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Abstract

:

The solar greenhouse is a common protected structure for crop production when ambient temperatures are low. In the North China Plain (NCP) winter temperatures are very low and an improved solar greenhouse with a lowered soil surface (0.5–1.5 m deep), referred to as a sunken solar greenhouse (SSG), is used. A four-season experiment was conducted in a commercial SSG with tomato crops to characterize internal microclimate, sap flow (SF) and crop coefficients. Results show that temperature inside the SSG could be more than 20 °C higher than outside in winter, which favors tomato growth and resulted in acceptable yields. Daily total SF was related to solar radiation, vapor pressure deficit (VPD) and temperature, in that order, both in winter and summer. The decoupling coefficient (which is the ratio of radiative to aerodynamic influences on evapotranspiration) in daytime was 0.76 in winter and 0.84 in summer, indicating strong decoupling (i.e., predominance of radiative influences) of the internal environment where wind speed was low. Basal crop coefficients at the mid stage of crop growth averaged 1.15–1.43 in winter and 0.91–0.92 in spring and summer. Thus, in the SSG, for similar climatic conditions sap flow in winter was higher than that in summer, which should be considered in irrigation scheduling.
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1. Introduction


Greenhouses are widely used to cultivate offseason cash crops in order to obtain higher yields than in open cropping systems [1,2,3]. In China, greenhouse area is steadily increasing. In 2018 it was 196.4 million hectares, 2.4 times that in 2008 [4]. Vegetable production in these greenhouses accounted for approximately 30% of China’s total vegetable production [4]. The North China Plain (NCP) is one of the main food and vegetable production regions in China, and there, vegetable production in greenhouses is popular due to the low winter temperatures [5,6]. Recently, an improved solar greenhouse was introduced there, with a soil surface 0.5–1.5 m lower than the outside surface, which increases inside air and soil temperatures and improves crop growth in winter [7]. This greenhouse is referred to as a sunken solar greenhouse (SSG). The minimum temperature increases with greenhouse surface depth in the SSG [8]. Because the SSG does not need extra heating and is maintained the same way as a traditional solar greenhouse, SSG popularity has been increasing in NCP.



Microclimate inside the greenhouse is critical for crop growth [9,10] and has been widely investigated [11,12,13,14,15]. Increased air temperatures inside passive, solar heated greenhouses in the winter period in North China are favorable for crop growth [16]. However, the temperature inside the greenhouse can reach 50 °C in summer in central China [17] which is detrimental. This extra high inside temperature in summer can be attenuated by shading and ventilation [18,19,20]. Ahemd et al. [21] reported in a review paper that combining a shading method with ventilation could efficiently improve overall microclimate in sunny regions. However, in cold regions shading reduces heat loss from the greenhouse at night and can maintain temperatures 5 °C higher than outside, thus saving approximately 15–20% of the energy used for heating. Internal relative humidity is always higher than that outside because of the poor ventilation [12,22]. Inside short wave radiation is always lower than that outside due to the transmission of cover materials. The transmissivity of the greenhouse, defined as the ratio of inside short wave radiation to the corresponding outside short wave radiation, ranged from 30% to 95% depending on the cover materials, service time and greenhouse structure [14,23,24]. In the NCP, transparent plastic films are always used to cover the greenhouses, and the transmissivity was reported to be 0.6–0.7 [22,25].



Inside plant transpiration is closely related to inside microclimate. Generally, it is reported that transpiration rate is positively related to inside radiation, temperature and vapor pressure deficit (VPD). Gong et al. [26] found that the correlation coefficients of greenhouse tomato evapotranspiration (ETc) with radiation, temperature and VPD were all greater than 0.6. Mao et al. [27] also reported that the correlation coefficients of plant sap flow with radiation, temperature and VPD of greenhouse tomatoes on sunny days were greater than 0.6. Under most cases, inside plant transpiration is not closely related to inside wind speed because the wind speed is very low (<0.2 m s−1) [28,29,30].



Sap flow methods are widely used to investigate transpiration of plants assuming that the change of water storage in the plant is negligible relative to the daily water flux. Thus, on a daily scale, total sap flow (SF) equals plant transpiration [31,32]. Therefore, SF data are useful for irrigation scheduling and evaluating water use efficiency.



Tomato is one of the favorite vegetables in China, and widely cultivated in greenhouses [33,34,35]. Farmers in the NCP often cultivate tomato plants according to their previous experience with outdoor cultivation. Thus, irrigation rates always exceed plant requirements, leading to low water use efficiency [36,37]. Excessive irrigation in this region may intensify the water shortage problem in the NCP, which has only 8% of the national water resources but produces more than 30% of the national grain yield [38].



Tomato is very vulnerable to high temperature and water stress [33,39,40,41,42]. Sato et al. [40] showed that when the temperature was 32/26 °C in day/night, one variety had 20% less fruit set compared to 28/22 °C, while fruit set for other varieties approached zero (between 1.8% and 0). Ghorbanpour et al. [43] treated 30-day-old tomato plants to 8 °C for 6 days and found that the plants suffered from low temperature stress, which had an impact on plant growth, ion leakage, leaf relative water content and quantum yield. Optimal microclimate would enhance tomato growth and yield production. Therefore, experiment-based knowledge is important for farmers, including appropriate irrigation rates, when crops are cultivated in this new type of greenhouse.



The objectives of this study were to (1) investigate microclimate, (2) analyze the sap flow and its response to microclimate, and (3) determine the crop coefficient in winter, spring and summer seasons in this new type of greenhouse.




2. Materials and Methods


2.1. Experimental Site


A four-season experiment, from September 2018 to January 2020, was conducted in a commercial solar greenhouse at the Dacaozhuang National Breeding Experimental Station in Ningjin County, Hebei Province, China (37°30′6″ N; 114°57′22″ E). Mean annual precipitation is 430 mm, with 60% from July to September; annual mean temperature is 13 °C and the frost-free period is about 200 d. The CO2 level inside the greenhouse was approximately 500 μmol mol−1. The soil texture in the 0–40 cm depth was silty loam [44]. In the upper 40 cm soil layer the mean soil bulk density was 1.40 g cm−3, field capacity was 0.40 cm3 cm−3 and wilting point was 0.22 cm3 cm−3. The measured nitrate nitrogen content in the upper 40 cm soil layer before this experiment was 29.81 mg kg−1, available potassium content 150.5 mg kg−1, and available phosphorus 7.02 mg kg−1.



Photos of the sunken solar greenhouse (SSG) are shown in Figure 1. It had a soil surface 1 m lower than that outside. This structure impedes heat exchange from outside and keeps the inside warm, which is critical for offseason winter crop cultivation in the NCP. The greenhouse was 166 m long in the east-west direction and 10 m wide, covering an area of 1660 m2. The sun is on the south side of the greenhouse aiming to collect as much solar radiation as possible. The northern wall is designed to store heat from solar heating. It was 1.2 m thick at the top and 5 m at the bottom. The greenhouse was clad with a 0.1 mm- thick transparent polyethylene film. A rolled straw curtain was used to cover the top of the greenhouse at night in winter to reduce convective heat loss. There is a vent on the top of the greenhouse near the north wall for natural ventilation. When the inside temperature exceeds 25 °C, the vent is manually opened. The vent was usually opened at noon in the winter for approximately 1–2 h, and was normally open all day in spring and summer. The vent was opened approximately 20 cm in the autumn and winter seasons and 80 cm in the spring and summer seasons.



Tomatoes (Solanum lycopersicum L., variety Jinfenshuoguo) were planted in four seasons, 2018 autumn–winter season (September 2018–January 2019), 2019 spring season (January 2019–June 2019), 2019 summer season (June 2019–August 2019) and 2019 autumn–winter (August 2019–January 2020), referred to as 2018AW (Autumn–Winter), 2019SP (Spring), 2019SU (Summer) and 2019AW, respectively. The tomato seedlings were transplanted when they had four leaves, corresponding to 26–day–old seedlings in spring and summer, and 30 days in autumn and winter.



In the soil, single ridge and double row planting systems were used. Each ridge was 9 m long, 1 m wide and 0.15–0.2 m high. The distance between ridges was 0.4 m, used for plant management and tomato harvest. The distance between rows on each ridge was 0.5 m, and the spacing between plants was 0.4 m, which yielded an average density of 3.6 plants per m2.



Under normal management, tomato plants were grown naturally until height was approximately 170 cm and the fifth branch fruits were flowering, after which the stems above the fifth branch were trimmed. This practice suppresses apical dominance, improves ventilation of the lower part of the plant, and reduces transpiration and nutrient requirements. Further leaves in the lower part of the stem were trimmed at the later growth stage to enhance fruit growth.




2.2. Irrigation and Fertilization


Irrigation was applied by drip. Drip laterals (Hebei Runtian Water-Saving Equipment Co., Ltd., Shijiazhuang, China) were parallel to the crop row, with one lateral (16 mm in diameter) per row. Dripper spacing was 40 cm (one dripper per plant), and dripper discharge 2.5 L h−1 under the working pressure of 0.1 MPa. An underground reservoir of approximately 10 m3 inside the SSG was used for irrigation. A filter, water meter and pressure meter were deployed in the head of the drip irrigation system to control working pressure and record irrigation water amount.



Fertilizer application included base and topdressing fertilizer. The base fertilizer was compound fertilizer with nutrient ratios of N:P2O5:K2O being 15:15:15 (Lomon Land Agriculture Co., Ltd., Mianzhu, China). The topdressing fertilizer used was soluble. In the 2018AW season, the nutrient proportions for the topdressing fertilizer were 15:5:35 (Lomon Land Agriculture Co., Ltd., Mianzhu, China) for N:P2O5:K2O, and in the 2019SU and 2019AW seasons 20:20:20 (Hong Sifang Co., Ltd., Hefei, China). Both soluble fertilizers used in the other three seasons were applied in the 2019SP season. Topdressing fertilizers were applied with the irrigation water as fertigation.



At the outset, irrigation and fertilizer application were carried out by the farmer according to local practice. In the first season, irrigation began when the farmer found that leaf emergence was weak and the growth rates of plant and fruit slowed down. This local irrigation practice resulted in much higher soil water potential and consequently the irrigation efficiency (IE), the ratio of crop evapotranspiration to irrigation amount, was low (0.31). In the following three seasons, we installed three dial type tensiometers (Beijing Waterstar Tech Co., Ltd., Beijing, China) at 20 cm depth under the drip tape to help the farmer schedule irrigation [45,46,47]. When soil matric potential reached −35 kPa irrigation was started.



Total fertilizer application in the four seasons is summarized in Table 1. Nitrogen and potassium were applied according to local practice. Because of the low level of available phosphorus in root zone before the experiment (7.02 mg kg−1), supplemental phosphorus fertilizer was applied. Granular compound fertilizer was spread and mixed with soil during soil tillage and soluble compound fertilizer was applied as topdressing fertilization during the growing season using a Venturi system deployed in the main pipe. The irrigation amount, irrigation events and reference crop evapotranspiration (ETo) are shown in Table 2. In the 2019SU season, tomato plants in the flowering and fruit-setting period in later August suffered from disease and heat stress and few fruits were harvested. Therefore, the farmer aborted the crop, i.e., reduced the irrigation and fertilization and removed all tomato plants before the time of the normal harvest in order to prepare for the following tomato season.




2.3. Plant Growth and Yield Measurements


Plant height and leaf area were measured once a month. At the first measurement, three representative plants were labeled and used for the rest of the season. Leaf area was determined by measuring the maximum length and width of each large stalk leaf. A relationship between leaf area and leaf width and length was derived from measurements on 11 leaves. Individual leaf area was measured using a leaf area meter (Model LI-3000C, LI-COR Biosciences, Lincoln, NE, USA). The fitting result is A = 0.37 L × W with R2 = 0.92 (N = 11), where A is the area of a leaf (cm2), and L and W are leaf length and width, respectively (cm). Leaf area index (LAI) was calculated using the mean leaf area per plant and the soil surface (S, in cm2) covered by a plant, i.e., LAI = ΣA/S.



Marketable fresh tomato yield in the SSG was recorded at each sale date. The seasonal yield was the sum of all sales in a season.




2.4. Sap Flow Measurement


Eight representative plants with similar growth parameters were selected in the middle of the experimental site. One set of sap flow gauges (Flow32-1K, Campbell Scientific, Logan, UT, USA) was installed on each selected plant approximately 15 cm above the ground surface. The measurement period was from flowering and fruit expansion to ripening when plants were big enough for sensor installation and crop evapotranspiration was high. All sap flow data were sampled at 1 min intervals and 30 min means were recorded with a CR1000 datalogger (Campbell Scientific, Logan, UT, USA). Data were regularly downloaded for sap flow calculation and data analysis.




2.5. Stomatal Conductance Measurement


Stomatal conductance (gs) was measured in the middle growth period in the last two seasons using an LI-6800 portable photosynthesis system (LI-COR Biosciences, Lincoln, NE, USA). The first fully grown leaf from the top of the plant was selected. Three leaves from each of three different plants were selected and the mean value was used for data analysis. Measurements were made hourly from 8:00 to 18:00 on 15 July in the 2019SU season, and 11:00 to 16:00 on 21–22 December 2019 in the 2019AW season. The short measurement period on 21–22 December 2019 was because the SSG must be covered by a straw curtain approximately one hour before sunset to reduce heat loss. During the measurement, the environmental conditions in the LI-6800 system tracked the microclimate conditions in the greenhouse, except for the CO2 concentration in the sample chamber, which was set to 400 µmol mol−1 to reduce the effect of the CO2 variations caused by top vent opening and closing on measured stomatal conductance.




2.6. Meteorological and Soil Physical Parameters


Meteorological parameters were measured with a meteorological station deployed in the middle of the greenhouse. The measured variables 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 2 m height. Microclimate parameters were also measured with an automatic climate station in the experimental station. All data inside the SSG and at the experimental station were sampled at 1 min intervals and 30 min averages were stored.



Soil matric potential (Model MPS-6 sensor, METER Group, Inc., Pullman, WA, USA) at 20 cm depth was measured. Sensors were installed at 20 cm depth to measure soil matric potential in the four planting seasons. In order to give farmers access to soil moisture data three dial type tensiometers (Dial-type tensiometer, Beijing Waterstar Tech. Co., Ltd., Beijing, China) were installed in the SSG in the last three planting seasons. Soil temperatures (Model MPS-6 and 5TE, METER Group, Inc., Pullman, WA, USA) were measured at depths of 10, 20, 30 and 40 cm. The data measured by sensors were sampled at 1 min intervals and 30 min average were stored using an EM50 datalogger (METER Group, Inc., Pullman, WA, USA). Data from the manual tensiometer were manually recorded every day.





3. Theoretical Methods


3.1. Reference Crop Evapotranspiration


Hourly reference crop evapotranspiration (ETo,hr) was calculated, and the daily ETo was computed using the FAO 56 Penman–Monteith equation [48].


    ET    o , hr    =   0.418 Δ  (   R n   − G   )   + γ ( 37 / (    T   hr    + 273 ) )   u 2  VPD   Δ  + γ ( 1 + 0.34   u 2  )    



(1)




where ETo,hr is hourly reference evapotranspiration (mm h−1), Rn is hourly net radiation (MJ m−2 h−1), G is hourly soil heat flux density (MJ m−2 h−1), Thr is hourly mean air temperature (°C), Δ is saturation slope of the saturation vapor pressure curve at Thr (kPa °C−1), γ is the psychrometric constant (kPa °C−1), and u2 is hourly mean air velocity at 2 m height (m s−1).



Vapor pressure deficit, VPD (kPa), was computed as


   VPD = 0.6108   exp   (    17.27  T hr     T  hr    + 237.3     )   (  1 −   RH   hr   / 100  )   



(2)




where RHhr is hourly mean relative humidity (%).




3.2. Decoupling Coefficient


The decoupling coefficient (Ω) describes the relative contributions of the radiative and aerodynamic terms to crop transpiration, as described by the Penman–Monteith equation. These terms are the right- and left-hand terms in the numerator of Equation (1) above. When plants are well irrigated and exposed to sunshine, low wind speed and high humidity transpiration is mainly controlled by solar radiation (i.e., decoupled), and Ω approaches 1 [23]. On the other hand, when transpiration is mainly driven by the vapor pressure deficit and wind velocity the contribution of aerodynamic term dominates (i.e., coupled conditions) and Ω tends to 0. The decoupling coefficient Ω was calculated using the following equation [49,50]:


   Ω =     Δ *   + γ     Δ *     + γ   *     



(3)




where Ω is the decoupling coefficient. For greenhouse conditions Δ* and γ* are defined as [50]:


   Δ *  = Δ  (   1 +     r b     r a     )   



(4)






   γ *   = γ   (   1 +     r c  +  r b     r a     )   



(5)




where rb is boundary layer resistance (s m−1), ra is aerodynamic resistance (s m−1), rc is canopy resistance (s m−1).



Boundary layer resistance rb was calculated as [51]:


   r b  =      305 ( D / u )   0.5    LAI    



(6)




where D is the characteristic leaf dimension (m), u is wind speed at 2 m height (m s−1) and LAI is the leaf area index.



The aerodynamic resistance ra was calculated assuming neutral stability as [48]:


   r a   = ln   [     z m   - d     z  om      ]  ln  [     z h   - d     z  oh      ]   k   − 2     u 2   − 1     



(7)




where zm is the height of wind measurements (m); zh is the height of humidity measurements (m); d is zero plane displacement height, taken as (2/3)h (m), h is crop height (m); zom is roughness length governing momentum transfer, taken as 0.123 h (m); zoh is roughness length governing transfer of heat and vapor, taken as 0.1zom (m); k is von Karman’s constant (=0.41) [48].



The canopy resistance rc was calculated as [48]:


   r c  =    r s      LAI   active     =    r s    0.5 LAI    



(8)




where rs is stomatal resistance of well illuminated leaves (s m−1). In this study, we measured the stomatal conductance of the first fully grown leaf from the top of the plant, and rs was calculated as the inverse of stomatal conductance. LAIactive is active leaf area index and is calculated as LAIactive = 0.5 LAI [48], where LAI is leaf area index.




3.3. Irrigation Efficiency


The irrigation efficiency (IE) is defined as the ratio of actual crop evapotranspiration (ETa) to the irrigation amount (I) [52]. In this study, all the soil surface was covered with a plastic sheet to reduce weed growth and maintain a clean surface for fruit harvest. This cover also reduces soil evaporation to negligible amounts. Therefore, crop ETa was assumed to be plant transpiration in this study. The IE was calculated using the following equation:


     IE = ET   a   / I   



(9)




where ETa is crop evapotranspiration (mm), equal to the sap flow in this study; I is irrigation depth (mm).




3.4. Statistical Analysis


All computations in this study were performed using a Microsoft Excel template, and all graphs in this study were created using Origin 2018 (OriginLab Co., Northampton, MA, USA). Statistical analyses were performed using SPSS 20.0 (IBM, New York, NY, USA) to calculate the correlation level between inside and outside microclimate.





4. Results


4.1. Irrigation and Soil Matric Potentials


Table 2 shows irrigation times and amounts during the sap flow measurement period in the four seasons. Total irrigation in the 2018AW, 2019SP and 2019AW seasons were similar and approximately 500 mm. In the 2019SU season, extremely high temperatures inside negatively influenced crop growth, so the farmer aborted the crop, i.e., stopped irrigation and finished the season in order to prepare for the following winter season, which resulted in the lowest irrigation amount (199 mm). During the middle growth stage in which crop growth is rapid and tomato fruits expand, the average total irrigation depth was 42.5 mm in the 2018AW season, decreased to 33.1 mm in the 2019SP season, and was 15.5–27.0 mm in the last two seasons. The decrease in irrigation depth with time is mainly due to the tensiometer application in the last three seasons. This practice resulted in an increase in the irrigation efficiency (IE) from 0.31 in 2018AW to approximately 0.6 in 2019SP and 2019AW seasons. The higher IE (3.03) in the 2019SU season was due to the low irrigation (Table 2) resulting from the farmer’s premature abortion of the crop.



Figure 2 shows the soil matric potentials (SMPs) measured at 20 cm depth in the root zone. In most cases SMPs were higher than −35 kPa, a threshold for non-water-stress conditions [53]. In the 2018AW and 2019AW seasons, SMPs were generally higher than −35 kPa, indicating optimal soil water conditions for the tomato plants [53]. In the 2019 spring and summer seasons, most SMPs were higher than −50 kPa (Figure 2), which is also higher than the threshold of −50 kPa for tomato planted in an open field [54]. Therefore, we conclude that the tomato crop grew with sufficient soil water for most of the experimental period.




4.2. Climate Inside and Outside the Sunken Greenhouse


The daily course and daily average values of climate variables observed inside and outside the greenhouse during the experimental period are shown in Figure 3 and Figure 4, respectively. Generally, inside microclimate was strongly coupled to that outside. Linear relationships between inside and outside conditions are shown in Table 3. The inside wind velocity in the 2018AW season was not measured because of a sensor fault.



Inside solar radiation was linearly related to that outside in the four experimental seasons (R2 of 0.96–0.99). Slopes of the regression lines, i.e., the seasonal mean transmission, ranged from 0.68 to 0.72. Inside air temperatures were much higher than outside during winter. In December 2018, the inside daily maximum, minimum and mean temperatures exceeded those outside by 22.6, 16.7 and 15.8 °C, respectively, and 21.3, 17.9 and 16.3 °C in January. Similarly, in December 2019, inside daily maximum, minimum and mean temperatures exceeded those outside by 22.9, 15.2 and 15.1 °C. On 30 December 2019, temperatures exceeded those outside by 36.9, 22.0 and 19.8 °C (corresponding to outdoor 1.0, −13.1 and −2.9 °C). Inside temperatures were close to outside from April to October, due to the strong exchanges of heat and mass when the top and side vents were fully opened during this period.



In the winter periods of 2018AW and 2019AW, seasonal mean inside RH values were 90.2% and 88.4%, respectively, higher than that (68.1% and 72.0%) outside. However, in summer inside humidity (77.4%) was close to that (75.3%) outside because top and side vents were open all day. Seasonal mean VPDs inside were 0.82 and 1.07 kPa in 2019SP and 2019SU, which were close to those (0.88 and 0.98 kPa) outside. In the winter periods of 2018AW and 2019AW, daily mean VPDs were 0.29 and 0.35 kPa, respectively, and correspondingly higher than those (0.21 and 0.24 kPa) outside. This high inside VPD is mainly because of the higher inside temperature. Inside VPD was less related to that outside in winter (R2 = 0.51 in 2018AW season, and 0.66 in 2019AW season), which could be due to isolated inside environmental conditions caused by the short ventilation period (1–2 h on sunny days or closed all the time on cloudy and snowy days).



Inside daily mean air velocity ranged from 0.14 m s−1 to 0.53 m s−1 with seasonal means of 0.24 m s−1, 0.39 m s−1 and 0.26 m s−1, in 2019SP, 2019SU and 2019AW, respectively. However, outside wind speed varied from 0.1 m s−1 to 4.71 m s−1 in the same period. The lower air velocity with slight variation inside the greenhouse compared to that outside indicates that inside air velocity is less affected by that outside because of the greenhouse cover.



Generally, outside daily ETo was higher than that inside in spring and summer. However, in winter the inside daily ETo was slightly higher than that outside, especially in the period from mid-November to mid-January in both the 2018AW and 2019AW seasons. This is due to the increased inside VPD (+0.02~0.11 kPa or 10~46%) caused by higher temperature (+13.3~13.7 °C) compared to that outside. Total inside ETo values in the SF measurement period in the 2018AW, 2019SP, 2019SU and 2019AW seasons were 64, 184, 101 and 74 mm, respectively, compared to 41, 264, 136 and 51 mm outside. Thus, inside ETo was about 1.51 times that outside in winter, and 0.71 on average in spring and summer.



The daily course of SF (Figure 3g) was similar to that of ETo, and both were high in spring and summer and low in autumn and winter. ETo started at 6:00 then increased to a peak value at 12:00 and thereafter gradually decreased to zero after 18:00 in the 2019SP and 2019SU planting seasons. Similarly, SF reached its peak value during 11:00–13:00 in the autumn–winter planting season. Sap flow was observed from 9:00 to 16:00 in the winter season. This period is much shorter than that in spring and summer seasons (from 6:00 to 18:00), because of the shorter day length and early mat covering before sunset in the winter. The large changes in SF at different periods is in agreement with the yearly curve of ETo (Figure 4f), indicating strong coupling between plant transpiration and microclimate.



Inside daily mean soil temperatures at 10, 20, 30 and 40 cm depths in the four seasons are shown in Figure 5. Differences in soil temperatures at the four depths were small. However, these soil temperatures show clear seasonal and annual changes. Monthly mean soil temperature at 10 cm depth was the lowest, approximately 12 °C, in January, and increased to approximately 30 °C in August. Generally, the seasonal mean soil temperature at 10 cm depth was 12–25 °C in autumn–winter, 20–25 °C in spring and 25–30 °C in summer.




4.3. Daily Total Sap Flow and Basal Crop Coefficient


Daily total SF in different seasons had different trends (Figure 6). Generally, SF was higher in spring and summer (2019SP and 2019SU seasons) and lower in autumn and winter (2018AW and 2019AW). In spring, SF reached the highest value of approximately 5 mm day−1, while the maximum SF was only 3.6 mm day−1 in autumn–winter. Most daily SF in the spring and summer varied between 2 and 4 mm day−1. However, in autumn and winter (2018AW and 2019AW seasons), most SF ranged from 1 to 3 mm day−1.



SF was measured during fruit expansion and ripening when the plant stem was strong enough to hold the sensors and total leaf area changed slightly. The basal crop coefficient Kcb, i.e., the ratio of SF to ETo, was calculated and results are shown in Figure 7. The trend of Kcb was much smoother than that for SF (Figure 6). Values and pattern in the autumn–winter period of 2018AW and 2019AW were similar, with mean Kcb of 1.1 and 1.2, respectively. During the later period, 2018AW, Kcb decreased from 1.2 to 0.8 because of leaf aging and the decrease of LAI from 2.9 to 2.2. The Kcb patterns in spring and summer of 2019SP and 2019SU were similar. The mean value of 0.90 in both seasons was lower than those in the winter periods and varied slightly.




4.4. Crop Growth Factors and Fresh Tomato Yield


Plant growth indexes (including plant height and leaf area index) of tomato in the four planting seasons are shown in Table 4. Plant height and leaf area were measured from the time when plant height reached about 100 cm. After that, leaf area was high and water consumption increased sharply.



In the SF measurement period, maximum plant height reached 170 cm, and leaf area index (LAI) was between 0.92 and 3.35. Due to the artificial pruning performed in the middle of tomato growing, plant height and LAI increased at first, but were later maintained constant in the latter growth period. The 2019SU planting season was different, when, as noted, growth was very poor due to the high inside temperature and the crop was aborted prematurely.



Tomato yield was the largest with 138.0 ton ha−1 in the 2019 SP season, followed by 86.5 ton ha−1 in the 2018AW season and 56.3 ton ha−1 in the 2019 AW season. These yields were close to reported yields of 60–140 ton ha−1 per season in greenhouses in the North China Plain and Northwest China [34,55,56]. Tomato yield in the 2019SU season (10.8 ton ha−1) was much lower than that (56–138 ton ha−1) in the other three seasons due to the extremely high inside temperatures (mean daily maximum temperature of 38.1 °C), which destroyed plant growth and finally resulted in much lower yield [57,58]. This indicates that this SSG is not suitable for tomato cultivation in summer in North China.





5. Discussion


5.1. Sap Flow and Microclimate Variables


Under ample soil water, sap flow is mainly governed by climate and plant morphology, such as LAI [19,59]. We found that the shapes of the daily curves of sap flow followed those of the inside microclimate (Figure 3). This indicates that SF is strongly coupled to inside solar radiation, air temperature and VPD. Similar findings were reported for tomato and rose plants in greenhouse cultivation [14,19,26] as well as in forest stands [27,60,61].



Figure 8 shows the relationships between daily SF and total radiation VPD and daily average temperature, respectively. The highest R2 of 0.85–0.97 was found in the linear regression between daily SF and solar radiation, explaining more than 85% of the variation of SF. This implies that the total radiation may be used to predict the daily sap flow of tomato inside this SSG. The slope ranged from 0.19 to 0.24 in the 2019SP, 2019SU and 2019AW seasons, while it was 0.15 in the 2018AW season. When all data were pooled the slope was 0.20. Strong linear correlations between tomato sap flow and radiation in greenhouses have been reported previously [26,27]. Li et al. [62] modeled tomato plant transpiration in a greenhouse using the random forest regression algorithm and found that radiation intensity had the greatest effect on plant transpiration.



Daily SF was linearly correlated to VPD, as shown in Figure 8b. The high R2 values of 0.85 and 0.91 between SF and VPD were for the autumn–winter season. The slope of the linear regression line was 4.13 mm d−1 kPa−1 in 2018AW and close to that (3.61 mm d−1 kPa−1) in 2019AW, indicating that the relationship is consistent in the winter period. The R2 for these regressions ranged from 0.58 to 0.91, which is lower than that for solar radiation (0.85–0.97; Figure 8a). This is consistent with other studies [28,63]. However, Feng et al. [64] found in a greenhouse that the correlation between the transpiration of pear–jujube trees and VPD was better than that with radiation. This may be due to the deficit irrigation and resulting water stress in their experiment. Plant transpiration under water deficit is dominated by soil water availability and less by radiation, and then plants adjust transpiration according to VPD. Thus, for the well-watered crop in this study, daily SF in the winter could be estimated from the VPD relationship, while in spring and summer other factors should be taken into account to estimate SF along with VPD.



The relationships between SF and temperature can also be fitted with linear equations, but the R2 values of 0.60–0.65 in the winter and 0.24–0.31 in spring and summer were much lower than those for radiation and VPD. This indicates that estimating sap flow using temperature could introduce large errors compared to radiation and VPD. Similar results were reported elsewhere [65,66].



Over the four seasons, daily SF was more closely related to radiation, VPD and temperature in the autumn and winter period than in spring and summer. This is probably due to the isolated microclimate in autumn and winter due to the short time of ventilation. In the spring and autumn, the vent was opened all day, which enhanced energy and mass exchanges between inside and outside. Thus, when ventilation is for a longer time, plant transpiration is affected by multi-microclimate variables and its estimation may require more microclimate variables.




5.2. Basal Crop Coefficient Variation


During the middle growth stage, plants generally reach the highest LAI when all leaves are fully grown, and plants have the highest evapotranspiration when soil water is sufficient [67,68]. The dominating factors for crop ETa in this period were climatic and can be integrated using ETo. The basal crop coefficient Kcb, the ratio of crop transpiration to ETo, in this stage varies slightly and is taken as a constant (Allen et al., 1998). In this study, the sap flow was measured during the fruit expansion and ripening period, when the plant is at maximum LAI (Table 4).



During the middle stage when the SF was measured, there is a significant linear correlation between SF and ETo in the four seasons inside the SSG (Figure 9). The R2 in the regression line between SF and ETo was the highest in the 2019SU season (0.95), followed by that in the 2019SP season (0.83). Lower R2 values of 0.66 and 0.76 were found in the 2018AW and 2019AW seasons, respectively. In the 2019SU season, LAI ranged from 2.07 to 2.34 during the SF measurement period (Table 4), which provided a relatively uniform transpiration surface and resulted in an excellent linear relationship between SF and ETo. However, in the other three seasons, LAI had more variation because of top cutting and leaf trimming, which induced large variation in SF and more deviation from the regression line.



The relationship between SF and ETo was similar in the two winter seasons (2018AW and 2019AW) and that in spring (2019SP season) was similar to summer (2019SU season) (Figure 9). However, the relationship in winter was significantly different from that in spring and summer. If the intercepts of the regression lines are taken as zero, the slopes, i.e., Kcb, were 1.15 and 1.43 in 2018AW and 2019AW, respectively, and 0.91 and 0.92 in spring and summer, respectively. In a solar greenhouse in North China, in the middle and late stage of the tomato growth period, Kcb ranged from 1.02 to 0.65 in spring and summer (from March to July), and basal crop coefficients in the middle stage were 0.94–1.02 [69], which are close to the values reported here. Thus, based on the linear regression results in Figure 9, the crop’s SF in the winter period could be 30–60% higher than in spring and summer for the same ETo. Even so, the actual SF in the fruit growth stages in spring and summer was on average about 16% higher than that in the winter period because of the higher ETo (Figure 3f,g). These results highlight that plant resistance increases with VPD, which in this case resulted in moderate stabilization of SF.



The FAO recommendation for Kcb in the middle stage for tomato is 1.15 when crop height is 1.5–2.0 m high [48]. That Kcb value is slightly smaller than those found here in the winter season (1.15–1.43), and higher than those in spring and summer (0.91–0.92) reported here. Orgaz et al. [69] investigated crop coefficients of four crops in an unheated plastic greenhouse in the Mediterranean and found that peak Kc values for vertically supported greenhouse crops (melon, green beans, watermelon and pepper) varied between 1.3 and 1.4, which are higher than those reported for outdoors. They explained that the tall and open canopy structures of the vertical supported greenhouse crops, along with the high proportion of diffuse radiation inside the greenhouse, allowed for more uniform light penetration into the canopies and enhanced transfer of heat and water vapor [70]. That resulted in higher crop ET rates and finally higher crop coefficients than those of short, non-supported crops. However, Qiu et al. [71] found that in the early and middle growth stages of greenhouse tomatoes with different planting density, the crop coefficient in autumn and winter was between 0.77 and 0.83 in the first season and between 0.94 and 0.97 in the second season, which are smaller than those reported here. Thus, we conclude that crop coefficients may vary with greenhouse and plantation density. Therefore, when calculating crop ETa and planning irrigation in the greenhouse, tomato growth stage, season, greenhouse structure and planting density should be considered.




5.3. Decoupling Coefficient (Ω)


The decoupling coefficient (Ω) is an important parameter to characterize the water vapor exchange between crops and the surrounding atmosphere, which can reflect the degree of stomatal control on transpiration. It was calculated by using measured stomatal conductance, plant morphology (LAI and plant height) and meteorological data, using Equation (3). The daily courses of Ω and the corresponding air velocity and leaf conductance are shown in Figure 10.



The decoupling coefficient before 16:00 in summer was about 0.85 and varied slightly, after that it decreased due to the decline of gs from 0.6 to 0.2 mol m−2 s−1 [72]. In other words, canopy resistance, rc, increased from 65 s m−1 before 16:00 to 165 s m−1 at 18:00, and that led to a decrease in Ω as air velocity decreased. In winter the decoupling coefficient increased from 0.70 at 11:00 to 0.80 at 13:00, then slightly decreased. The higher air velocity in the morning could be the main reason for lower Ω. The average value of the decoupling coefficient in daytime in summer (0.84) was higher than that in winter (0.76). However, these two Ω values are much higher than those for crops and forest plantations in open fields (generally <0.5) [72], indicating that inside transpiration is mainly controlled by net radiation and less by stomata. Transpiration in both winter and summer is largely decoupled from the aerodynamic environment, as confirmed in Figure 8, which shows the close relationship between transpiration and radiation. The stronger relationship between transpiration and VPD in winter (Figure 8) agrees with the finding that Ω in winter is slightly smaller than that in summer.




5.4. Irrigation Efficiency and Irrigation Scheduling


Irrigation efficiency is defined as the ratio of crop evapotranspiration to irrigation water applied [52,73]. This index can be used to evaluate irrigation systems, irrigation scheduling and irrigation management. In the first season (2018AW), the farmer irrigated based on his personal experience. The total irrigation amount of 255 mm was much higher than the 78 mm of plant transpiration during the SF measurement period, resulting in the lowest IE, 0.31. This indicates approximately 70% irrigation water is lost.



In the following three seasons, a tensiometer, installed at 20 cm depth in the root zone, was used for irrigation timing. With the tensiometer, the farmer started irrigation at −25~−35 kPa and we recommended an irrigation depth of 10 mm for each irrigation. With this irrigation scheduling, soil water content declined into the optimal region [53]. In fact, the measured soil matric potentials (SMP) at 20 cm depth in the 2018AW and 2019AW seasons were generally higher than −30 kPa, and reached −50 kPa a few times before irrigation in the 2019SP and 2019SU seasons. The actual irrigation depth per event ranged from 15.5 mm in the 2019SU season to 33.1 mm in the 2019SP season, which was still much lower than the 42.5 mm in the 2018AW season. Although irrigation depth was higher than we recommended, irrigation was still reduced by more than half in the last seasons. In the 2019SP and 2019AW seasons, the measured SFs were 165 mm and 98 mm, respectively, and the corresponding irrigation depths were 265 and 162 mm, which resulted in IEs of 0.62 and 0.60, respectively. It was found that the increased IE of 0.60–0.62 in the 2019SP and 2019AW seasons were much higher than that of 0.31 in the first season. We conclude that although IE increased by >100% in the 2019SP and 2019AW seasons using the recommended method, there is room for further improvement. In the 2019SU planting season, IE reached 3.07 due to the poor growth of crops in the later stage, and farmers reduced irrigation in order to reduce costs.



Optimal irrigation scheduling includes irrigation timing and amount. Our study shows that tomato crop transpiration varied slightly when SMP was higher than −35 kPa in winter, spring and summer seasons, in agreement with other studies [74,75,76]. Therefore, an SMP threshold of −35 kPa is recommended for greenhouse cultivation in the study region.





6. Conclusions


In this study, a four-season experiment was carried out in a newly developed sunken solar greenhouse in the NCP. Inside microclimate, tomato transpiration rate and crop coefficients were analyzed and compared in these four seasons. We conclude that:




	(1)

	
All micrometeorological variables were linearly related to those outside, except for wind speed in all seasons, indicating that most meteorological factors were strongly coupled to outside.




	(2)

	
Daily sap flow of tomato crops was best related to solar radiation, followed by VPD and temperature. The close relationship between sap flow and radiation indicates that crop transpiration is decoupled from the aerodynamic environment, as confirmed by the high decoupling coefficients, 0.84 in summer and 0.76 in winter.




	(3)

	
The basal crop coefficient at the middle stage was 1.15–1.43 in autumn and winter, and 0.91–0.92 in spring and summer, indicating high evapotranspiration potential in winter for the same ETo.




	(4)

	
An optimized irrigation scheduling is recommended for tomato in this SSG, in which crop coefficients can refer to those found here and a threshold soil water matric potential for irrigation is −35 kPa.
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Figure 1. Photos of the sunken solar greenhouse. (a) Inside view during tomato planting. (b) A view of the sunken soil inside. (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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Figure 2. Changes of soil matric potential at 20 cm depth in the four seasons. Blue solid line and red dashed line, respectively, indicate thresholds of soil matric potentials of −35 and −50 kPa for tomato plants, proposed by [53,54]. 
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Figure 3. Daily courses of solar radiation (a), temperature (b), relative humidity (c), vapor pressure deficit (VPD) (d), wind speed (e), reference crop evapotranspiration (ETo) (f) and sap flow (g). Arrows in (a) indicate the starting time of the top vent opening in winter season and solid lines indicate the duration of vent opening in spring and summer seasons. In autumn–winter season, the top vent was mostly opened from 9:00 to 11:00 on sunny days and was opened all day in spring and summer seasons. Typical days shown in Figure 3: 29–30 December in 2018 (2018AW), 21–22 May in 2019 (2019SP), 30–31 July in 2019 (2019SU) and 19–20 December in 2019 (2019AW). 
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Figure 4. Seasonal variations of daily total solar radiation (a), mean temperature (b), relative humidity (c), vapor pressure deficit (VPD) (d), wind speed (e) and reference crop evapotranspiration (ETo) (f). 
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Figure 5. Changes of inside daily mean soil temperatures at 10, 20, 30 and 40 cm depth and inside air temperature in the four seasons. 
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Figure 6. Seasonal course of sap flow. The red line is the 5-day moving average. The average error over the four seasons is ±0.3 mm d−1. 
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Figure 7. Seasonal course of Kcb. The red line is the 5-day moving average. 
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Figure 8. Linear regression results of daily sap flow and solar radiation (a), VPD (b) and daily average temperature (c). Daily sap flow and microclimate variables are dependent and independent variables in the regressed lines, respectively. 
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Figure 9. Linear regressions of inside daily sap flow and ETo in the four experimental seasons. 
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Figure 10. Average daily courses (15 July 2019 and 21 December 2019) of the air velocity, stomatal conductance and decoupling coefficient. 
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Table 1. Growth period and fertilization amounts in each season.
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Planting Season

	
Growth Period

	
Fertilization

	
N (kg ha−1)

	
P2O5 (kg ha−1)

	
K2O (kg ha−1)






	
Autumn–Winter

(2018AW)

	
September 2018–January 2019

	
Base fertilizer

	
114

	
114

	
114




	
Topdressing fertilizer

	
68

	
23

	
159




	
Total

	
182

	
137

	
273




	
Spring

(2019SP)

	
January 2019–June 2019

	
Base fertilizer

	
157

	
157

	
157




	
Topdressing fertilizer

	
110

	
78

	
172




	
Total

	
267

	
235

	
329




	
Summer

(2019SU)

	
June 2019–August 2019

	
Base fertilizer

	
81

	
81

	
81




	
Topdressing fertilizer

	
22

	
22

	
22




	
Total

	
103

	
103

	
103




	
Autumn–Winter

(2019AW)

	
August 2019–January 2020

	
Base fertilizer

	
114

	
114

	
114




	
Topdressing fertilizer

	
91

	
91

	
91




	
Total

	
205

	
205

	
205
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Table 2. Irrigation amount, irrigation events and inside reference crop evapotranspiration (ETo) during the four experimental periods.
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Planting Season

	
Total Irrigation Depth (mm) *

	
Sap Flow Measurement Period **




	
ETo

(mm)

	
Irrigation Depth (mm)

	
Irrigation Events

	
Irrigation Depth per Time (mm)






	
2018AW

	
516

	
64.1

	
255

	
6

	
42.5




	
2019SP

	
491

	
184.0

	
265

	
8

	
33.1




	
2019SU

	
199

	
101.3

	
31

	
2

	
15.5




	
2019AW

	
508

	
74.3

	
162

	
6

	
27.0








Note: * Total irrigation depth is the sum of irrigation amount in each growth season, from the seedling transplanting to the last irrigation event in an experimental season. ** The data in the columns of ETo, irrigation depth, irrigation events and irrigation depth per time were only recorded in the sap flow measurement period. Sap flow was measured in 2018AW from 1 November 2018 to 16 January 2019, in 2019SP from 17 April 2019 to 10 June 2019, in 2019 SU from 10 July 2019 to 13 August 2019, and in 2019AW from 27 October 2019 to 5 January 2020.
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Table 3. Linear regression parameters for the relationships between inside and outside solar radiation, air temperature, relative humidity, VPD, wind speed and ETo in the four planting seasons. Inside and outside factors are dependent and independent variables in the regressed lines, respectively. Term “R2” is the coefficient of determination for the corresponding regressed line.
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Microclimate Variables

	
Experimental Seasons

	
Regressed Lines

	
R2






	
Solar radiation

(MJ m−2 d−1)

	
2018AW

	
Ra(in) = 0.72Ra(out)

	
0.97 **




	
2019SP

	
Ra(in) = 0.72Ra(out)

	
0.96 **




	
2019SU

	
Ra(in) = 0.68Ra(out)

	
0.98 **




	
2019AW

	
Ra(in) = 0.70Ra(out)

	
0.99 **




	
Temperature (°C)

	
2018AW

	
T(in) = 0.33T(out) + 14.34

	
0.60 **




	
2019SP

	
T(in) = 0.34T(out) + 16.46

	
0.60 **




	
2019SU

	
T(in) = 0.82T(out) + 6.55

	
0.78 **




	
2019AW

	
T(in) = 0.37T(out) + 14.45

	
0.65 **




	
Relative humidity (%)

	
2018AW

	
RH(in) = 0.05RH(out) + 86.49

	
0.06 *




	
2019SP

	
RH(in) = 0.39RH(out) + 54.01

	
0.45 **




	
2019SU

	
RH(in) = 0.71RH(out) + 24.07

	
0.93 **




	
2019AW

	
RH(in) = 0.20RH(out) + 67.82

	
0.10 **




	
VPD

(kPa)

	
2018AW

	
VPD(in) = 0.80VPD(out) + 0.07

	
0.51 **




	
2019SP

	
VPD(in) = 0.64VPD(out) + 0.26

	
0.77 **




	
2019SU

	
VPD(in) = 0.69VPD(out) + 0.39

	
0.88 **




	
2019AW

	
VPD(in) = 1.21VPD(out) + 0.11

	
0.66 **




	
Wind speed

(m s−1)

	
2018AW

	
/

	
/




	
2019SP

	
Wind(in) = −0.009Wind(out) + 0.26

	
0.04




	
2019SU

	
Wind(in) = −0.037Wind(out) + 0.43

	
0.24 **




	
2019AW

	
Wind(in) = −0.010Wind(out) + 0.27

	
0.02




	
Daily ETo

(mm d−1)

	
2018AW

	
ETo (in) = 0.42 ETo (out) + 0.60

	
0.45 **




	
2019SP

	
ETo (in) = 0.48 ETo (out) + 1.16

	
0.78 **




	
2019SU

	
ETo (in) = 0.71 ETo (out) + 0.25

	
0.95 **




	
2019AW

	
ETo (in) = 0.57 ETo (out) + 0.64

	
0.88 **








Note: “*” and “**” after numbers in the column “R2” indicates the regression lines are significant at 0.05 and 0.01 level, respectively.
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Table 4. LAI, plant height and yield in each tomato growth season.
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Planting Seasons

	
Date

	
LAI

	
Plant Height/cm

	
Seasonal Yield/ton ha−1






	
2018AW

	
1 November 2018

	
2.86

	
165

	
86.5




	
1 January 2019

	
2.20

	
147




	
2019SP

	
23 March 2019

	
2.23

	
148

	
138.0




	
13 April 2019

	
3.35

	
154




	
28 April 2019

	
3.09

	
159




	
5 May 2019

	
1.92

	
170




	
19 May 2019

	
1.80

	
133




	
7 June 2019

	
2.26

	
149




	
2019SU

	
27 June 2019

	
1.41

	
102

	
10.8




	
15 July 2019

	
2.07

	
142




	
26 July 2019

	
2.19

	
150




	
6 August 2019

	
2.27

	
160




	
16 August 2019

	
2.34

	
170




	
2019AW

	
4 October 2019

	
0.92

	
81

	
56.3




	
26 October 2019

	
1.62

	
119




	
23 November 2019

	
1.55

	
125




	
21 December 2019

	
1.68

	
123
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