of three growth stages [21]. Therefore, the formula (Equation (1))
was used to calculate a medium irrigation quota (Ia) [24].

Ia = HP(θ1 − θ2) (1)

where Ia is the medium irrigation quota, mm. H is the root depth, and the value of H is
200, 400, and 400 mm in the seedling, flowering, fruiting, and maturation stages. p is the
wetted percentage, and the value of p in the three stages is 52%, 74%, and 74%. θ1 is the
field capacity (FC = 20.0%). θ2 is the suitable soil moisture content, and the value of θ2 in
the three stages is 60%, 70%, and 70% FC.

The Ia was 8.3, 17.8, and 17.8 mm in the three tomato growth periods, respectively.
Five irrigation treatments were designed, and the irrigation quotas of five treatments were
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60%, 80%, 100%, 120%, and 140% Ia, respectively (Table 3). All treatments were arranged
randomly with three replications for each treatment in a block.

Table 3. Irrigation amounts (mm) applied to the experimental tomatoes during each growth stage
and for the whole growth period.

Treatment Irrigation

Autumn–Winter Season Winter–Spring Season

Seedling
Stage

Flowering
and Fruiting

Stage

Maturation
Stage

Whole
Growth
Period

Seedling
Stage

Flowering
and Fruiting

Stage

Maturation
Stage

Whole
Growth
Period

T1 60% Ia 63.2 127.9 53.3 244.3 61.5 149.2 74.6 285.3
T2 80% Ia 73.1 170.5 71.0 314.7 76.5 198.9 99.5 374.9
T3 100% Ia 83.1 213.1 88.8 385.0 91.5 248.6 124.3 464.4
T4 120% Ia 93.1 255.7 106.6 455.4 106.5 298.4 149.2 554.0
T5 140% Ia 103.1 298.4 124.3 525.8 121.4 348.1 174.0 643.6

Note: Ia in Table 3 represents medium irrigation quota, and it is 8.3, 17.8 and 17.8 mm at the seedling, flowering
and fruiting, and maturity stage, respectively.

The drip lines were laid under the mulch film and the layout method was one row
with one drip line. The drip line used in the experiment was a single wing side slit type
with an emitter flow rate of 3.2 L·h−1 and an emitter space of 20 cm. Within 10 days of
transplantation, the Ia was used for irrigation, and then the irrigation treatment started. The
irrigation levels in each growth period and the whole growth period is shown in Table 3.

2.4. Agronomic Management

First, 22.5 t·ha−1 dry chicken manure and 1.05 t·ha−1 compound fertilizer (N-P2O5-K2O
(15-15-15)) were applied as a basal fertilizer before tomato transplanting. There were five
fertilizations during the whole growth period. Urea (N ≥ 46%) was applied twice during the
seedling stage, and the amount of each application was 45 kg·ha−1. Flowering and fruiting
stage were fertilized with balanced fertilizer (N-P2O5-K2O-Fe-Zn-B-Cu-Mn = 15-20-20-0.05-
0.5-0.5-0.5-0.05), and the amount of each application was 45 kg·ha−1. Potassium dihydrogen
phosphate was applied once during the late flowering and maturation, and the mid-fruiting
stage at 60 kg·ha−1.

During the late seedling stage, the tomato was suspended on a wire above the green-
house with a thin rope to ensure the upward growth of the plant. The tomato branches were
also trimmed from time to time to ensure the growth of the main stem. After flowering,
tomatoes were artificially pollinated once every 5 days, and tip pruning began after the
fourth order-fruit had set, to limit the apical dominance of the tomato plants.

2.5. Parameter Determinations
2.5.1. Meteorological Data

The meteorological data were measured using an automated weather station (Watch-
dog, Spectrum Technologies, Inc., Aurora, IL, USA) installed in the solar greenhouse. The
monitored meteorological parameters are solar radiation, air temperature, air humidity,
wind speed and direction, and rainfall. Average daily air temperature (T) and relative
humidity (RH) in the solar greenhouse during the whole tomato growth period from 2019
to 2020 are shown in Figure 3a, and total radiations (Rs) are shown in Figure 3b.

2.5.2. Irrigation Amount

A water meter was set at the pipeline entrance of each experimental plot to control the
irrigation amount.
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2.5.3. Soil Moisture

Soil moisture was manually measured by a Frequency Domain Reflector (FDR)
(Diviner2000 Sentek Pty Ltd., Stepney, Australia). Three access tubes were buried in
each plot, one was under the lateral region (an access tubes that was buried under the
drip line beside it), another one was in the middle of the ridge, and the third one was in
the middle of the ridge slope, with 20 cm horizontal spacing between access tubes. The
measurement depth was 120 cm and there was a reading taken every 10 cm interval. Soil
moisture was measured one day before and one day after irrigation.

2.5.4. Fruit Yield

When the tomato had matured, three rows of tomato plants that showed uniform growth
and no obvious pests and diseases were detected in each plot. The tomato fruits were
harvested and weighed, and their average values were taken as the yield for each treatment.

2.5.5. Fruit Quality

At the end of the fruiting stage, fruits with uniform maturity and color were ran-
domly selected for quality determination. The single fruit weight (SFW) was measured
using an electronic scale with sensitivity of 0.01 g; total soluble solids (TSS) were measured
using a handheld sugar meter; vitamin C (Vc) was measured by the molybdenum blue
colorimetry [25,26]; and total titratable acids (TTA) was determined by the titration method [27].

2.6. Parameter Calculation
2.6.1. Reference Crop Evapotranspiration

Solar greenhouses are relatively closed, with poor air mobility. To avoid the effect of
zero aerodynamics, the Penman–Monteith equation with correction for the aerodynamic
terms related to wind was used to calculate the reference crop evapotranspiration in the
solar greenhouse [28,29], and the equation is as follows:

ET0 =
0.408∆(Rn − G) + γ 1694

T+273 (es − ea)

∆ + 1.64γ
(2)

where ET0 is the reference crop ET, mm·d−1; Rn is the net radiation, MJ·m−2·d−1; G is
the soil heat flux at the soil surface, MJ·m−2·d−1; ∆ is the slope of the saturation vapor
pressure versus temperature curve, kPa·◦C−1; γ is the psychrometer constant kPa·K−1; T is
the mean daily air temperature measured at a height of 1.5 to 2.5 m, ◦C; es is the saturation
vapor pressure of air, kPa; and ea is the actual vapor pressure of air, kPa.
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2.6.2. Evapotranspiration

The evapotranspiration of tomatoes was calculated according to the water balance
method using Equation (3) [30].

ETc = P + I + K− D− R± ∆S (3)

where ETc is the evapotranspiration from tomato plants over a certain period of time, mm;
p is the precipitation, mm; I is the irrigation amount, mm; K is the root zone water supplied
by groundwater, mm; D is the deep percolation below the root zone, mm; R is the surface
runoff, mm; and ±∆S is the change in soil moisture contents between two samplings, mm.

The solar greenhouse was covered with plastic film, which meant that precipitation
could be ignored in Equation (3) (p = 0). Water provided to the root zone by groundwater was
ignored when the water table was greater than 6 m (K = 0). Tomato plant roots are mainly
distributed in the 40 cm soil layer [28] and the measurement depth was 120 cm. The maximum
irrigation quota in the experiment was 24.9 mm, so there was no deep seepage (D = 0). The
tomato plants were irrigated by drip irrigation, so there was no surface runoff (R = 0).

When the water balance method is used to calculate ETc, it is necessary to accu-
rately obtain the soil moisture variation within the scheming wetted soil layer depth. The
following factors can affect the accurate acquisition of soil water content:

(1) The instrument measurement error. Since the Diniver2000 was used for soil moisture
monitoring in this study, in order to reduce the measurement error, the instrument
was calibrated before the experiment started;

(2) The layout of the access tubes: different from flood irrigation, drip irrigation is a localized
irrigation technology, the layout of the access tubes will directly affect the accurate
acquisition of soil moisture. A total of three access tubes were installed in the experiment
(see Section 2.5.3), and the average value of soil moisture measurements of three access
tubes at a certain depth were used as the soil water content at that depth;

(3) Installation of the access tube: when the Diniver2000 is used to measure soil moisture,
the contact between the side wall of an access tube and the soil will greatly affect the
measurement results (when there are pores, the measured value is higher than the
actual value). Therefore, after an access tube is buried, the gap between the side wall
of the access tube and the soil is filled with mud to secure a close contact and then
ensure the accuracy of soil moisture data;

(4) The measurement of soil water content: due to the redistribution process of soil water
after irrigation, it is important to measure the soil water content at an adequate time.
If the measurement is carried out too early, the measured soil moisture change will
be larger than the actual result because the soil water in the scheming wetted soil
layer is still draining from the soil after the measurement, and. In this study, the soil
moisture is usually measured 12 h after irrigation to ensure that the gravity water in
the scheming wetted soil layer depth has been completely drained.

2.6.3. Crop Coefficient

The crop coefficient (Kc) was obtained by dividing the ETc by the reference crop evapo-
transpiration (ET0) for each growth period [29]. It was calculated using the following equation:

Kci =
ETci
ET0i

(4)

where Kci is the crop coefficient for stage i; ETci is the crop evapotranspiration during stage
i, mm; and ET0i is the ET0 of the crop in stage i, mm.
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2.6.4. Water Use Efficiency

Water use efficiency (WUE) reflects the water absorption and utilization efficiency of
crops during the growth process. It is defined as the total amount of economic products
divided by the total amount of water consumed and can be calculated as follows:

WUE =
Y

ETc
(5)

where WUE is water use efficiency, kg·m−3; Y is the tomato fruit yield, kg·ha−1; and ETc is
the actual evapotranspiration by tomatoes, m3·ha−1.

2.7. Comprehensive Evaluation

The technique for order preference by similarity to an Ideal Solution (TOPSIS) method
was used to comprehensively evaluate and analyze the results of the experiments in order
to determine the optimal irrigation amount [31,32].

2.7.1. Indicator Weight

The indicator weight was determined by the coefficient of variation method of objective
weighting. Due to the different dimensions of each indicator, it was difficult to directly
compare the degree of variation. Therefore, the coefficient of variation of each indicator was
used to compare the degree of variation. The indicator weight was calculated as following:

Vj =
σj

Xj
(6)

Wj =
Vj

n
∑

j=1
Vj

(7)

where Vj is the coefficient of variation of indicator j, also known as the standard deviation
coefficient; σj is the standard deviation of indicator j; Xj is the average value of indicator j;
and Wj is the weight of indicator j.

2.7.2. Normalization of Evaluation Indicators

Five treatments were set as evaluation objects, with six evaluation indicators including
fruit yield, WUE, SWF, TSS, TTA and Vc, among which the TTA indicator was converted
to a positive indicator using reciprocal transformation. The evaluation indicators were
normalized to establish a normalized matrix.

Zij =
Xij√
n
∑

i=1
x2

ij

(8)

where, zij is the j index normalized value in i treatment; xij is the j index value in the i
treatment. i = 1, 2, . . . , n; j = 1, 2, . . . , m.

2.7.3. Ideal Solution (Zij
+) and Negative Solution (Zij

−)

The ideal solution (Zij
+) and the negative solution (Zij

−) were determined to form the
ideal solution vector Z+ and the negative solution vector Z−, respectively.

Zij
+ =

(
zi1

+, zi2
+, zi3

+ · · · · · ·zij
+
)

(9)

Zij
− =

(
zi1
−, zi2

−, zi3
− · · · · · ·zij

−) (10)

where, Zij
+ and Zij

− represent the maximum and minimum values of the evaluation object
in the j-th index, respectively.
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2.7.4. Euclidean Distances (Di
+ and Di

−)

The Euclidean distances (Di
+ and Di

−) were determined as follow:

Di
+ =

√√√√ m

∑
j=1

[
wj ×

(
zij − Zij

+
)]2 (11)

Di
− =

√√√√ m

∑
j=1

[
wj ×

(
zij − Zij

−)]2 (12)

where, Di
+ and Di

− represent the Euclidean distance from each evaluation object to the
positive and negative ideal solution; wj is the weight of indicator j.

2.7.5. Relative Proximity Coefficient Ri

The relative proximity coefficient Ri of each treatment was calculated; that is, the
proximity between the evaluation object and the optimal scheme was calculated as follows:

Ri =
D−i

D+
i + D−i

(13)

where, Ri is the relative proximity coefficient of each treatment.

2.8. Statistical Analysis

Statistical analysis of the data was carried out using SPSS Version 19.0, (IBM Corp.,
Armonk, NY, USA). Variance analysis (PROC ANOVA) was used to determine whether
differences between data groups were significant. Before performing ANOVA, we checked
if the data was normally distributed and homogenous. We checked for residual normality
and homogeneity using the check_normality function and check_homogeneity function of
the Performance package in R statistical software, respectively. When the difference was
significant, Duncan’s test was used to establish the groups that were different. A value of
p ≤ 0.05 was considered statistically significant.

3. Results
3.1. ET0 Variations in the Solar Greenhouse over the Two Seasons

The ET0 in the solar greenhouse varied within the range of 1.19~5.99 mm·d−1 in 2019
and varied within the range of 1.62~6.57 mm·d−1 in 2020 (Figure 4). The average ET0 for
the two seasons was 3.70 and 3.88 mm·d−1, and the cumulative ET0 for each season was
439.92- and 537.32-mm d−1, respectively. The ET0 in the winter–spring season was greater
than that in the autumn–winter season. The ET0 in the autumn–winter season gradually
decreased with time, while the ET0 in the winter–spring season gradually increased with
time. It can also be seen from the figure that there were several extremely low ET0 values
in the greenhouse over the two seasons.

3.2. Water Requirement

The daily ETc values of tomatoes in the two seasons all increased at first and then
decreased over the whole growth period (Figure 5a,d). The daily ETc in the autumn–winter
season reached its maximum value between 25 September and 10 October, and ETc in
the winter–spring season reached its maximum value between 10 April and 17 April. A
difference could be seen in the changes in tomato daily average ETc during the growth
period in the two seasons, where in the daily average ETc of each treatment during the
maturation period increased by 0.45~0.64 mm·d−1 in the winter–spring season compared
with that in the autumn–winter season.
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to 2020.

The average daily ETc values of tomatoes for each treatment in the three main growth
periods are shown in Figure 5b,e. The average daily ETc of each growth period in the two
seasons increased with the increase in irrigation amount. In terms of the average daily ETc
in the whole growth period, in the autumn–winter season, the irrigation amount of T1 and
T2 decreased by 40% and 20%, respectively, compared with that of T3. However, the ETc
only decreased by 25.31% and 12.16%. Compared with T3, the irrigation amount of T4
and T5 increased by 20% and 40%, respectively, but the average daily ETc only increased
by 11.4% and 23.43%. The variations in the average daily ETc in the whole growth period
for each treatment in the winter–spring season were basically the same as those in the
autumn–winter season. With the increase or decrease in irrigation amount, the ETc of each
treatment did not change in the same amount, and the change in the ETc of tomato in each
treatment was approximately 60% for each irrigation amount change.

The order of accumulated ETc for each treatment was T5 > T4 > T3 > T2 > T1 in the
two seasons (Figure 5c,f). Since the growth period of tomatoes in the winter–spring season
is 26 days longer than that in the autumn–winter season, the cumulative ETc in the whole
growth period of each treatment in the winter–spring season increased, varying between
46.1 and 117.3 mm compared with that in the autumn–winter season. The changes in the
cumulative ETc with the irrigation amount in the whole growth period of each treatment
were similar to the changes in the average daily ETc with the irrigation amount.
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Average daily ETc (b,e) and, cumulative ETc (c,f) for tomatoes under the different treatments during
three growth periods. Stages I, II and III in figures represent seedling, flowering and fruiting, and
maturation stage, respectively.

3.3. Crop Coefficient

Figure 6 shows the variation in the tomato crop coefficient (Kc) over the whole growth
period. It can be seen that the Kc of tomato grown in the solar greenhouse in the two
seasons presented a three-stage change throughout the growth period. At the early stage
after transplantation, the tomato plants were short, the water requirement was small, and
the Kc was relatively small, within the range of 0.25~0.57. As the growth process advanced,
the tomato plants grew rapidly, the water requirement rose, and the Kc increased rapidly.
When the tomato leaves completely shaded the ground at the flowering and fruiting stage,
the Kc reached its maximum, within the range of 0.71~1.34. After entering the maturation
stage, the plant leaves began to turn yellow and fall off, the tomato plant transpiration
gradually decreased, the water requirement intensity declined correspondingly, and Kc
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also decreased, within the range of 0.49~0.86. The Kc over the whole growth period for
each treatment ranged from 0.55 to 0.99, and the values in each growth period for each
treatment followed the order T5 > T4 > T3 > T2 > T1. For treatments with a smaller irrigation
quota, the Kc in each growth period was relatively small, because, when ET0 was constant,
reducing the irrigation amount often reduced the actual water requirement of the crops,
resulting in a smaller Kc.
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3.4. Fruit Yield and WUE

Table 4 shows the tomato fruit yield and WUE under the different treatments. It can
be seen that the fruit yield in the two seasons varied within the range of 58.50~91.10 t·ha−1.
The tomato fruit yields in the two seasons increased at first and then decreased as ETc
increased and reached its maximum value in the T4 treatment. The order of tomato fruit yield
order was T4 > T5 > T3 > T2 > T1, and T4 was significantly different from other treatments
(p < 0.05). In the autumn–winter season, there were no significant differences between T2, T3,
and T5 (p > 0.05), but T1 was significantly different from the other treatments (p < 0.05). In the
winter–spring season, there was no significant difference between T3 and T5 treatments, but
there was a significant difference between them and T1, T2 treatments (p < 0.05), and between
T2 and T1 (p < 0.05). Tomato WUE varied within the range of 15.68~26.15 kg·m−3. With the
exception of treatment T3, the WUE in the two seasons gradually decreased as ETc increased
and reached a maximum value under T1 treatment. The WUE order for the five treatments
was T1 > T3 > T2 > T4 > T5, in which T5 was significantly different from other treatments
(p < 0.05). There was no significant difference among T1~T4 treatments (p < 0.05).
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Table 4. Tomato fruit yield and water use efficiency (WUE) of each treatment in a solar greenhouse.

Treatment
Autumn–Winter Season Winter–Spring Season

ETc/mm Yield/t·ha−1 WUE/kg·m−3 ETc/mm Yield/t·ha−1 WUE/kg·m−3

T1 237.49 62.10d 26.15a 283.58 58.50d 20.63a
T2 280.98 71.84c 25.57a 349.23 67.20c 19.24a
T3 320.19 82.18bc 25.67a 395.06 77.38b 19.59a
T4 358.29 91.10a 25.43a 446.71 85.91a 19.23a
T5 397.12 86.28bc 21.73b 514.40 80.64b 15.68b

Note: Different letters in the same row indicate differences between treatments (p < 0.05). Residuals appear as
normally distributed. Variances in each of the groups are the same (Bartlett Test).

3.5. Fruit Quality

The effects of irrigation amount on the tomato fruit quality were evaluated by ana-
lyzing SFW, TSS, TTA, and Vc of the tomato fruits in each treatment. The mean values of
the above indexes for tomato fruits grown in the two seasons are shown in Table 5. The
results show that irrigation had a considerable impact on tomato fruit quality, and that the
SFWs of the fruits from the T4 and T5 treatments were significantly higher than those under
the other treatments (p < 0.05). The TSS and Vc contents in T1 and T2 treatments were
significantly higher than those of other treatments (p < 0.05); and moreover, in contrast to
T2, the TTA content in T3 treatment was significantly higher than that in other treatments
(p < 0.05). SFW increased gradually with increase in irrigation amount, indicating that
increasing the irrigation amount could significantly increases the SFW. The TSS and Vc
contents significantly decreased with the increase in irrigation amount, indicating that
reducing the irrigation amount improved fruit quality. The TTA content increased at first
and then decreased with the increase in irrigation. The lower the TTA content, the sweeter
the tomato tastes, indicating that the irrigation amount affected the taste of the tomato fruit.
The highest SFW was seen in treatments T4 and T5, the highest TSS and Vc content was
seen in treatments T1 and T2, the lowest TTA content was seen in treatments T1 and T5.

Table 5. Quality of the tomato fruits produced by each treatment in a solar greenhouse.

Season Treatment SFW
/g

TSS
/%

TTA
/%

Vc
/mg·(100 gFW)−1

Autumn–winter season

T1 165.2c 5.70a 0.41c 5.32a
T2 171.5c 5.30a 0.49ab 5.01a
T3 193.5b 4.80b 0.52a 4.57b
T4 204.8a 4.77b 0.46b 4.46bc
T5 208.0a 4.21b 0.42c 4.31c

Winter–spring season

T1 159.4c 6.10a 0.43c 4.93a
T2 165.5c 5.80a 0.51ab 4.76a
T3 187.5b 5.31b 0.56a 4.32b
T4 197.6a 4.76bc 0.48b 4.26b
T5 204.0a 4.51c 0.45c 4.21b

SFW: single fruit weight; TSS: total soluble solids; TTA: total titratable acids; Vc: vitamin C. Different letters in the
same row indicate differences between treatments (p < 0.05). Residuals ap-pear as normally distributed. Variances
in each of the groups are the same (Bartlett Test).

3.6. Comprehensive Evaluation Based on TOPSIS Method

Taking the fruit yield, WUE, SFW, TSS, TTA, and Vc as evaluation indicators, the
TOPSIS method was used to comprehensively determine the optimal irrigation amount
(Table 6). The ranking for the different irrigation treatments was T4, T3, T5, T2, T1 in
the two tomato growth seasons. The TOPSIS analysis showed that T4 was the optimal
irrigation treatment for the tomato with high quality, high yield, and high WUE.
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Table 6. TOPSIS-based comprehensive evaluation of irrigation amount effects on the tomato quality,
yield, and WUE.

Season
Treatment/
Weighting

Normalized Decision Matrix Euclidean
Distance

Relative
Proximity

Coefficient

Rank

Yield WUE SFW TSS TTA Vc Di
+ Di

−

Autumn–winter
season

T1 0.35 0.469 0.39 0.512 0.496 0.501 0.04 0.158 0.799 5
T2 0.405 0.458 0.405 0.476 0.415 0.472 0.031 0.159 0.836 4
T3 0.463 0.460 0.457 0.431 0.391 0.430 0.025 0.159 0.865 2
T4 0.513 0.456 0.484 0.428 0.442 0.42 0.019 0.159 0.895 1
T5 0.486 0.389 0.491 0.378 0.484 0.406 0.027 0.159 0.853 3

Weighting
efficient 0.233 0.189 0.161 0.114 0.146 0.167

Winter–spring
season

T1 0.351 0.487 0.388 0.512 0.499 0.489 0.039 0.157 0.799 5
T2 0.403 0.454 0.403 0.487 0.421 0.472 0.032 0.157 0.833 4
T3 0.464 0.462 0.457 0.446 0.383 0.429 0.025 0.157 0.862 2
T4 0.515 0.454 0.481 0.399 0.447 0.423 0.02 0.157 0.887 1
T5 0.484 0.37 0.497 0.378 0.477 0.418 0.031 0.157 0.836 3

Weighting
efficient 0.215 0.193 0.163 0.116 0.145 0.168

Note: WUE, water use efficiency; SFW, single fruit weight; TSS, total soluble solids; TTA, total titratable acid; Vc,
vitamin C; Di

+, Euclidean distance of ideal solutions; Di
−, Euclidean distance of negative ideal solutions.

4. Discussion

In this study, the tomato water requirement and crop coefficient were obtained under
the membrane drip irrigation. An increasing number of farmers are not only concerned
about the tomato fruit yield but also about the nutritional quality and appearance, seeking
to increase their economic profits. The TOPSIS analysis showed that T4 (120% Ia) was the
optimal irrigation treatment for tomatoes with high quality, high yield, and high WUE.
Therefore, T4 was the optimal treatment. The tomato water requirement (ETc) and the
crop coefficient (Kc) of T4 can be applied to the tomato production in solar greenhouses in
Hetian, southwest of the Taklimakan Desert.

The daily ETc of tomatoes increased with increase in the irrigation amount (Figure 5 b,e).
Similar results were also found by Liu [15] and Kong [33]. In this study the recommended daily
ETc of tomatoes at the seedling, flowering and fruiting, and maturation stages in the autumn–
winter and winter–spring seasons were 2.26, 4.28, and 2.35 mm·d−1 and 1.96, 3.99, and
3.80 mm·d−1, respectively, in our research experiments. The results are different from those of
previous studies; for example, a study on the water requirements of summer tomato in a solar
greenhouse on the North China Plain showed that the ETc values for the three growth stages
were 2.2, 3.34, and 2.86 mm·d−1, respectively [34]. The daily ETc values of tomatoes in the
summer solar greenhouse in Xinxiang, Henan, located in the warm temperate climate, were
1.15~2.44, 3.24~4.21, and 2.86~3.86 mm·d−1 in the three growth periods, respectively [15,18].
Another study on the water requirements of tomatoes under drip irrigation with mulching in
the winter–spring season in central and eastern Ningxia showed that the daily ETc values for
tomatoes at the three growth stages in a solar greenhouse were 3.04, 3.92, and 2.22 mm·d−1,
respectively [33]. The daily ETc range was 5~6 mm·d−1 at the main growth stage of tomatoes
in a tropical solar greenhouse [13]. The above comparison showed that the daily ETc of solar
greenhouse tomatoes differed significantly in different regions and seasons, which could be
attributed to ETc being affected by a variety of factors, such as crop variety, soil, weather, and
cultivation practices. It further illustrated that existing research results on the daily ETc of
tomatoes grown in solar greenhouses cannot be directly used in the southwestern area of the
Taklimakan Desert.

The total ETc of tomatoes increased with the increase in the irrigation amount (Figure 5c,f)
which was consistent with previous research [33,35–37]. The suitable total ETc of tomatoes
in a solar greenhouse in the southwest of the Taklimakan Desert was 358.29 and 446.71 mm
in the autumn–winter and winter–spring seasons, respectively. The optimal total ETc for
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tomatoes over the whole growth period in a solar greenhouse in the winter–spring season
in the arid region of central and eastern Ningxia was 517.70 mm [33]. The variation in total
ETc was between 249.1 and 388.0 mm during the summer season in a solar greenhouse on the
North China Plain [15]. Gong et al. found that the total ETc for tomatoes in a solar greenhouse
over the whole growth period during the spring–summer season varied between 315.1 and
348.8 mm in the Yellow River Basin under a full irrigation in a three-year irrigation experi-
ment [18]. Xu et al. found that the total ETc for tomatoes in a solar greenhouse in Eastern
China during the spring–summer season was approximately 123.6 mm [38]. Zhang et al.
reported that the total ETc for tomatoes in a solar greenhouse in the winter–spring season
in Southwest China was approximately 386.1 mm [35]. The ETc of tomatoes obtained in
this study were higher than those for Eastern and Southern China because the rainfall is
less, the air is drier, and accumulated temperature is higher in the Hetian area than that in
Central and Eastern China. On the other hand, the tomato’s growing period studied by Kong
et al. [33] was nearly one month longer than that in this study, which explains why the ETc of
tomatoes obtained in this study are lower than the total ETc for solar greenhouse tomatoes in
the Ningxia region.

The average Kc values for tomatoes at the seedling, flowering and fruiting, and
maturation stages in the autumn–winter and winter–spring seasons were 0.49, 1.10, and
0.76 and 0.61, 1.09, and 0.78, respectively. The FAO recommends that the tomato Kc should
be 0.6, 1.15, and 0.70 for each growth stage, respectively [39]. Zhao et al. reported tomato Kc
values of 0.59, 1.01, and 0.61 for each growth period, respectively [34]. Gong et al. obtained
tomato Kc values of 0.60, 1.09, and 0.71, respectively [18]. The tomato Kc values obtained
by Qiu et al. varied within 0.51~0.63, 0.77~0.97, and 0.50~0.79, respectively [40]. In the
western San Joaquin Valley, USA, the maximum mean Kc measured by a lysimeter was
1.05 [41], and in the Mediterranean region, Kc ranged from 1.0 to 1.4 in the middle and late
growth periods of greenhouse tomatoes [42]. Hanson and May reported that the average
Kc for tomato in the mid-growth period varied between 0.96 and 1.09 [43]. Stanghellini et al.
found that under field conditions, the wind forced water vapor away from the leaf blade
surface, so the canopy resistance largely depended on the wind speed. In the greenhouse,
the wind speed is very low (5–50 cm·s−1) [44]. The solar greenhouse in this study had no
forced ventilation equipment, and the wind speed in the greenhouse was far lower than
that in the field. Liu’s [45] research results showed that the solar radiation obtained in the
greenhouse decreased by approximately 40% outdoors, but the humidity and temperature
increased by 39.50% and 32.22%, respectively. Compared with outdoors, high temperatures
in the greenhouse will increase the soil evaporation and crop transpiration, while the high
humidity in turn reduces the soil evaporation and crop transpiration [46,47]. The combined
effect of high temperature, high humidity and low wind speed results in a lower Kc value.
A study showed that plastic mulching could reduce the Kc by 10–35% in the middle growth
stage [39,48]. The small fluctuations in air flow in the greenhouse could ensure the relatively
constant boundary layer resistance, and the crop transpiration rate in the greenhouse was
not sensitive to the boundary layer resistance [49]. The Kc values obtained for tomatoes in
a solar greenhouse in this study were slightly lower than those recommended by the FAO
and closer to the Kc values for tomatoes in solar greenhouses in other areas.

The TSS and Vc contents of tomato decreased gradually with the increase in irrigation
amount, which was consistent with prior conclusions [37,50–52]. On one hand, a moderate
water deficit increased the activities of sucrose acid invertase and synthase in tomato fruits
and promoted the conversion of more sucrose to fructose and glucose [53,54]. On the other
hand, water had a dilutive effect on nutrients in tomato fruits, so the soluble solid content
and vitamin C content decreased with the increase in irrigation amount [55]. In this study,
SFW gradually increased with the increase in irrigation amount. Wang et al. found that
the SFW, diameter, and length of tomatoes were mainly determined by the variety and
were also affected by the irrigation treatment because the water content of ripe tomatoes
accounted for more than 90% of its total weight [56]. Studies have shown that a larger
irrigation amount increases the fruit weight and diameter [51,57–59]. The TTA content
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increased at first and then decreased with the increase in irrigation amount, which was
consistent with the conclusions reported by Feng et al. [51,60] and Tang et al. [61]. The
analysis suggested that this might be caused by the metabolic key enzymes used to regulate
the accumulation of TTA, which need a suitable water environment. If the irrigation
amount is too low, it is difficult for plants to absorb water, which is not conducive to the
accumulation of titratable acid. When the water supply is sufficient, it tends to increase
the water content of the fruit, which leads to the dilution of titratable acids. In general,
decreasing the irrigation amount can increase the TSS and Vc contents of tomatoes, and
conversely, increase the SFW of tomato fruits. Moreover, changes in the irrigation amount
can change the flavor of tomato fruits.

In this study, optimal irrigation treatment was obtained in the current fertilization
management level in the Hetian area. The result of this study filled the gap of irrigation
research in the extremely arid desert areas and provided a theoretical basis for the devel-
opment of scientific irrigation schedules in desert agriculture. The ETc is closely related
to irrigation and fertilization measures. Additional studies are highly recommended to
advance our understanding of the effects of fertigation on the tomato growth and yield
as well as irrigation requirements in a solar greenhouse, and to improve the water and
fertilizer management in local protected agriculture, and to eventually realize the efficient
utilization of limited water and soil resources in local areas.

5. Conclusions

The present result indicated that the crop evapotranspiration (ETc) of tomatoes is
closely related to the irrigation amount in a solar greenhouse, varying with the growth
stage. The TOPSIS analysis showed that T4 (120% Ia) was the optimal irrigation treatment
for tomatoes with high quality, high yield, and high WUE. The average daily ETc values
in three tomato growth stages in the autumn–winter and winter–spring seasons were
determined as approximately 2.26, 4.28, and 2.35 mm·d−1 and 1.96, 3.99, and 3.80 mm·d−1

with membrane under drip irrigation. The average crop coefficients (Kc) were 0.49, 1.10,
and 0.76 in the autumn–winter season, and 0.61, 1.09, and 0.78 in the winter–spring season.

The determination of tomato’s water requirements at various growth stages is of
significant importance in developing protected agriculture in the southwest region of
the Taklimakan Desert, Xinjiang, China. This study will help producers to optimize the
application of water and fertilizer in local protected agriculture and also provide guidelines
for other similar regions.

Author Contributions: Data curation, M.H.; Formal analysis, M.H.; Funding acquisition, M.H.;
Investigation, Y.L.; Methodology, M.H., Q.F. and Y.L.; Writing—original draft, M.H.; Writing—
review and editing, Z.Z. and Q.F. All authors have read and agreed to the published version of the
manuscript.

Funding: This study was funded by the Key R & D projects in the Xinjiang Uygur Autonomous
Region, grant number 2020A01003-2, the High School Innovation Team Project in Xinjiang, grant
number XJEDU2017T004; and the Xinjiang Water Conservancy Science and Technology Special Fund
Project, grant number TG2020-1. The authors acknowledge the financial assistance of the above
research projects.

Data Availability Statement: Not applicable.

Acknowledgments: The author also thanks Zhu Pingsheng, The Civil Engineering Department of
Morgan State University, for reviewing and improving the language of the present manuscript.

Conflicts of Interest: The authors declare no conflict of interest.



Water 2022, 14, 3050 17 of 19

Abbreviations

D Deep percolation below the root zone
ET0 Reference crop evapotranspiration
ETc Crop evapotranspiration
Es Saturation vapor pressure of air
ea Actual vapor pressure of air
FC Field capacity
G Soil heat flux at the soil surface
H Root depth
I Irrigation amount
Ia Medium irrigation quota
K Root zone water supplied by groundwater
Kc Crop coefficient
p In Equation (1) is the wetted percentage and in Equation (2) is precipitation
R Surface runoff
Rn Net radiation
Rs Average daily total radiation
RH Relative humidity
SFW Single fruit weight
T Air temperature
TSS Total soluble solids
TTA Total titratable acid
WUE Water use efficiency
Vc Vitamin C
γ Psychrometer constant
∆ Slope of the saturation vapor pressure versus temperature curve
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