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Abstract: In the Northern China Plain (NCP), sunken solar greenhouses (SSG) are now increasingly
being used for vegetable cultivation in winter due to low winter temperatures. Investigating plant
transpiration and determining crop coefficients are helpful when developing irrigation scheduling
and improving crop growth. In this study, a three-season experiment was conducted in a commercial
tomato SSG to investigate changes in microclimate, sap flow (SF), photosynthesis traits and plant
physiological parameters, and to calculate the crop coefficient and evaluate the irrigation efficiency
using current irrigation management practices. Results show that the average transmissivity from top
plastic covers was 0.69, and the inside temperature increased by approximately 10 ◦C in November
and 15–18 ◦C in December, which guaranteed the growth of tomatoes in winter. The leaf photosyn-
thesis rate (Pn) is linearly related to radiation, however, a concave quadratic function is a better fit
for Pn and VPD, with the highest Pn at approximately 1.0 kPa VPD; leaf transpiration is positively
and linearly related to both radiation and VPD. Therefore, increasing greenhouse transmissivity and
maintaining an internal VPD of approximately 1 kPa could produce a high leaf Pn and low transpira-
tion concurrently. Daily total SF was linearly correlated with solar radiation, VPD and temperature
with determination coefficients of 0.87–0.96, 0.89–0.91 and 0.62–0.84, respectively. Correcting the
slope of SF to radiation with VPD (SF = (0.12 + 0.14VPD)Rs), R2 increased by 0.08, and the root mean
square error and relative error decreased by 0.047 mm day−1 and 6.53%, respectively. Therefore, this
integrated equation is recommended to estimate daily tomato transpiration when plant height is
approximately 1.5 m, and the leaf area index (LAI) is between 2 and 2.5. During the fruit expansion
and ripening period, the average basal crop coefficients (Kcb) for greenhouse tomatoes in winter was
between 0.99 and 1.11. The irrigation efficiency increased from 0.3 in the first season to 0.6–0.69 in the
second and third seasons when the tensiometer method was used. Therefore, using the tensiometer
method to guide tomato irrigation could markedly improve irrigation efficiency in greenhouses.

Keywords: greenhouse tomato; sap flow; microclimate; crop coefficient; irrigation water use efficiency

1. Introduction

Due to the low temperatures in winter in the Northern Hemisphere, solar greenhouses
are widely used to improve air temperature and enhance vegetable growth cultivation
globally, including in North China [1]. Tomatoes are a vegetable that is widely consumed
worldwide due to its high contents of lycopene, vitamin C and vitamin B [2,3]. Based on
data from the FAO, the global total production of fresh tomato was 186.82 million tons in
2020, and the production in China accounted for 35% of the total (https://www.fao.org/
faostat/zh/#data/QCL/visualize, accessed on 12 March 2022). The North China Plain
(NCP) is the primary vegetable production region in China and produces approximately
30% of all vegetables produced in China [4].
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Tomato plant growth and yield production are sensitive to soil water status and thus
irrigation [5]. Bogale, et al. [6] found that tomato yields decreased by 24–38% when irriga-
tion was 50% of the full irrigation amount. Liu, et al. [7] showed that with the same amount
of drip irrigation, increasing irrigation frequency can markedly improve the yield, water
use efficiency and some nutritional quality indices of tomatoes. Wang and Xing [8] also
showed that compared with the 100% ETo irrigation level, where ETo is the reference crop
evapotranspiration, the 75% ETo irrigation level increased water use efficiency, lycopene,
and vitamin C by 7.25%, 26.87% and 17.68%, respectively, indicating that excessive irriga-
tion will reduce the quality of tomato fruit. Therefore, developing irrigation scheduling
based on crop water requirements or evapotranspiration could enhance crop production
and improve the quality of tomato fruits.

Under soil surface mulch conditions, crop evapotranspiration (ET) is dominated by
crop transpiration (Tr). Sap flow methods are widely used currently to investigate crop
transpiration [9,10]. At the daily scale, given that the change in water storage in the
crops is negligible compared to the daily water flux, the daily total sap flow (SF) equals
the crop Tr [11,12]. Thus, SF data are used to schedule irrigation and assess water use
efficiency [13–15].

Crop Tr is strongly influenced by microclimate. In most cases, crop Tr is well corre-
lated with solar radiation, vapor pressure deficit and air temperature under sufficient soil
water conditions [10,13,16,17]. However, the correlation between crop Tr and microclimate
depends on the type of crop, growing environment, moisture conditions and agronomic
practices [9,16,18]. Under greenhouse cultivation conditions, crop Tr is reported to first
be related to radiation and vapor pressure deficits due to its strong decoupling condi-
tion [10,19]. Therefore, some radiation-based methods have been developed to estimate
crop ET and Tr under protected cultivation conditions [20,21].

Plant transpiration is also controlled by stomatal conductance. Under protected con-
ditions such as screenhouses, shading could increase canopy conductance for irrigated
citrus, banana plants, grapefruit, and apple orchards [13,22–24]. The increased canopy
conductance under protected conditions may partially compensate for the potential reduc-
tion in photosynthesis due to shading and finally have a marginal effect on crop growth
and yield [13]. Also, Liu, et al. [13] reported that compared with the outside, the banana
Tr inside a screenhouse was reduced by 10% and this reduction rate in banana Tr was
much lower than the 33% reduction in reference crop evapotranspiration ETo and 44% in
water evaporation of a Class-A pan, primarily due to an inside plant regulation mechanism
increasing its canopy conductance to shift the reduction in radiation. Increased stomatal
conductance could thus enhance crop photosynthesis and improve crop growth and yield
production [25,26].

Recently, a new type of solar greenhouse has been used in winter to efficiently improve
the inside temperature in the North China Plain (NCP). This greenhouse is characterized
by a 0.5–2 m lower soil surface and 3–7 m thick back wall compared to a traditional
solar greenhouse, in which the soil surface is the same as the outside surface and the
thickness of the back walls is approximately 20–50 cm [27,28]. Liu, et al. [29] investigated
the microclimate in this new type of greenhouse, which is referred to as a sunken solar
greenhouse (SSG), and found that the inside temperature was on average 16.3–18.2 ◦C
higher than the outside in winter growth seasons, which markedly improved cucumber
growth and resulted in high cucumber yield.

Currently, tomatoes are increasingly cultivated in SSG in North China to achieve high
yields and economic benefits. Based on a field investigation and the literature, local farmers
often use far more water (300~600 mm) than that required (200~300 mm) to avoid water
deficits in greenhouse plants, including tomato and cucumber crops [30–32]. Liu, et al. [33]
compare the total irrigation water in drip irrigation and local furrow irrigation in cucumber
greenhouse and found that the total drip irrigation water (410–640 mm) in seven crop
seasons was approximately half of the furrow irrigation amount (700~1200 mm), however
achieved similar cucumber yield. This high water use practice by local farmers intensifies
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water resource risk in the North China Plain, in which the water resources (including
surface water resource and groundwater resource) per capita are approximately 240 m3

and are 1/30 of 7500 m3 in global mean water [34]. Therefore, it is critical to know the exact
crop evapotranspiration of tomatoes in this new type of greenhouse to support irrigation
planning and water resource allocation.

In this study, a three-season experiment from 2018 to 2021 was conducted in a com-
mercial sunken solar greenhouse on the NCP to (1) investigate the sap flow and plant
transpiration curves in the winter; (2) analyze the sap flow response to the microclimate
and determine the crop coefficient; and (3) evaluate the irrigation water use efficiency in
the winter season in the present cultivation practice in the SSG.

2. Materials and Methods
2.1. Field Description

A three-season winter experiment from September 2018 to January 2021 was per-
formed in a commercial solar greenhouse at the Dacaozhuang National Seed Breeding
Experimental Station in Ningjin County, Hebei Province, China (37◦30′6′ ′ N; 114◦57′22′ ′ E).
Based on the data from the Chinese national weather station in Ningjin county, the annual
mean temperature in the study area is 13 ◦C, and the annual total sunshine hours are ap-
proximately 2430 h. During winter, the monthly mean temperatures are 5, −1 and −3 ◦C in
November, December, and January, respectively, which are not suitable for most vegetables.
The mean annual total precipitation is 430 mm, and the mean annual relative humidity
is 66%. The soil texture at 0–40 cm depth in the greenhouse is silty loam, with a mean
field capacity of 0.40 cm3 cm−3, a wilting point of 0.22 cm3 cm−3 and a soil bulk density of
1.40 g cm−3. The contents of nitrate nitrogen, available potassium, and available phospho-
rus in the 0–40-cm-deep soil layer measured before this experiment were 29.81 mg kg−1,
150.5 mg kg−1, and 7.02 mg kg−1, respectively.

The SSG used in this study is a new type of commercial greenhouse in the NCP. The
soil surface in the SSG is 1 m lower than the ground level. The SSG is 166 m in length
and 10 m in width with a total area of 1660 m2. To collect more solar radiation for plant
growth, the SSG is oriented east–west and faces the south. The top of the back wall is
1.2 m thick, and the bottom is 5 m thick. The top of the greenhouse was covered with a
0.1-mm thick transparent polyethylene film. At night in winter, the outside of the film is
covered with a rolled straw curtain to reduce convective heat loss. The vent at the top of
the greenhouse near the north wall is used for natural ventilation and is typically opened at
noon for approximately 1–2 h when the inside temperature increases to 25–30 ◦C in winter.
Photos of the sunken solar greenhouse (SSG) used in this study are shown in Figure 1.

Figure 1. Photos of the sunken solar greenhouse. (a) A view of the sunken soil inside. (b) Inside view
during tomato planting. (c) Outside view in winter. The front plastic cover faces south, and the rolled
straw cushion is on the top of the roof.
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2.2. Plant Management

Three successive tomato cultivation seasons in winter from September to January
(from September 2018 to January 2021) were included in this study. Tomatoes were planted
in single ridge and double rows, and each ridge was 9 m long, 1 m wide and 0.15–0.2 m
high. The distance between ridges was 0.4 m for field management and tomato harvesting.
The plant spacing was 0.4 m in each row, and the average planting density was 3.6 plants
per m2. Drip irrigation was used in the experiments. A drip tape with 9-m length was
installed in each tomato planting row, and two drip tapes were installed on each ridge.
The length of the drip tape in each row was 9 m length, which was the length of the plant
row. All ridges were covered by 1-m-wide and 0.008-mm-thick black plastic sheets to
reduce weed growth. The empty surface between two adjacent ridges was not covered by
a plastic sheet.

The dripper flow rate was 2.5 L h−1 under a working pressure of 0.1 MPa (Hebei
Runtian Water-Saving Equipment Co., Ltd., Shijiazhuang, China). Irrigation water was
initially taken from a well near the SSG and then stored in a 10 m−3 underground reservoir
inside the SSG. To control the working pressure and record the irrigation water amount, a
filter, water meter, and pressure meter were installed in the drip irrigation system’s head.
In the first season (2018), the farmer irrigated the field according to his experience, and
irrigation generally began when the farmer noticed that leaf emergence was poor, and plant
and growth rates had slowed. With local practice, the soil water content varied widely, and
the water use efficiency was low (see Section 4.1). Then, in the second and third seasons,
we installed three dial-type tensiometers (Beijing Waterstar Tech Co., Ltd., Beijing, China)
at a depth of 20 cm under the drip tape to enable the farmers to schedule irrigation [35–37].
In this case, irrigation was started when the soil matric potential reached −35 kPa. The
total irrigation for the 2018, 2019 and 2020 growing seasons was 516 mm, 508 mm and
461 mm, respectively, and the corresponding irrigation amount per plant were 143, 141 and
128 L plant−1, respectively.

Fertilizer was supplied through basal and top-dressing applications. The base fertilizer
was a compound fertilizer with a N:P2O5:K2O nutrient distribution of 15:15:15 (Lomon
Land Agriculture Co., Ltd., Mianzhu, China). The top-dressing fertilizers were soluble
fertilizers with N:P2O5:K2O nutrient distributions of 15:5:35 (Lomon Land Agriculture Co.,
Ltd., Mianzhu, China) and 20:20:20 (Hong Sifang Co., Ltd., Hefei, China). The average
amounts of N, P2O5 and K2O applied in each planting season were 133 kg ha−1 for the
base fertilizer and 83, 68 and 114 kg ha−1 for the top-dressing fertilizer, respectively. Field
management, including pesticide and fungicide application, crop tip pruning and other
agronomic practices, was the same as local management and was performed by the owner
of the SSG.

3. Measurement
3.1. Sap Flow

The sap flow measurement period was from flowering and expansion to ripening,
during which the tomato plants were sufficiently large to install the sap flow gauges
(Flow32-1K, Campbell Scientific, Logan, UT, USA), and crop transpiration was high. Eight
representative plants with similar growth statuses were selected in the middle of the SSG
for sap flow measurement. These eight plants were arranged in two adjacent crop rows,
with four plants in each row, controlled by two irrigation tapes. The irrigation tape was
9-m length, therefore, the eight selected plants were assumed to accept the same amount
of irrigation water. One set of SF gauges was installed on a plant stem approximately
15 cm above the ground. The measured signals were sampled and converted to sap flow
flux at 60-s intervals, and then averaged and recorded at 30-min intervals using a CR1000
datalogger (Campbell Scientific, Logan, UT, USA).
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3.2. Soil Water

Three soil water sensors (Model MPS-6 sensor, METER Group, Inc., Pullman, WA,
USA) were installed in the SSG to measure the soil matric potential (SMP) 20 cm deep in the
three planting seasons. The SMP data measured by the sensor were sampled at 60-s intervals
and then averaged and recorded at 30-min intervals using an EM50 datalogger (METER
Group, Inc., Pullman, WA, USA). To guide farmers in irrigation, three dial-type tensiometers
(Beijing Waterstar Tech. Co., Ltd., Beijing, China) were installed simultaneously 20 cm
deep in the 2019 and 2020 planting seasons. The tensiometer data were manually recorded
every day.

3.3. Microclimate

Meteorological data were measured in the center of the SSG using a meteorological
station. Monitoring factors included total solar radiation (Model TBQ-2, Jinzhou Sunshine
Technology Co. Ltd., Jinzhou, China), soil heat flux density (HF-1, Jinzhou Sunshine
Technology Co. Ltd., Jinzhou, China), air temperature, relative humidity (Model VP-4,
METER Group, Inc., Pullman, WA, USA) and air velocity (two-dimensional ultrasonic
anemometer ATMOS 22, METER Group, Inc., Pullman, WA, USA) at a height of 2 m. The
microclimate parameters outside the SSG were measured by the automatic climate station
at the experimental station. All microclimate data were sampled at 60-s intervals and
averaged and recorded at 30-min intervals.

3.4. Photosynthetic Index

The photosynthetic parameters of the tomato crop were measured in the middle
growth period in the last two seasons using a Li-6800 portable photosynthesis system
(LI-COR Biosciences, Lincoln, NE, USA). The measured days were 21/12/2019, 22/12/2019,
26/12/2020 and 27/12/2020. During measurement, the first full growth leaf from the top
down was selected. Three leaves from three different plants were selected, and the mean
for each index was used for data analysis. The primary measured indices at the leaf level
included net photosynthetic rate (Pn), transpiration rate (TrL), stomatal conductance (Gs)
and intercellular CO2 concentration (Ci). The measurement period was 11:00–16:00 on
December 21, 2019, 10:00–16:00 on December 22, 2019, and 9:00–16:00 on both December
26 and 27 in 2020. The minor differences in the measurement period among the four days
were due to the outside climate conditions and top-curtain management.

3.5. Plant Growth and Yield

Three sample plants were labeled at the first measurement and then used for the
following measurements in the winter. Plant height and leaf area were first measured when
plant height was approximately 100 cm high and then approximately once a month.

Leaf area was determined by the maximum leaf length and width. Eleven leaves
with different sizes were taken from field plants. The leaf area for each leaf was measured
using a leaf area meter (Model LI-3000C, LI-COR Biosciences, Lincoln, NE, USA), and the
maximum length and width were also measured simultaneously. Then, the relationship
between leaf area and the maximum leaf length and width was fitted as: A = 0.37 L ×W
(N = 11, R2 = 0.92), where A is the area of a leaf (cm2), and L and W are leaf length and
width, respectively (cm). The mean leaf area per plant (A) and the soil surface (S, in cm2)
covered by a plant were used to calculate the leaf area index (LAI), which was derived as
LAI = A/S.

Fresh tomato fruits were harvested and sold in sequence according to the order of fruit
ripening. At each sale date, the total production of fresh tomatoes in the SSG was recorded.
The sum of all sales was recorded as the seasonal tomato yield and then converted to the
amount in unit area (ton ha−1) for data comparison and water productivity calculation. It
should be noted that the tomato yield in this study only considered the saleable fruits.
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4. Calculation
4.1. Reference Crop Evapotranspiration

Because of the extra high aerodynamic resistance induced by low wind velocity
(0.01–0.3 m s−1), ETo will be underestimated in greenhouse under low wind velocity
situations [38]. Therefore, the ETo inside greenhouse, referred to ETo,GH, was computed
using a modified Penman–Monteith method established in greenhouse [38,39], in which a
constant aerodynamic resistance of 295 s m−1 was utilized to counterbalance the effect of
the low wind speed on ETo.

ETo,GH =
0.408∆(Rn − G)+γ(628/(T + 273))VPD

∆+1.24γ
(1)

where ETo,GH is the reference evapotranspiration (mm d−1); Rn is the net radiation (MJ
m−2 d−1); G is the soil heat flux density (MJ m−2 d−1); T is the mean air temperature (◦C);
∆ is the saturation slope of the saturation vapor pressure curve at T (kPa ◦C−1); γ is the
psychrometric constant (kPa ◦C−1); and VPD is the vapor pressure deficit (kPa).

4.2. Basal Crop Coefficient

The basal crop coefficient (Kcb) was defined as the ratio of crop transpiration (Tr) to
reference crop evapotranspiration ETo when the average soil water content of the root zone
was adequate to sustain full plant transpiration [40]. In this study, the soil surface was
covered by a plastic sheet, and the total water use was from crop transpiration. At the daily
base, the crop transpiration amount can be regarded as the daily sap flow when the water
storage in plant tissue is negligible. Then, Kcb is calculated as the ratio of plant sap flow
(SF) to ETo,GH:

Kcb = SF/ETo,GH (2)

where Kcb is the basal crop coefficient; SF is the daily sap flow amount (mm d−1); and
ETo,GH is the daily reference evapotranspiration (mm d−1) in greenhouse.

4.3. Irrigation Water Use Efficiency and Irrigation Water Productivity

The irrigation water use efficiency (IE) is defined as the ratio of real crop evapotran-
spiration to the irrigation water amount (I) [41]. In this study, the irrigation water amount
was directly measured by a water meter deployed in the main pipe, and the real crop evap-
otranspiration was considered to be crop transpiration and was replaced by SF because
the soil surface was covered by plastic sheets, and the soil evaporation can be negligible.
Irrigation water productivity (WPI) is defined as the ratio of crop production to irrigation
water depth [42]. The equations for these two indicators are:

IE =SF/I (3)

WPI = 0.1Y/I (4)

where IE is the irrigation water use efficiency (dimensionless); SF is the measured sap flow
amount (mm); I is the irrigation depth (mm); WPI is the irrigation water productivity (kg m−3);
and Y is the total tomato yield in a growth season (kg ha−1). Because sap flow was
only measured in the flowering and ripening stages, we only calculated the IE in the SF
measurement period, and the irrigation depth in the SF measurement period was used.

4.4. Statistical Analysis

All computations in this study were performed using a Microsoft Excel template, and
all graphs in this study were generated using Origin 2018 (OriginLab Co., Northampton,
MA, USA). The regressed relationships between SF and microclimatic variables were calcu-
lated in Microsoft Excel and evaluated by parameters of the root mean square error (RMSE),
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the mean relative error (MRE), the Nash-Sutcliffe efficiency (NSE), and the determination
coefficient of the regressed lines (R2):

RMSE =

√
1
n

n

∑
i=1

(Pi −Qi)
2 (5)

MRE =
1
n

n

∑
i=1

Pi −Qi
Qi

× 100% (6)

NSE = 1−
n

∑
i=1

(Pi −Qi)
2/

n

∑
i=1

(Pi −Qave)
2 (7)

R2 =

[
n

∑
i=1

(Qi −Qave)(Pi − Pave)/

√
n

∑
i=1

(Qi −Qave)
2(Pi − Pave)

2

]2

(8)

where Pi is the ith simulated value; Qi is the ith observed value; Pave is the mean of the
simulated data; Qave is the mean of the observed data; and n is the total number of observed
values. Low absolute MRE, high NSE and R2, and low RMSE indicate a better fit. When
NSE > 0.5, the fitting result is acceptable [43–45].

5. Results
5.1. Inside and Outside Microclimate and Soil Matric Potential

The inside and outside monthly mean solar radiation, temperature, relative humidity,
vapor pressure deficit and wind speed in October, November, December, and January in
the three experimental seasons are summarized in Table 1. The internal meteorological data
in the first season were measured from October 27, 2018; thus, the mean meteorological
data in October are only for October 27–31 in 2018. Wind speed measurements are missing
for the 2018 season due to instrument damage.

Table 1. Monthly mean values of solar radiation, temperature, relative humidity, vapor pressure
deficit and wind speed.

Years Time
Period

Solar Radiation
/(MJ m−2 d−1)

Temperature
/oC

Relative
Humidity

/%

Vapor Pressure
Deficit
/kPa

Wind Speed
/m s−1

In Out In Out In Out In Out In Out

2018 *
October N.M. ** 14.74 20.91 11.47 57.70 55.61 1.36 0.70 N.M. 1.14
November N.M. 9.33 16.84 6.59 87.86 75.89 0.33 0.26 N.M. 1.27
December 5.94 8.63 13.99 −1.60 91.17 62.34 0.22 0.22 N.M. 1.23

2019
October 8.34 11.62 17.94 14.98 78.18 68.23 0.64 0.62 0.23 1.86
November 5.79 8.33 17.88 7.19 86.73 65.36 0.42 0.38 0.25 0.95
December 4.96 6.92 14.28 −0.37 89.69 71.48 0.31 0.19 0.32 0.41

2020
October 8.92 12.44 18.10 14.16 76.46 60.69 0.67 0.70 0.19 2.12
November 5.07 8.05 16.78 7.57 86.16 68.60 0.40 0.40 0.14 1.15
December 5.73 8.40 16.69 −1.01 84.86 61.98 0.48 0.24 0.14 0.85

Note: * The 2018 meteorological data were measured from 27 October 2018; thus, the October 2018 meteorological
data are only for 27–31 October 2018. Wind speed measurements are missing for 2018 due to instrument damage.
** N.M. means no data for the corresponding items due to instrument problems.

During the winter, the outside solar radiation (Rs) was higher in October
(11–15 MJ m−2 d−1) and then gradually decreased to 6.9–9.3 MJ m−2 d−1 in Novem-
ber and December. Similarly, the interior Rs decreased from 8.3–8.9 to 5–6 MJ m−2 d−1 in
November and December. The transmissivity of the top plastic cover, which is the ratio of
inside and outside Rs, ranged from 0.62 to 0.72 with a mean of 0.69.
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The outside temperature (Temp) decreased from approximately 15 ◦C in October to
–1 ◦C in December. Although the inside temperature showed a sequential decline from
18 ◦C in October to 14–17 ◦C in December, the inside temperature difference among the
three months was small (~2–4 ◦C). The inside monthly mean temperatures were 3–4 ◦C in
October, ~10 ◦C in November and 15–18 ◦C in December higher than the corresponding
outside temperatures, indicating a marked temperature improvement in winter in this SSG.

The inside monthly mean relative humidity (RH) ranged from 57% to 92% and was 2%
to 29% higher than that of outside, primarily due to the short period of natural ventilation.
Particularly in December, the inside monthly mean RH was 29%, 18% and 23% higher
than those outside in the three growing seasons, respectively. The inside vapor pressure
deficit (VPD) was also generally 0–0.67 kPa higher than that of outside due to the 3–18 ◦C
higher temperature, indicating that in most cases, the reduced VPD due to the higher
inside RH is not sufficient to offset the increased VPD due to the higher inside temperature.
The monthly mean inside wind velocities ranged between 0.14 and 0.32 m s−1 due to the
isolated greenhouse environment; the monthly average outside wind speed ranged from
0.41 to 2.12 m s−1.

The soil matric potentials (SMPs) measured at a depth of 20 cm in the root zone
are shown in Figure 2. In the 2018 season, irrigation started when the SMP reached
−15 to −35 kPa, indicating high SMP variation and unstable irrigation management. In the
2019 and 2020 seasons, most irrigation started when the SMP reached the target threshold
of −35 kPa, indicating relatively good irrigation management. Over the three seasons,
the SMPs were higher than −35 kPa, the non-water-stress threshold for tomato by Shock
and Wang [46]. Therefore, tomato crops in the three seasons grew with sufficient soil
water conditions.

Figure 2. Changes in soil matric potential at 20 cm depth in the three seasons. The red dashed line
indicates thresholds of soil matric potentials of −35 kPa for tomato plants, as proposed by Shock and
Wang [46].

5.2. Growth and Yield

Table 2 shows the plant growth indices (LAI and height) and commercial fruit yield in
the three seasons. The measured LAI varied between 0.92 and 3.31, and plant height varied
between 81 and 165 cm. Typically, crop LAI and height may increase with growth, as shown
in the data from the 2019 season. The LAI decreased from 2.86 to 2.2 in the 2018 season and
from 3.3 to 2.2 in the 2020 season. The crop height decreased from 165 to 147 cm in the 2018
season primarily due to crop management. With local practice, the stems and leaves above
the fifth fruit branch were trimmed after the fifth branch had flowered to suppress apical
dominance. The leaves at the lower part of the stems were also removed during the later
growth stages to enhance ventilation and radiation transmission in the canopy as well as to
reduce water and nutrition consumption.
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Table 2. Leaf area index (LAI), plant height and yield in each tomato growth season.

Growth Seasons Date LAI Height/cm Seasonal Yield/ton ha−1

2018 season
2018.11.01 2.86 165

86.52019.01.01 2.20 147

2019 season

2019.10.04 0.92 81

56.3
2019.10.26 1.62 119
2019.11.23 1.55 125
2019.12.21 1.68 123

2020 season
2020.10.05 2.19 111

83.62020.11.10 3.31 155
2020.12.26 2.19 152

The commercial tomato fruit yields were similar in the 2018 and 2020 seasons, with
production levels of 86.5 and 83.6 ton ha−1, respectively. The yield in the 2019 season was
56.3 ton ha−1 and was 33–35% lower than those in the 2018 and 2020 seasons due to the
extra high temperature (maximum daily temperature > 40 ◦C) at the beginning of the 2019
tomato season, which damaged the tomato seedling development, limited tomato plant
growth in the early season, and finally resulted in a smaller plant LAI and lower height
(Table 2).

5.3. Photosynthetic Traits

The diurnal variation in the net photosynthetic rate (Pn), transpiration rate (TrL),
stomatal conductance (Gs) and intercellular CO2 concentration (Ci) from December 21 to
22, 2019, and December 26 to 27, 2020, are shown in Figure 3. Because the SSG must be
covered with a straw curtain approximately one hour before sunset to reduce heat loss and
is uncovered until the inside temperature begins to rise in the morning, the measurement
started at 9:00–11:00 and ended at 16:00.

Figure 3. Diurnal variation in net photosynthetic rate (Pn) (a), transpiration rate (TrL) (b), stomatal
conductance (Gs) (c) and intercellular CO2 concentration (Ci) (d). Typical days shown in Figure 3 are
December 21 to 22 in 2019, and December 26 to 27 in 2020.
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The Pn on sunny days first increased and then decreased in the range of
−1.7 to 6.5 µmol m−2 s−1, and the highest Pn was found at 12:00–13:00. The daily curves
of TrL were similar to those of Pn and varied from 2.1 to 6.9 mmol m−2 s−1. The highest
TrL was found at 12:00–14:00. The highest Gs was generally found in the morning and then
showed a decreasing-flat trend in the afternoon with a range of 0.15 to 0.69 mol m−2 s−1.
Ci first decreased and then increased in the range of 350 to 400 µmol mol−1. The lowest Ci
was found at 12:00–13:00.

5.4. Sap Flow and Basal Crop Coefficient

Sap flow was measured during fruit expansion and ripening. The seasonal trend
of daily SF was consistent with that of ETo,GH (Figure 4a,b). Average SF were 1.3, 1.5,
and 0.7 mm day−1 in November in the 2018, 2019 and 2020 seasons, respectively, and the
corresponding values were 0.9, 1.0, and 0.9 mm day−1 in December. Similarly, the average
ETo,GH were 1.0, 1.2, and 0.8 mm day−1 in November in the 2018, 2019 and 2020 seasons,
respectively, and they were 0.8, 1.0, and 0.8 mm day−1 in December.

Figure 4. Seasonal course of sap flow (a), reference crop evapotranspiration (ETo„GH) (b) and basal
crop coefficient (Kcb) (c) in greenhouse in three seasons. The red line is the 5-day moving average, and
the data in the red line was the averaged value over the five days of the previous two days, present
day and the following two days.

Figure 4c shows the daily basal crop coefficient in the three seasons. Kcb varied
marginally during the experimental period and showed a marginal decline in the later
period in the 2018 and 2019 seasons due to leaf aging. Average Kcb in the SF measurement
period were 1.06, 1.11, and 0.99 in the 2018, 2019, and 2020 seasons, respectively.

In each season, two typical sunny days (December 29 and 30, 2018, December 30
and 31, 2019, and December 24 and 25, 2020) were selected to display the daily courses
of SF, solar radiation, VPD and temperature, as shown in Figure 5. The daily courses of
SF were consistent with the solar radiation, VPD and temperature. All these factors first
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increased in the morning, reached a maximum at noon, and then decreased gradually. The
solar radiation reached maximum between 11:00 and 12:00, and the temperature, VPD and
SF reached their maximums between 13:00 and 14:00. The SF lagged solar radiation by
1–2 h. When the hourly SF, solar radiation, VPD and temperature are normalized, and the
corresponding daily curve is shown in Figure 6, the SF clearly lagged solar radiation.

Figure 5. Daily courses of sap flow with solar radiation (a), vapor pressure difference (VPD) (b) and
temperature (c). Typical days shown are December 29–30 in 2018, December 30–31 in 2019 and
December 24–25 in 2020.

Figure 6. Daily curves of normalized solar radiation, temperature, vapor pressure difference (VPD)
and sap flow (SF). Typical days shown are December 29–30 in 2018, December 30–31 in 2019 and
December 24–25 in 2020.

6. Discussion
6.1. SF and Microclimate Factors

Crop SF is strongly influenced by the climatic environment and plant morphology,
such as LAI, when soil water is abundant [47,48]. As shown in Figures 5 and 6, the shapes of
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the daily curves of SF are consistent with radiation, VPD, and temperature, indicating strong
coupling between crop SF and the inside microclimate. Similar findings were reported for
tomato and rose plants in other studies [9,10,20,21,47,49]. The relationships between daily
SF and these microclimatic variables (i.e., solar radiation, VPD and temperature) during
fruit expansion and ripening were regressed, and results are shown in Table 3.

Table 3. Linear regression results of daily sap flow (SF) and microclimate variables. Fitted data
are for December. The linear fitting of SF with radiation, VPD and temperature was performed
with Microsoft Excel, in which SF and microclimate variables are dependent and independent
variables, respectively.

Microclimate Variables Seasons Regressed Lines RMSE/mm d−1 MRE/% NSE R2

Solar radiation
(MJ m−2 d−1)

2018 SF = 0.16Rs 0.147 6.79 0.82 0.87
2019 SF = 0.21Rs 0.142 4.43 0.94 0.96
2020 SF = 0.15Rs 0.122 0.80 0.85 0.92
All

data SF = 0.18Rs 0.221 8.89 0.79 0.82

VPD
(kPa)

2018 SF = 4.13VPD 0.106 1.13 0.91 0.91
2019 SF = 3.30VPD 0.202 −3.94 0.88 0.89
2020 SF = 1.76VPD 0.104 −1.63 0.90 0.90
All

data SF = 2.92VPD 0.334 −7.29 0.50 0.61

Temperature
(◦C)

2018 SF = 0.15T − 1.12 0.220 5.74 0.61 0.62
2019 SF = 0.21T − 1.94 0.235 7.74 0.84 0.84
2020 SF = 0.16T − 1.90 0.170 −9.88 0.72 0.79
All

data SF = 0.16T − 1.33 0.314 4.98 0.57 0.58

The crop SF was linearly related to solar radiation in the three experimental seasons,
with determination coefficients R2 of 0.87–0.96, indicating that solar radiation accounts for
87–96% of the variation in SF and therefore can be used to predict the daily SF of tomato
in SSG in winter. The slopes of the regression lines ranged from 0.15 to 0.21. When all
data were pooled, the slope was 0.18, and R2 equaled 0.82. The small variation in slope
rate (0.15–0.21) indicated a stable and strong relationship between solar radiation and SF
across different experimental seasons. Similarly, Gong, et al. [20] analyzed the relationship
between tomato crop evapotranspiration (ET) and microclimate in greenhouses by the path
analysis method and found that the correlation between hourly ET and net radiation was
highest with a correlation coefficient of 0.74 under full irrigation and 0.84 under deficient
irrigation. Mao, et al. [10] found that the determination coefficients of tomato SF and light
intensity in greenhouses during the daytime were 0.86 and 0.89 for sunny and cloudy days
in autumn-winter, respectively.

Daily SF was also linearly correlated with VPD (Table 3), and R2 reached 0.89–0.91,
which shows a strong relationship between SF and VPD. However, the slopes of the
regression lines varied widely from 1.76 to 4.13 across the three experimental seasons. When
all data were pooled, the slope was 2.92, and R2 equaled 0.61. Similarly, Qiu, et al. [50]
found that under different water conditions, the R2 of linear fitting between daily sap
flow and VPD of greenhouse tomato was 0.63–0.75. Zheng, et al. [51] studied greenhouse
grapevine under different levels of irrigation and fertilization and found that the R2 of the
linear fit of hourly sap flow and VPD ranged from 0.41 to 0.92.

The relationship between SF and temperature can also be fitted with linear equations,
but R2 equaled 0.62–0.84, which is markedly lower than those of solar radiation (0.87–0.96)
and VPD (0.89–0.91). When all data were pooled, R2 equaled 0.58. Because temperature
is not the direct factor controlling canopy conductance and transpiration, estimating SF
using temperature could result in large errors compared to radiation and VPD, which is
consistent with other studies. Xia, et al. [52] conducted a regression analysis of the SF and
microclimate of the Caragana korshinskii arid desert region of northwest China and found
that the correlation coefficients of SF with solar radiation and VPD were approximately 0.5,
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while the correlation coefficient with temperature was only 0.3. Xu, et al. [53] found that
the coefficients of determination of Populus alba var. pyramidalis SF with radiation and VPD
were between 0.6 and 0.8 but were 0.5 with temperature.

As shown in Table 3, crop SF has good linear fitting results with solar radiation and
VPD. However, the slope rates of the regression line varied to some extent with seasons. To
improve the accuracy of the estimated SF, both solar radiation and VPD were considered,
and the regressed results are shown in Table 4. The fitting results were evaluated using R2,
RMSE, MRE and NSE. When the slope of the regression line of SF to solar radiation was
corrected with VPD, R2 equaled 0.93–0.97 in the three experimental seasons. When all data
were pooled, R2 equaled 0.90. Both MRE (−1.4–3.3%) and NSE (0.87–0.97) were also within
the acceptable range [44,45]. Compared to estimating SF with only radiation (Table 3),
the RMSE and absolute MRE decreased by 0.047 mm day−1 and 6.53%, respectively, and
both NSE and R2 increased by 0.08 when the slope was corrected by VPD. When the
slope of the regression lines of SF to VPD was corrected by solar radiation, the R2 for
the three experimental seasons was between 0.88 and 0.92; the MRE was between 1%
and 3.2%; and the NSE was between 0.87 and 0.91, which are not markedly improved
compared to estimating SF with only VPD (Table 3). Thus, radiation is the dominant
factor for crop transpiration in greenhouses. Therefore, correcting the slope of SF to
radiation with VPD can improve the prediction accuracy of SF estimation and can be used
to estimate daily tomato transpiration when plant height is approximately 1.5 m, and LAI
is between 2 and 2.5.

Table 4. Linear regression to sap flow (SF) was performed with VPD and radiation. The linear fitting
passed through the origin.

Microclimate Variables Seasons Regressed Lines RMSE/mm d−1 MRE/% NSE R2

Solar radiation
(MJ m−2 d−1)

2018 SF = (0.09 + 0.28VPD)Rs 0.098 3.28 0.92 0.93
2019 SF = (0.14 + 0.18VPD)Rs 0.102 2.84 0.97 0.97
2020 SF = (0.07 + 0.14VPD)Rs 0.088 −1.40 0.93 0.93

All data SF = (0.12 + 0.14VPD)Rs 0.174 2.36 0.87 0.90

VPD
(kPa)

2018 SF = (3.32 + 0.13Rs)VPD 0.104 0.98 0.91 0.92
2019 SF = (4.24 − 0.12Rs)VPD 0.207 3.08 0.87 0.88
2020 SF = (1.18 + 0.10Rs)VPD 0.114 3.18 0.87 0.90

All data SF = (3.38 + 0.01Rs)VPD 0.278 8.95 0.67 0.72

6.2. Basal Crop Coefficient of Tomato in This Study and the FAO 56 Paper

The basal crop coefficient is the ratio of crop transpiration under standard conditions
to ETo,GH. In this study, the SMPs were above −35 kPa over the three seasons, indicat-
ing sufficient soil moisture for tomato based on the threshold of −35 kPa by Shock and
Wang [46]. Under water-sufficient conditions in this study, Kcb varied marginally during
the measurement period (from flowering to harvest), except for a small decline in the later
growth stage due to leaf aging, although LAI did not decrease markedly (Figure 4). The
mean Kcb in the middle growth stage (November and December) was 1.06, 1.11 and 0.99 in
the 2018, 2019 and 2020 seasons, respectively.

The FAO recommendation for Kcb of tomato crops in the middle growth stage is 1.1 [40],
which is close to the results (0.99–1.11) in this study. However, Qiu, et al. [54] discovered in
a solar greenhouse that the crop coefficient of tomato in autumn and winter varied from
0.77–0.83 in the first season to 0.94–0.97 in the second season, and explained that the Kc
variation in the same season was primarily caused by planting density. Therefore, we
conclude that Kcb may vary by greenhouse and with planting density. The small variation
in tomato Kcb (0.99–1.11) in the middle stage in the three winter seasons in this study shows
that this SSG could maintain a good and stable microclimatic environment for tomato
growth in winter; thus, the Kcb found in this study can be used to calculate tomato crop
water consumption and plan irrigation scheduling in SSGs on the NCP.
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6.3. Photosynthesis Traits and Microclimate

The daily courses of Pn and leaf transpiration rate TrL were consistent with those of
radiation and VPD (Figures 2 and 4), indicating a strong coupling of Pn and TrL to radiation
and VPD. Similar relationships were found for wheat and conifers outside [55,56] and
for tomatoes in greenhouse cultivation [57]. Figure 7a shows that Pn is linearly related
to solar radiation and generally increasing with increasing radiation. The positive linear
relationship between Pn and radiation shows that increasing inside radiation could enhance
Pn and photosynthetic production accumulation, which may ultimately increase crop yield.
Therefore, improving greenhouse transmissivity using high transmission material is a
useful way to enhance inside crop growth. However, Pn is related to VPD with a concave
quadratic curve (Figure 7b). When VPD is within 0–1 kPa, Pn is positively related to VPD,
and a higher Pn (5–6 µmol m−2 s−1) was found when VPD is approximately 1 kPa. Then, Pn
decreased markedly with increasing VPD (1 to 1.5 kPa). This result shows that a small VPD
(0–1 kPa) could enhance the photosynthesis rate and that a high VPD (>1.0 kPa) may limit
the photosynthesis rate. Li, et al. [25] investigated the plant photosynthesis and stomatal
conductivity of tomatoes in a greenhouse and found that low VPD (<1 kPa) could induce
high stomatal conductivity and photosynthesis under both sufficient and deficient soil
water conditions under the same radiation conditions, indicating a higher radiation use
efficiency for low VPD. Zhang, et al. [58] also found that controlling VPD in greenhouse
tomatoes below 0.5 kPa resulted in higher Pn rates than when VPD was not controlled.

Figure 7. Related relationships of net photosynthetic rate (Pn) with solar radiation (a), Pn with VPD
(b), leaf transpiration rate (TrL) with solar radiation (c), and TrL with VPD (d).
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Figure 7c and d show that leaf TrL was positively related to both solar radiation and
VPD, and their linear relationships were regressed. Generally, increasing radiation could
provide more inside available energy for water vaporization in stomata and finally increase
the transpiration rate. A higher VPD indicates a larger water vapor gradient between
the leaf surface and the surrounding environment, which forces water molecules in the
leaf stomata to leave faster than those with a small vapor gradient based on the water
vapor diffusion law. The response of Pn to VPD is different from that of transpiration.
Lu, et al. [57] and Zhang, et al. [59] also found that for greenhouse tomatoes, there was
higher transpiration and lower photosynthesis at high VPD. Thus, we could control the
VPD to be approximately 1 kPa. In this case, Pn could be the highest, and transpiration
can be reduced at the maximum rate. Shamshiri, et al. [60] also reported that the optimal
VPD range for greenhouse tomatoes is between 0.3 and 1.0 kPa. The relationships between
TrL to radiation and VPD under instantaneous measurement are similar to the relationship
between SF to radiation and VPD at daily scale (Tables 3 and 4), indicating greenhouse
transpiration at both leaf and plant scale are mainly controlled by radiation and VPD. While
it should be noted that, at the leaf scale under instantaneous measurement, the R2 (0.51
and 0.55) in the regression lines between leaf Tr and radiation and VPD (Figure 7c,d) was
smaller than that (0.87–0.96) at the daily scale (Table 3), which indicates that instantaneous
leaf transpiration could be controlled by a complex mechanism and that the prediction
of transpiration at the leaf scale using only microclimate could result in a large error.
Sun, et al. [61] found that the determination coefficient R2 of tomato leaf transpiration and
leaf-to-air vapor pressure deficit was 0.23–0.38, and that leaf transpiration was affected by
both nonstomatal factors, such as soil water conditions and mesophyll conductivity, and
stomatal factors.

6.4. Irrigation Water Productivity and Water Use Efficiency

Under traditional irrigation management, farmers typically irrigate crops based on
their experience. With this management, crops are typically overirrigated, particularly in
greenhouse cultivation, because farmers want to produce the highest yield and gain the
largest economic benefit through overirrigation to reduce water stress risk. In greenhouse
cultivation on the NCP, the seasonal irrigation water ranges between 300 and 600 mm, and
is approximately 50% higher than the crop evapotranspiration (200~300 mm) [10,30–32],
which finally results in an IE as low as 0.3 (Table 5). The excess water coming from
overirrigation finally then leaves the root zone. Along with water seepage, nutrients
(e.g., NO3−N and NH4−N ions) in soil water could leach into the deep soil layer and
groundwater, and thus result in groundwater pollution [62,63].

Table 5. Water productivity (WPI) during the tomato growing period and irrigation depth, sap flow
(SF) amount and irrigation water use efficiency (IE) during SF measurements.

Seasons WPI (kg m−3)
SF Measurement Period *

Irrigation Depth (mm) SF Amount (mm) IE

2018 16.8 255 78 0.31
2019 11.1 162 98 0.60
2020 18.1 52 36 0.69

Note: * Sap flow was measured in the 2018 season from 1 November 2018, to 16 January 2019; in the 2019 season
from 27 October 2019, to January 5, 2020; and in the 2020 season from 12 November 2020, to 27 December 2021.

As shown in Table 5, in this study, the IE in the first season is 0.31 under traditional
irrigation water management by the farmer, indicating that approximately 70% of irrigation
water is lost. This IE is near the reported data between 0.3 and 0.5 under local manage-
ment [33]. In the second and third seasons, the tensiometer method was used to guide
irrigation management. With this improvement, the IE increased to 0.60 in the second
season and 0.69 in the third season. Both showed doubled IE compared to traditional
management in the first season. There is still approximately 30% space for improving
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IE from 0.69 currently to 1.0. Based on this result, we recommend using the tensiometer
method and a –35 kPa soil matric threshold to guide tomato irrigation in greenhouses.

As can be seen from Table 5, water productivity (WPI) was the highest (18.1 kg m−3)
in the 2020 season, followed by 16.8 kg m−3 in the 2018 season and 11.1 kg m−3 in the 2019
season. The minimum WPI in 2019 was primarily due to the lower tomato fruit production
(Table 1). Similar results were reported elsewhere (e.g., 22–24 kg m−3 for drip-irrigated
tomatoes in winter (Li, et al. [64]), 11–16 kg m−3 when irrigation amounts were 50~100%
ETo (Agbna, et al. [65])).

7. Conclusions

In this study, a three-season winter experiment was performed in a commercial sunken
solar greenhouse (SSG) in the NCP to investigate the tomato sap flow and internal microcli-
mate, and to determine the crop coefficient. The primary conclusions are as follows:

1. The SSG can increase the temperature by approximately 10 ◦C in November and 15 to
18 ◦C in December, which is beneficial for tomato growth.

2. The leaf photosynthesis rate is linearly related to solar radiation; however, a concave
quadratic curve is better for Pn and VPD, with the highest Pn at approximately 1.0 kPa
VPD. Leaf transpiration is positively linearly related to solar radiation and VPD, and
the daily sap flow of tomato crops was most related to solar radiation, followed by
VPD. Correcting the slope of SF to radiation with VPD could improve SF estimation
accuracy, yielding a smaller RMSE and MRE. Therefore, this integrated regression
equation is recommended to estimate daily tomato transpiration when plant height is
approximately 1.5 m, and LAI is between 2 and 2.5 in this SSG.

3. The average basal crop coefficients Kcb during tomato fruit expansion and ripening
were 1.06, 1.11, and 0.99 in the 2018, 2019, and 2020 seasons, respectively.

4. The irrigation efficiency increased from 0.3 in the first season to 0.6–0.69 in the second
and third seasons when the tensiometer method was used. Thus, the tensiometer
method by which irrigation begins when the soil matric potential is at a depth of 20 cm
in the root zone is -35 kPa, is recommended to guide tomato irrigation in greenhouses.
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