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Abstract

:

Aerodynamic and canopy resistances have long been considered to be of key interest in model equation parameterization, particularly for the accurate estimation of crop evapotranspiration. However, model parameters applied in greenhouses showed variation affected by the micrometeorological environment. Three experiments were carried out in a plastic greenhouse to evaluate microclimate effects on resistances of a soilless cucumber crop. The regression analysis of canopy-to-air temperature (Tc − Ta) difference on air vapor pressure deficit (VPD) was substituted into the energy balance equation for the estimation of aerodynamic and canopy resistance values. As expected, a fan and pad evaporative cooling system proved to be the more efficient method of decreasing crop temperature (Tc) compared to the forced air ventilation system. The estimated transpiration by the Penman–Monteith model based on calculated aerodynamic and canopy resistance values successfully validated values measured with lysimeters in different growing periods. In this article, we report for the first time the calculation of aerodynamic and canopy resistance values inside a greenhouse based on equations for an open field that were found in the literature. Results may be helpful in Mediterranean greenhouses for direct determinations of plant water evaporative demand and smart climate control systems.
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1. Introduction


Transpiration is an important component of canopy energy and water balance that should be considered, especially for plastic greenhouses in semi-arid regions. Under these conditions, transpiration depends mainly on convection rather than decoupling from the outside atmosphere by the presence of the glass [1]. Therefore, understanding the transpiration process with a focus on the coupling between the greenhouse microclimate and crop is helpful for adopting proper irrigation and climate control management [2,3]. Kimura et al. [4] have demonstrated that the spatiotemporal distribution of leaf boundary layer conductance within a tomato crop canopy may be a useful tool for appropriate microclimate assessment in the greenhouse.



Maintaining high transpiration rates during the day could be a method of cooling a greenhouse and less outflow of drainage emissions into the environment [5,6]. The Penman–Monteith (P–M) equation was the first mathematical model used for open-field estimation of transpiration, (usually) on a daily basis based on the energy balance of the ‘‘big-leaf’’ approach [7]. The model treated the crop canopy as a single leaf, instead of a three-dimensional crop, where all the net radiation was absorbed and from where water vapor and heat escaped [8]. However, problems still exist in the practical application of the P–M equation, namely, in the calculation of the aerodynamic resistance (i.e., resistance from the vegetation upward which involves friction from air flowing over vegetative surfaces; ra) and surface resistance (i.e., resistance of vapor flow through stomata openings, the total leaf area and the soil surface; rs) [9,10]. Crop resistance increases when there is a shortage of water, which limits transpiration. In addition, it is affected to some extent by radiation intensity, vapor pressure deficit and air temperature [8]. Therefore, the P–M formula has been mainly applied as a diagnostic tool for estimating rs for a known transpiration rather than as a prognostic tool for estimating transpiration when the rs is assumed; mainly because rs is affected by prevailing climatic conditions [11]. Allen et al. [12] recommended mean daytime rs values between 50 to 70 s m−1 and 200 s m−1 at night for a standardized height of 0.12 m for clipped grass. Models and logarithmic functions, which describe the turbulent transfer of water vapor between a leaf and the atmosphere related to crops’ geometry characteristics and the speed of air, mainly apply to open field ra calculations. However, within greenhouses under low wind speed conditions, ra tends towards infinity, so these methods may not be recommended [13]. In any case, the analog of Ohm’s law, which describes the water flux resistances through the soil–root–stem–leaf–atmosphere system, indicates that the transpiration rate is inversely proportional to the total resistance R (seconds) and proportional to the total head difference, Δhtotal (cm) [14].



In a greenhouse, several transpiration models have been used with their accuracy pertain to the estimation of crop resistance values and the radiation absorption coefficient [7]. The most commonly used transpiration model in greenhouses is the P–M equation—used many times before and applied in a time scale of minutes. It uses canopy resistance (rc) instead of surface resistance, as greenhouse crops are frequently mulched [15]. However, differences in greenhouse types and equipment, the slow air movement (in greenhouse conditions, the logarithmic law of the wind is not applied), rapid changes in microclimatic conditions and frequent irrigation present additional challenges to calculating crop and aerodynamic resistance within greenhouses [16]. Calculation variations of aerodynamic and canopy resistance values between studies, and differences, which often occur in the transpiration estimation during and after an irrigation event, suggest that these parameters may not only be crop specific but site specific too [17].



The effect of greenhouse microclimate on crop transpiration has been a topic of several investigations in the past; however, research on diurnal changes of crop resistances is scarce [18,19]. Indeed, rc can be estimated indirectly by measuring stomatal conductance (rc is the inverse of stomatal conductance) with porometers or directly with leaf gas exchange systems [20,21,22]. Nevertheless, parameterizing the rc in distributed climate models over short time intervals with the addition of transfers through the substrate–plant–atmosphere continuum calculation can aid in developing efficient water and climate control [3,23].



Κittas et al. [24] stated that in Mediterranean greenhouses a constant rc value could be used for estimating evapotranspiration as it did not significantly influence the rate of transpiration. In contrast, Zolnier et al. [25], working with a hydroponic lettuce crop indicated, that when a constant rc value was used, the rate of transpiration was overestimated with the P–M equation in the early morning and afternoon hours. Yan et al. [26] suggested that days after transplanting and the height of cucumber were the primary influencers of rc values rather than the radiation value.



Some authors suggested that a constant ra value should be only applied in time periods when the greenhouse is kept closed or under very low wind in natural ventilated greenhouse conditions [27]. Baille et al. [28] reported that mean ra constant values ranged between 75 and 495 s m−1 for nine ornamental species, whereas Fernández et al. [29] accurately estimated the daily transpiration rate of a perennial grass crop in a plastic greenhouse with a fixed ra value of 150 s m−1.



In view of the above, the main objectives of this work were (1) to parameterize the aerodynamic (ra) and canopy resistances (rc) of a soilless cucumber crop based on instantaneous leaf temperature measurements, (2) to provide insight into the interdependency of various climatic variables on resistances, and (3) to recommended mean resistance values to be used for proper transpiration estimation and climate control in Mediterranean greenhouses.




2. Materials and Methods


2.1. Site and Experiments


Three experiments were conducted in a plastic gutter-connected greenhouse at the Agricultural Research Institute, Cyprus, in the coastal area of southern Cyprus (lat. 33°44′ N, long. 33°19′ E, altitude 5 m). The greenhouse had three single greenhouse rooms (see Figure 1) with a total covered area of 504 m2 (24 m in length and 21 m in width) and was oriented in a north–south direction. The height of the gutters was 3.50 m, and the ridge height was 5.0 m. The greenhouse cover was an anti-drip low-density clear polyethylene (200 microns thick) film with 55% diffused light transmission, 88% thermal efficiency and 88% global light transmission. The greenhouse floor was completely covered by white plastic film. Natural ventilation was provided by a single continuous roof vent in the middle span with a maximum opening area of 24 m2 (24 m in length and 1 m in width) and a side vent at one wall with a maximum opening area equal to 52.8 m2 (18 m in length and 2.20 m in width). The sidewall and the roof inlet openings were covered of an insect-proof screen. The greenhouse was divided into two independent compartments by a plastic film, with one compartment composed by one span and the other of two spans (Figure 1). Each compartment had a different control system for controlling the greenhouse microclimate. In the first and second experimental periods (March to June, Exp.1; October to December, Exp.2), the climatic treatments were:




	
Fan and pad evaporative cooling (F-PE) combined with natural and a forced air ventilation system in the two-spans greenhouse;



	
A forced air ventilation (FV) system in one-span greenhouse compartment.








In the third experimental period, the following year (March to June, Exp.3), whitewash was applied (suspension of calcium carbonate) to the roof and side walls of one of the spans of the greenhouse (i.e., to the climatic treatment with the forced air ventilation; W-FV).



The ventilation system started operating independently in each compartment when the greenhouse air temperature exceeded 25 °C and 26 °C in the first and second spans of the greenhouse, respectively. The air flow rate of each fan was 31,500 m3 h−1. The fan and pad evaporative cooling system consisted of a 0.15 m thick cellulose pad located on the south gable end wall that was 14 m in width and 1.2 m in height, with the bottom edge 1.3 m above ground level. It started operating when the greenhouse air temperature exceeded 27 °C. During winter, an air heater was used to maintain the minimum air temperature above 12 °C in both climatic treatments.



This work was conducted with the same trials reported by Nikolaou et al. [6,30], evaluating the effects of cooling systems and whitewash on greenhouse microclimate and cucumber growth. The current research reports data of aerodynamic and canopy resistances in a plastic greenhouse based on instantaneous leaf temperature measurements.




2.2. Crop Details


Seeds of the cucumber (Cucumis sativus L. cv. Phenomenon) were sown on rockwool starter blocks (10 × 10 × 6.5 cm) and seedlings (n = 360) were transplanted into rockwool slabs (100 cm × 20 cm × 7.5 cm) (Grodan Company, Denmark) at the stage of two–three true leaves, resulting in a plant density of 1.6 pl. m−2. The number of plants was 120 in each greenhouse span. Polyethylene twine was attached 2.2 m above the plant row on a horizontal wire for supporting the plants. The plants were pruned to conform to the umbrella system, by removing all lateral branches until the plants reached the overhead support wire. Twelve days after transplanting, plants were irrigated at a rate of 0.24 L m−2 at fixed time intervals using standard grower practices. Then, the irrigation amount was increased to 0.32 L m−2 to maintain the drainage fraction close to 35–40% in each climatic treatment. A pyranometer located outside the greenhouse was used for calculating the frequency of irrigation based on solar radiation values following Katsoulas et al. [31]. An irrigation event was triggered by the integral of solar radiation intensity and regularly adjusted as plants grew. Plants were also irrigated at night-time to account for evaporation from the substrate during the dark hours, thus preventing the substrate from drying out [32]. Nutrient solution was applied in all irrigation events with composition based on recommendations of Savvas et al. [33].




2.3. Measurements


An automatic weather station was set up outside the greenhouse. Weather parameters recorded were the net solar radiation (RGo, W m−2; sensor pyranometer type TIR-4P; Bio Instruments Company, Chisinau, Moldova), air temperature (Ti, °C) and relative humidity (RH, %; sensor type PT 100; Galcon, Kfar Blum, Israel). In each greenhouse compartment, sensors of the same type were used for monitoring climatic variables. Air temperature and relative humidity were both measured at 1.20 m above the ground and the net solar radiation at 2.2 m above the ground. All measurements were recorded with a data logger (Galileo controller; Galcon, Kfar Blum, Israel). Measurements were taken every 30 s and averaged every 10 min.



Leaf temperature was monitored with a Phyto Sensor system (Bio Instruments Company, Chisinau, Moldova). The plant sensor network in each climatic treatment consisted of a leaf temperature sensor (Model LT-1z) that was regularly adjusted to crop growth and positioning according to the manufacturer’s protocol. The probe consisted of high precision glass, about a millimeter in diameter, and an encapsulated thermistor with less than 0.15 °C accuracy and a tolerance range of ±0.08 °C. Data were transmitted every 10 min to the main system unit phyto-Logger with micro SD card and received by a PC.



A lysimeter, consisting of a plant supporting system with a rockwool slab of two plants in each treatment, was mounted on the greenhouse ceiling from a suspension load cell (Model 9363; Vishay Precision Group, Malvern, PA, USA; capacity of 50 Kg; ±0.02 g accuracy) for calculating the transpiration rate. The weight loss measured by the electronic balance was assumed to be equal to crop transpiration.




2.4. Theoretical Approach


The energy fluxes between a leaf and its microclimate can be described by the energy balance equation [12,34,35]:


   R n  = G + H + λ Ε  



(1)




where Rn is the energy flux density of net incoming radiation (W m−2), G the soil heat flux density which could be neglected for greenhouse crops [8,36,37], λE is the latent heat flux density due to transpiration (W m−2), H is the sensible heat flux density from the leaf to the air (W m−2).



In their simplest forms, H and λΕ can be determined as [37,38]:


  H =   ρ    C  p      (   T c  −  T a   )     r a     



(2)






  λ Ε =   ρ    C p   (   e s  −  e a   )     [  γ  (   r a  +  r c   )   ]     



(3)




where ρ is the air density (1.078 kg m−3), Cp is the specific heat at constant pressure (1013 J kg−1 °C−1), Tc is the crop temperature (°C), Ta the air temperature (°C), es is the saturation vapor pressure at Tc (kPa), ea is the actual vapor pressure (kPa), (es − ea) is saturation vapor pressure deficit (kPa), ra, is the aerodynamic resistance (s m−1), rc is the canopy resistance (s m−1) and γ is the psychrometric constant (kPa C−1).



However, rc values of a non-stressed crop could not be equal to zero; therefore, we could replace the psychrometric constant γ with a modified psychrometric constant γ* [39]:


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



(4)




where rcp is the canopy resistance (s m−1) and rap is the aerodynamic resistance of a non-stressed crop (s m−1).



Considering Equations (2)–(4), Equation (5) may be rewritten as [34]:


   T c  −  T a  =    r  a p      R n    p    C p    ∗   γ    (  1 +    r  c p      r  a p      )    Δ + γ    (  1 +    r  c p      r  a p      )    −   V P D   Δ + γ  (  1 +    r  c p      r  a p      )           



(5)




where Δ is the slope of the saturation vapor pressure curve at temperature (kPa °C−1).



In any case, the canopy-to-air temperature (Tc − Ta) difference relationship and vapor pressure deficit (VPD) under clear sky conditions for a well-watered crop are linear [40]. Therefore, we can compute the intercept (a) and the slope (b) of the linear regression model of Tc − Ta on VPD, where a and b are defined as below [41]:


  a =    r  a p      R n    ρ    C p    ∗   γ    (  1 +    r  c p      r  a p      )    Δ + γ    (  1 +    r  c p      r  a p      )       



(6)






  b = −  1  Δ + γ  (  1 +    r  c p      r  a p      )         



(7)







According to the same author, the mean aerodynamic and canopy resistance values over a period can be calculated using mean Rn and Δ values as below:


    r ¯   a p     =   ρ    C p  a     R ¯  n  b    (     Δ   ¯  +  1 b   )     



(8)






    r ¯   c p     = −  r  a p      (     Δ ¯  +  1 b  + 1  γ   )   



(9)







In our case, aerodynamic and canopy resistances were parameterized based on ten-minutes interval of leaf temperature and climatic variable measurements and averaged over the growing period.




2.5. Penman–Monteith (P–M) Model Validation


To validate the P–M model, linear regression analysis was used to predict transpiration (based on estimated     r ¯   a p        and      r ¯   c p       values) in the same and different growing period (Equation (10)) [8].


  L E T   =     Δ  (   R n  − G  )  +   p    C p   (   e s  −  e a   )      r ¯   a p         Δ + γ  (  1 +     r ¯   c p         r ¯   a p        )     



(10)




where L is the latent heat of vaporization (J kg−1), ET is the evapotranspiration rate (kg m−2 s−1) and LET is the latent heat flux (W m−2).




2.6. Statistical Analysis


Data were analyzed and comparisons of means were tested with ANOVA using a Statistical Package for the Social Sciences (IBM Corp. Release 2011. IBM SPSS Statistics for Windows, Version 20.0. Armonk, NY, USA: IBM Corp).





3. Results


3.1. Greenhouse Microclimate and Leaf Temperature


The monthly mean external and internal greenhouse climatic parameters during daylight hours are presented in Table 1. Greenhouse air temperature and vapor pressure deficit values were significantly higher in the forced air ventilation climatic treatment (FV and W-FV) as opposed to the fan and pad evaporative system (F-PE). Maximum mean difference values of greenhouse air temperature between climatic treatments were 6.4 °C (Exp.1) in May, 4.4 °C (Exp.2) in November and 1.9 °C (Exp.3) in March. In all climatic treatments, differences between external–internal greenhouse air temperatures became smaller as the plants grew. The mean average VPD differences between climatic treatments over the cropping seasons were 0.8 kPa (Exp.1), 0.23 kPa (Exp.2) and 0.19 kPa (Exp.3). The maximum outside mean monthly solar radiation was 768 W m−2 observed in May (Exp.1) and the minimum 341 W m−2 observed in December (Exp.2). During Exp.1 and Exp.2, the crop inside greenhouse received 30–37% less energy from global solar radiation than the outside. In Exp.3, whitewash application reduced global radiation transmittance through the greenhouse from 31% to 45% resulting in an average solar radiation difference between climatic treatments of 100 W m−2. In Exp.1 and Exp.3, relative humidity inside the greenhouse was close to that of the ambient air and in Exp.2 (November and December) higher than the ambient values (Table 1). Between climatic treatments, differences in relative humidity values were not as high as expected, even though water evaporated directly from the wetted evaporative-pad system within the one greenhouse span.



Higher negative values of canopy-to-air temperature differences (Tc − Ta) were recorded in the forced air ventilation climatic treatment, despite seasonality (Table 1). The mean estimated Tc − Ta differences over the cropping season in Exp.1 were −2.72 °C FV and −1.49 °C F-PE; in Exp.2 were −3.78 °C FV and 1.84 °C F-PE; in Exp.3 were −2.67 °C W-FV and −2.17 °C F-PE. Considering different cropping periods, higher Tc − Ta differences were observed in Exp.2 compared with Exp.1 and Exp.3.




3.2. Model Coefficients and Aerodynamic and Canopy Resistance Estimation


A linear regression analysis between Tc − Ta values derived from Equation (5) and measurements of VPD were computed in each climatic treatment (n = 5000) for the determination of intercept (a) and slope (b) values (Figure 2). The relation between Tc − Ta and VPD values was stronger in Exp.1 and Exp.3 as indicated by a higher coefficient of determination (r2); which was weaker in Exp.2 (Table 2). In the autumn–winter cropping period (March–June), the r2 values ranged from 0.65 to 0.82 (Exp.1 and Exp.3); during winter (Exp.2; October-December) the r2 values were 0.29 and 0.39. The lower r2 values were obtained in the greenhouse compartment with the fan and pad evaporative cooling system. Intercept recorded values were negative for both climatic treatments during Exp.3 (Table 2).



Using Equations (8) and (9), the aerodynamic and canopy resistance values were estimated in each climatic treatment on a ten-minute interval basis for daylight hours. Average resistances on a monthly basis and for each growing period are shown in Table 3. In addition, Table 3 shows the mean inside greenhouse solar radiation values for each experimental period as a direct link between radiation and canopy resistance values observed by many researchers [23,28,42].



The values of rap and rcp calculated in the forced air ventilation climatic treatment were lower than those found in the greenhouse span with the fan and pad evaporative cooling system. The mean monthly rap values varied from 23 to 86 s m−1, and rcp varied from 60 to 179 s m−1. The highest rap values were estimated in Exp.2, and the highest rcp values in Exp.3. Under lower solar radiation values in Exp.2, rcp values declined and rap values increased. Considering mean monthly differences in resistances, statistically significant differences were observed in some cases for rcp values rather than for rap (Table 3).




3.3. Model Validation


Model validation showed a good fit between simulated and measured transpiration values. In Exp.1, when the P–M model were parameterized with the     r ¯   a p        and      r ¯   c p       values during the same growing period, the coefficient of determination (r2) between measured and estimated transpiration was 0.80 in FV and r2 = 0.78 in F-PE. High regression coefficients were also obtained when the     r ¯   a p        and      r ¯   c p       in Exp.2 and Exp.3 were used for calculating transpiration rate in Exp.1, within the same climatic treatments (Table 4).





4. Discussion


In this study, the effect of prevailing greenhouse microclimate on aerodynamic and canopy resistance values of a hydroponically grown cucumber crop in a plastic greenhouse was determined. Common greenhouse climate control equipment was used, as per usual, local greenhouse grower practices, for alleviating the excessive heat load that is usually observed year-round in Mediterranean climate conditions.



Canopy-to-air temperature difference is a well-known indicator of crop stress dependent on crop water status and the micrometeorological environment [34,43]. This study shows that fan and pad evaporative cooling was the most efficient system to decrease the VPD and the greenhouse air and leaf temperatures. The canopy-to-air temperature difference, within the same growing period, was higher in the forced air ventilation treatment as the VPD increased. Gázquez et al. [44] reported similar results when comparing natural ventilation with a fog cooling system in a hydroponically-grown pepper crop. They observed higher pepper transpiration values as the VPD and greenhouse air temperature increased. In addition, a positive correlation between VPD and the greenhouse air exchange rate was reported by Seginer [45,46]. However, despite the lower VPD values in Exp.2 (October–December) compared to Exp.1 and Exp.3 (March–May), higher Tc − Ta differences were observed (Table 1). This was due to the lower greenhouse air temperatures (Table 1). In any case, a stronger linear regression coefficient between Tc − Ta and VPD was calculated in Exp.1 and Exp.3 compared to Exp.2 (Table 2). Notably, only a linear relationship between Tc – Ta and VPD was reported by other researchers, a higher regression coefficient was obtained under clear-sky conditions.



Aerodynamic (rap) and canopy resistance (rcp) values were lower with forced air ventilation than with a fan and pad evaporative cooling system (Table 3). It is well known that ra is related to the air speed (aerodynamic regime). Consequently, it seems that the intensive work of fans in the forced air ventilation treatment induced an excessive air exchange rate, which resulted in lower rap values. In Exp.1, the difference in rap between climatic treatments was 63 s m−1, declined to 22 s m−1 in Exp.2 (the greenhouse was kept closed for longer period during the day) and further declined to 4 s m−1 in Exp.3. In the latter case, smaller differences between climatic treatments were found, as whitewash application reduce the incoming solar radiation values in the forced air ventilated compartment. The internal–external air exchange rate was also the reason for smaller air humidity differences between climatic treatments (even though water evaporated directly into the one compartment). In November and December (Exp.2), the differences between climatic treatments of internal relative humidity were larger and the mean values higher than those of the ambient humidity.



Although in the majority of the energy balance models, rap values are assumed to be constant, however, that hypothesis may not be valid in the case of highly ventilated Mediterranean greenhouses [45]. Nevertheless, significant monthly differences in rap values were observed only in Exp.3. In our case, the mean rap values during the growing period ranged from 24 to 83 s m−1. However, Fernández et al. [29] working with a soil-based crop grown in a passive manually- ventilated, plastic, whitewashed greenhouse in a Mediterranean climate used a much higher constant ra value. Bouhoun Ali et al. [3], in a passive roof ventilated glasshouse, used a constant ra value of 271 s m−1. For a solar greenhouse in China, Gong et al. [15], used a constant ra value of 308 s m−1. On the other hand, the estimated mean rap values for several vegetables reported by O’Toole and Real (1986) ranged between 4 and 14 s m−1. Additionally, Yan et al. [26] suggested that the latent heat fluxes were not affected by changes in daily aerodynamic resistances; therefore, they used a fix daily value of ra = 35 s m−1 for soilless cucumber crop. In any case, Boulard and Wang [47] expressed the ra as a function of specific crop characteristic (length of a leaf) and mean greenhouse air speed.



Although several researchers studied the effect of VPD on crop stomatal conductance (rc is the inverse of stomatal conductance), conflicting results often occurred. Bakker [48] observed a 65% reduction in stomatal conductance when the VPD increased by 1 kPa. In contrast, Montero et al. [42] suggested that that there is no clear evidence that stomatal conductance is directly affected by VPD as no significant reduction in crop stomatal conductance was observed when the VPD increased from 1.4 kPa to 3.4 kPa. Measurements in Mediterranean greenhouses showed that the use of a fog cooling system increased crop stomatal conductance and indicated that maximum values of crop stomatal conductance were observed when solar radiation exceeded 300 W m−2 [28,49]. In our case, we lowered the mean canopy resistance value estimation by 60%, irrespective of the growing period in the forced air ventilation treatment compared to the fan and pad evaporative cooling system. In part, that was due to the higher VPD under the forced air ventilation treatment. The mean estimated values were between 60 and 161 s m−1 within different climatic treatments. Villarreal-Guerrero et al. [50], working with hydroponically grown crops in a greenhouse with an active cooling system, estimated average rc values of 59 s m−1 for pepper and 70 s m−1 for tomato. Yan et al. [26] supported that the days after transplanting constituted the factor that significantly affected the rc values rather than other climatic conditions variables. According to the same author, the cucumber rc declined to less than 100 s m−1 as the plants grew.



Our results suggest that the intensive work of fans leads to excessive air exchange in the forced air ventilation climate and induces higher VPD values, which could be the reason for the higher transpiration rate (see Nikolaou et al. [6]) and lower rc values. This was due to the fact that VPD values were in the range of 2 kPa, indicating non-stressed crop conditions. Shibuya et al. [51] concluded that an increase in the VPD could increase the cucumber transpiration rate. However, in the case of much higher mean VPD values, stomatal functioning is expected to be negatively affected, and higher rc values should be obtained.



The differences in the greenhouse construction type and climate monitoring equipment used may had a direct effect on aerodynamic resistance. In addition, leaf age and leaf area index, as well as different cultivation techniques, may also had a direct effect on canopy resistance. Furthermore, canopy temperature was not based on a dedicated sensing network covering the entire area of the greenhouse and therefore may not represent the real temperature of the canopy. Overall, a high linear coefficient of determination was observed between estimates using the Penman–Monteith model based on parameterized aerodynamic (    r ¯   a p      ) and canopy resistance (    r ¯   c p      ) and values measured with lysimeters.




5. Conclusions


Experiments were conducted in a Mediterranean climate for the parameterization of aerodynamic and canopy resistance values of a soilless cucumber crop based on instantaneous leaf temperature measurements. Crop and aerodynamic resistance values were affected by the cropping period and the greenhouse climate control equipment. Estimated mean aerodynamic and canopy resistance values were successfully fitted for different growing periods using the Penman–Monteith equation. Results may be helpful for greenhouse climate control monitoring systems and estimation of transpiration models under similar climatic conditions.







Author Contributions


Formal analysis, G.N.; investigation, G.N.; methodology, G.N. and D.N.; supervision, D.N. and N.K.; writing, G.N., N.K., E.K. and D.N. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding




Conflicts of Interest


The authors declare no conflict of interest.




Abbreviations




	Exp.1
	First experimental period (March to June)



	Exp.2
	Second experimental period (October to December)



	Exp.3
	Third experimental period (March to June)



	F-PE
	Greenhouse span with a fan and pad evaporative cooling combined with natural and a forced air ventilation system



	FV
	Greenhouse span with a forced air ventilation system



	ra
	Resistance from the vegetation upward which involves friction from air flowing over vegetative surfaces



	RGi
	Internal greenhouse solar radiation



	RGo
	Outside greenhouse solar radiation



	RHi
	Internal greenhouse air relative humidity



	RHo
	Outside greenhouse air relative humidity



	rs
	Resistance of vapor flow through stomatal openings, the total leaf area and the soil surface



	Ta
	Inside greenhouse air temperature



	Tc − Ta
	Canopy-to-air temperature differences



	To
	Outside greenhouse air temperature



	VPD
	Air vapor pressure deficit



	W-FV
	Greenhouse span with a forced ventilation system combined with whitewash
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Figure 1. A photo of cucumber grown in the one greenhouse span (left); a greenhouse span (right) with a forced air ventilation (FV) system (A) and a fan and pad evaporative cooling (F-PE) combined with natural and forced air ventilation system (B). 






Figure 1. A photo of cucumber grown in the one greenhouse span (left); a greenhouse span (right) with a forced air ventilation (FV) system (A) and a fan and pad evaporative cooling (F-PE) combined with natural and forced air ventilation system (B).
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Figure 2. Relationship between canopy minus air temperature (Tc − Ta) and water vapor pressure deficit (VPD); (A,B), first experimental period (March to June); (C,D), second experimental period (October to December); (E,F), third experimental period (March to June); (A,C), greenhouse span with a forced air ventilation system; (E), greenhouse span with a forced air ventilation system and whitewash; (B,D,F), greenhouse span with a fan and pad evaporative cooling system combined with natural and a forced air ventilation system. 






Figure 2. Relationship between canopy minus air temperature (Tc − Ta) and water vapor pressure deficit (VPD); (A,B), first experimental period (March to June); (C,D), second experimental period (October to December); (E,F), third experimental period (March to June); (A,C), greenhouse span with a forced air ventilation system; (E), greenhouse span with a forced air ventilation system and whitewash; (B,D,F), greenhouse span with a fan and pad evaporative cooling system combined with natural and a forced air ventilation system.
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Table 1. Mean values (±standard error) of outside climatic data, leaf to air temperature differences and internal greenhouse microclimates for daylight hours.






Table 1. Mean values (±standard error) of outside climatic data, leaf to air temperature differences and internal greenhouse microclimates for daylight hours.





	

	
Exp.1




	

	
March

	
April

	
May






	
To

	
20.9 (0.10)

	
22.8 (0.09)

	
28.0 (0.08)




	
RHo

	
57.4 (0.04)

	
53.7 (0.02)

	
55.8 (0.03)




	
RGo

	
585 (9.81)

	
698 (7.21)

	
768 (7.05)




	

	
FV

	
F-PE

	
FV

	
F-PE

	
FV

	
F-PE




	
Ta

	
27.3 (0.19)

	
21.5 (0.12)

	
29.2 (0.13)

	
22.1 (0.09)

	
31.9 (0.09)

	
25.5 (0.07)




	
RHi

	
57.6 (0.49)

	
58.2 (0.42)

	
56.2 (0.34)

	
58.5 (0.32)

	
57.3 (0.31)

	
59.1(0.27)




	
VPDi

	
2.1 (0.03)

	
1.3 (0.01)

	
2.0 (0.02)

	
1.3 (0.01)

	
2.3 (0.02)

	
1.4 (0.01)




	
Tc − Ta

	
−2.99 (0.04)

	
−1.27 (0.03)

	
−2.88 (0.05)

	
−1.81 (0.03)

	
−1.78 (0.06)

	
−1.30 (0.07)




	
RGi

	
407 (6.83)

	
486 (5.02)

	
534 (5.22)




	

	
Exp.2




	

	
October

	
November

	
December




	
To

	
27.7 (0.11)

	
21.6 (0.16)

	
21.3 (0.20)




	
RHo

	
56.3 (0.28)

	
61.6 (0.61)

	
71.3 (0.68)




	
RGo

	
531 (5.90)

	
403 (5.50)

	
341 (6.71)




	

	
FV

	
F-PE

	
FV

	
F-PE

	
FV

	
F-PE




	
Ta

	
24.6 (0.25)

	
24.1 (0.13)

	
23.8 (0.22)

	
19.4 (0.15)

	
23.0 (0.33)

	
19.2 (0.25)




	
RHi

	
53.3 (0.57)

	
62.8 (0.28)

	
75.3 (0.43)

	
73.3 (0.51)

	
74.8 (0.75)

	
74.9 (0.78)




	
VPDi

	
1.6 (0.20)

	
1.3 (0.19)

	
0.8 (0.60)

	
0.6 (0.01)

	
0.8 (0.32)

	
0.6 (0.02)




	
Tc − Ta

	
−3.47 (0.08)

	
−1.42 (0.07)

	
−4.10 (0.12)

	
−2.10 (0.15)

	
−3.90 (0.15)

	
−2.09 (0.16)




	
RGi

	
333 (3.70)

	
253 (3.45)

	
214 (4.20)




	

	
Exp.3




	

	
March

	
April

	
May




	
To

	
27.8 (0.11)

	
28.4 (0.08)

	
33.3 (0.08)




	
RHo

	
46.9 (0.34)

	
50.8 (0.18)

	
64.6 (0.52)




	
RGo

	
683 (9.51)

	
667 (7.26)

	
728 (4.47)




	

	
W-FV

	
F-PE

	
W-FV

	
F-PE

	
W-FV

	
F-PE




	
Ta

	
29.3 (0.12)

	
28.1 (0.12)

	
28.7 (0.08)

	
27.3 (0.07)

	
33.3 (0.09)

	
31.4 (0.09)




	
RHi

	
54.5 (0.40)

	
54.9 (0.37)

	
61.3 (0.02)

	
64.5 (0.24)

	
63.5 (0.31)

	
62.4 (0.28)




	
VPDi

	
2.02 (0.02)

	
1.85 (0.02)

	
1.65 (0.01)

	
1.37 (0.01)

	
2.02 (0.02)

	
1.89 (0.02)




	
Tc − Ta

	
−2.38 (0.05)

	
−1.27 (0.04)

	
−2.59 (0.02)

	
−2.20 (0.02)

	
−3.04 (0.04)

	
−2.52 (0.05)




	
RGi

	
363 (5.22)

	
460 (6.62)

	
352 (3.98)

	
446 (5.05)

	
385 (2.46)

	
489 (4.93)








Exp.1, first experimental period (March to June); Exp.2, second experimental period (October to December); Exp.3, third experimental period (March to June); To, outside greenhouse air temperature (°C); RHo, outside greenhouse air relative humidity (%); RGo, outside greenhouse solar radiation (W m−2); iTa, internal greenhouse air temperature (°C); RGi, internal greenhouse solar radiation (W m−2); RHi, inside greenhouse air relative humidity(%); VPDi, internal greenhouse air vapor pressure deficit (kPa); Tc − Ta, crop to air temperature difference (°C); FV, greenhouse span with a forced ventilation system; F-PE, greenhouse span with fan and pad evaporative cooling combined with natural and a forced air ventilation system; W-FV, greenhouse span with a forced air ventilation system combined with whitewash.
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Table 2. Intercepts (a; °C) and slopes (b; °C kPa−1) (±standard error) estimated based on a linear regression model of canopy-to-air temperature difference (Tc − Ta) on VPD for daylight hours.






Table 2. Intercepts (a; °C) and slopes (b; °C kPa−1) (±standard error) estimated based on a linear regression model of canopy-to-air temperature difference (Tc − Ta) on VPD for daylight hours.





	Climatic Treatment
	Intercept (a)
	Slope (b)
	Β
	r2





	Exp.1, FV
	0.40 (0.02)
	−1.66 (0.01)
	−0.87
	0.75



	Exp.1, F-PE
	2.44 (0.02)
	−1.99 (0.01)
	−0.80
	0.65



	Exp.2, FV
	1.30 (0.05)
	−2.81 (0.05)
	−0.62
	0.39



	Exp.2, F-PE
	2.82 (0.04)
	−2.84 (0.06)
	−0.54
	0.29



	Exp.3; W-FV
	−1.13 (0.01)
	−1.59 (0.01)
	−0.90
	0.82



	Exp.3; F-PE
	−0.17 (0.01)
	−2.30 (0.01)
	−0.86
	0.75







B, beta coefficient; r2, correlation coefficient; Exp.1, first experimental period (March to June); Exp.2, second experimental period (October to December); Exp.3, third experimental period (March to June); FV, greenhouse span with a forced air ventilation system; F-PE, greenhouse span with a fan and pad evaporative cooling system combined with natural and a forced air ventilation system; W-FV, greenhouse span with a forced air ventilation system and whitewash.
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Table 3. Mean calculated values (±standard error) of aerodynamic   r ¯  ap (s m−1) and canopy resistances   r ¯  cp (s m−1).






Table 3. Mean calculated values (±standard error) of aerodynamic   r ¯  ap (s m−1) and canopy resistances   r ¯  cp (s m−1).





	
Climatic Treatment

	

	
      r ¯   a p        




	
RGI

	
Mar.

	
Apr.

	
May

	
      r ¯   a p        






	
Exp.1, FV

	
363 (4.65)

	
23 (1.95)

	
26 (2.71)

	
24 (3.72)

	
24 (1.46)




	
Exp.1, F-PE

	
61 (3.59)

	
65 (4.69)

	
69 (7.22)

	
64 (2.66)




	

	
RGI

	
Oct.

	
Nov.

	
Dec.

	
     r ¯   a p       




	
Exp.2, FV

	
249 (3.92)

	
64 (5.81)

	
63 (6.33)

	
50 (6.43)

	
61 (3.69)




	
Exp.2, F-PE

	
86 (6.54)

	
83 (7.41)

	
78 (7.13)

	
83 (4.20)




	

	
RGI

	
Mar.

	
Apr.

	
May

	
     r ¯   a p       




	
Exp.3, W-FV

	
327 (3.23)

	
35 (5.19)

	
45 (2.70)

	
42 (4.15)

	
43 (2.08)




	
Exp.3, F-PE

	
368 (4.11)

	
25 (3.93) a

	
48 (2.37) b

	
54 (3.97) c

	
47 (1.86)




	

	

	
     r ¯   c p       




	

	
RGI

	
Mar.

	
Apr.

	
May

	
     r ¯   c p       




	
Exp.1, FV

	
363 (4.65)

	
60 (3.73)

	
60 (4.62)

	
62 (6.81)

	
60 (2.67)




	
Exp.1, F-PE

	
147 (6.25)

	
152 (8.31)

	
154 (11.30)

	
150 (4.57)




	

	
RGI

	
Oct.

	
Nov.

	
Dec.

	
     r ¯   c p       




	
Exp.2, FV

	
249 (3.92)

	
82 (7.38)

	
75 (7.01)

	
85 (8.81)

	
80 (4.52)




	
Exp.2, F-PE

	
120 (7.86) ac

	
125 (9.00) bc

	
172 (15.62) cab

	
132 (5.65)




	

	
RGI

	
Mar.

	
Apr.

	
May

	
     r ¯   c p       




	
Exp.3, W-FV

	
327 (3.23)

	
127 (9.37) ab

	
152 (4.91) bac

	
133 (7.28) cb

	
144 (3.75)




	
Exp3, F-PE

	
368 (4.11)

	
92 (14.53) abc

	
167 (8.24) ba

	
179 (13.17) ca

	
161 (6.39)








Exp.1, first experimental period (March to June); Exp.2, second experimental period (October to December); Exp.3, third experimental period (March to June); FV, greenhouse span with a forced air ventilation system; F-PE, greenhouse span with a fan and pad evaporative cooling system combined with natural and a forced air ventilation system. W-FV, greenhouse span with a forced ventilation system and whitewash; RGI, inside greenhouse solar radiation (W m−2). Means within columns followed by the same letter are not significantly different according to Duncan’s multiple range test at p ≤ 0.05.
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Table 4. Linear regression coefficient of determination (r2), between transpiration estimated by the Penman–Monteith model based on calculated aerodynamic and canopy resistances and values measured with lysimeters for a 10-day period during daylight hours.






Table 4. Linear regression coefficient of determination (r2), between transpiration estimated by the Penman–Monteith model based on calculated aerodynamic and canopy resistances and values measured with lysimeters for a 10-day period during daylight hours.





	
Experimental Period 1




	
Climatic Treatment

	
      r ¯   a p        

	
      r ¯   c p        

	
Trm

	
Tre

	
Slope (b)

	
r2

	
n






	
Exp.1, FV

	
24

	
60

	
351

	
437

	
   0.74   

	
0.80

	
441




	
Exp.2, FV

	
61

	
80

	
354

	
381

	
   0.83   

	
0.78

	
441




	
Exp.3, W-FV

	
43

	
144

	
349

	
315

	
   0.99   

	
0.77

	
446




	
Exp.1, F-PE

	
64

	
150

	
223

	
260

	
   0.78   

	
0.77

	
489




	
Exp.2, F-PE

	
83

	
132

	
222

	
281

	
   0.72   

	
0.76

	
410




	
Exp.3, F-PE

	
47

	
161

	
222

	
238

	
   0.86   

	
0.76

	
411








Parameterized     r ¯   a p      and      r ¯   c p      values used for the P–M model validation in Exp.1. Values of     r ¯   a p      and      r ¯   c p       (Exp.2 and Exp.3) used for the P–M model validation in Exp.1 within FV and F-PE. Exp.1, first experimental period (March to June); Exp.2, second experimental period (October to December); Exp.3, third experimental period (March to June); FV, greenhouse span with a forced air ventilation system; F-PE, greenhouse span with a fan and pad evaporative cooling system combined with natural and a forced air ventilation system. W-FV, greenhouse span with a force ventilation system and whitewash; Trm, measured transpiration rate (W m−2); Tre, estimated transpiration rate (W m−2); n, number of observations.
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