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Abstract 
Calculations to predict the irrigation water demands in commercial vegetable greenhouses are often 

based on outside solar radiation measurements and drainage volumes. Although these calculations 

are relatively simple to implement, this system does not always result in optimal irrigation water 

delivery. Furthermore, it needs constant monitoring and adjustment by the grower. Scientific literature 

points to several models used to calculate the transpiration of vegetable crops inside a greenhouse 

but the results are hard to compare since different experiment setups were used. This study aimed to 

analyse the accuracy of four different transpiration models, Penman-Monteith, Stanghellini, Priestley-

Taylor, and Takakura for the calculation of tomato transpiration inside a soilless greenhouse. By 

addressing this knowledge gap the outcome of this study provides a step towards more autonomy in 

vegetable horticulture. During the summer a three month experiment was conducted in a Venlo-type 

soilless greenhouse in The Netherlands. The air temperature, relative humidity, wind speed and net 

radiation were measured inside a tomato greenhouse. Hourly transpiration data measured using a 

combination of sap flow sensors and lysimeters, was compared to the four different models. The 

Penman-Monteith and Priestley-Taylor models, intended for outdoor use, had a similar accuracy as 

the Stanghellini and Takakura models that are developed for Venlo-type soilless greenhouse. When 

comparing the models error range to the average hourly transpiration, it is found that the models are 

not accurate enough for irrigation scheduling. A model sensitivity analysis illustrates how changes in 

net radiation, temperature, humidity and wind speed affect modelled tomato transpiration. A 

recommendation on methods to improve model accuracy is made.  
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1 Introduction 

1.1 Relevance: Understanding the Greenhouse Water Cycle 
Greenhouse cultivation protects crops from adverse weather conditions and predators while allowing 

year-round production and improved control over pests and diseases. A further benefit is the ability 

to cultivate crops on latitudes that have climate conditions that are not suitable for plant growth.  

These benefits incentivized a global increase in greenhouse cultivated area, towards an estimated 

405000 ha of greenhouses throughout Europe (Rakhmanin & Dreyer, 2017). The Dutch sector 

constitutes 4989 ha of Venlo-type greenhouses of which 1846 ha tomatoes (CBS, 2022). These 

greenhouses fall into the category ‘high technology’, as the climate is controlled by a computer, and 

the construction is made of galvanized iron support structures, aluminium glass supports, and a glass 

cover. This horticulture sector’s production accounts for 45.5% of the total intra-EU export of tomatoes 

in a 7.3 billion Euro market (Eurostat, 2019). Since tomatoes are in The Netherlands the largest crop in 

both acreage and revenue it is decided to study tomato transpiration.  

Tomato crops grown in a greenhouse are shielded from rainfall and thus require adequate irrigation 

at the right time in order to minimize water stress and maximize yield. Excess water may harm the 

crops by causing waterlogging and root damage, while insufficient irrigation leads to weaker plants 

and poor crop yield (Acquah, et al., 2018). To maintain root tissue permeability roots require an oxygen 

supply from the atmosphere, transported to the roots by the pore system of the growing medium. 

Since the diffusion coefficient of oxygen in water is a multitude of times larger than in air, a growing 

medium filled with water will prevent oxygen from reaching the roots. If the water supply is insufficient 

plants will lose their rigidity and wilt. In the plant water is an essential transport medium for salts and 

assimilates, and furthermore the facilitator of chemical reactions in assimilation and respiration 

(Moene & van Dam, 2014). Typical water content of tomato fruits is larger than 95%. This makes the 

availability of water, in sufficient quantity, essential for a high quality, and thus high-valued, final 

product.  

The greenhouse cover makes it possible to regulate the temperature and humidity by means of heating 

pipes and ventilation windows. In Venlo-type greenhouses the adoption of soilless systems made 

transpiration the largest component of the greenhouse water cycle, since water is no longer leaching 

into the soil. Largely decoupled from the outside atmosphere, a unique microclimate is formed by the 

accumulation of heat and water released at the crop surface. Consequently, the transpiration rate of 

greenhouse crops will reach a stable equilibrium transpiration rate, dependent on the net radiation 

received and the permeability of the cover for water vapour (Katsoulas et al., 2019). The resistance to 

water vapour transport in greenhouses can become much higher than that of an open field due to low 

windspeeds and turbulence. As a consequence, the crop is not only strongly decoupled from the 

outside atmosphere, but also from the greenhouse atmosphere (Katsoulas et al., 2019). 

Estimations on the transpiration of a greenhouse crop are largely dependent of greenhouse 

characteristics and the ability to control relevant greenhouse climate factors (Katsoulas et al., 2019). 

Greenhouse characteristics include variables such as shape, dimensions, cover material, and 

orientation in relation to the sun. Additionally, growers can grow crops in the natural soil or choose for 

a soilless system with various different growing media. Greenhouse climate factors are temperature, 

relative humidity, radiation, ventilation, heating, artificial lighting and shading. Reliable models for 

plant water transpiration must take these factors into account and provide a method to link 

greenhouse climate to tomato transpiration.  
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1.2 Problem statement: Calibration of Greenhouse Transpiration Models 
Traditionally, irrigation management in commercial vegetable production has been based on the 

accumulated experience of growers and technical advisors (Thompson et al., 2020). In Venlo-type 

greenhouse cultivation, however, the indoor climate is both monitored and controlled by a climate 

computer. Currently, the irrigation water demand is predicted based on the outside solar radiation, in 

combination with an adjustment using drainage volumes. Researchers at the Delphy Improvement 

Centre have observed that this system does not always result in optimal irrigation water delivery. The 

most critical period is spring, when sudden increases in radiation and temperature lead to insufficient 

water delivery and rapid adjustments by the growers (Internal communication Delphy, 2021). It is 

uncertain how climate variables, such as temperature, humidity, and turbulence in the air, can be 

incorporated in greenhouse transpiration models.  

Current technology to monitor greenhouse crop water fluxes are weighing lysimeters, sap flow 

measurements and stem diameter gauges. The problem with these methods is that they are difficult 

to implement in cultivation practices, as they are retrospective. The sensors monitor what has 

happened in the greenhouse, while growers are in need of methods to proactively adjust greenhouse 

conditions and irrigation to the climate conditions in the near future. Modelling of crop transpiration 

is seen as an alternative method to quantify crop water use (Villarreal-Guerrero, et al., 2012); 

(Katsoulas & Stanghellini, 2019). Accurately measuring and modelling transpiration is critical for 

optimizing greenhouse water management. Finding and analysing reliable descriptive models is the 

first step towards the ultimate goal of a forecasting model.  

Knowledge of crop transpiration at relatively short time intervals (hours) is necessary for precise 

management of irrigation water and greenhouse climate. Scientific literature points to several 

different models to indirectly calculate transpiration in greenhouses (Karacaet al., 2018; Katsoulas & 

Stanghellini, 2019). This study includes the Penman-Monteith, Priestley-Taylor, Stanghellini, and 

Takakura models. An explanation of the different models and their assumptions can be found in 

Section 2, which describes the Theoretical Framework. Each greenhouse type has a different 

microclimate and climate control equipment (shading, artificial lighting, humidification, heating and 

ventilation) affecting the physical transpiration process. Therefore, results from different studies on 

transpiration model performance is difficult to compare. These existing models have to be analysed in 

a single experiment to know whether they can produce reliable and accurate results for transpiration 

of tomato plants in greenhouse cultivation.  

1.3 Research objective 
The objective for this research is to provide a recommendation on the most accurate model for the 

calculation of the irrigation water demand of tomato plants grown in a Venlo-type soilless greenhouse. 

This is done by comparing four different transpiration models (Penman-Monteith, Priestley-Taylor, 

Stanghellini, and Takakura) that establish transpiration rates in greenhouse cultivation. The model 

validity is checked by comparison with measurements of transpiration by weighing lysimeters 

combined with sap-flow sensors. When the water demand can be met more exactly, this will ensure 

the plants do not experience water stress during their growth and thus production security is 

improved. Finally, this study aims to identify the most dominant parameters for predicting 

transpiration rates of tomato plants grown in a greenhouse. 

1.4 Research question 
To address the existing knowledge gap, this research will answer the following research question: 

How accurately can tomato transpiration in a greenhouse be reproduced in relation to the number of 

observed variables in the reproduction model? 
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To aid answering this research question the following sub-questions are defined: 

1. How accurately can existing models reproduce tomato transpiration observations in a Venlo-

type soilless greenhouse? 

2. What is the sensitivity of the individual parameters in the different transpiration models? 

3. Which parameters constitute the best performing transpiration model? 

2 Theoretical framework: Transpiration of a Greenhouse Crop Based 

on Microclimate Conditions 
Transpiration is defined as the change of state of water from liquid to vapor that occurs in the stomatal 

cavities of leaves (Miralles et al., 2020). Water is absorbed by the roots from the growing media and 

transported as a liquid to the leaves via xylem. In the leaves water is allowed to escape as vapor by 

small pores, called stomata. These stomata regulate the rate of transpiration by opening and closing. 

This process of transpiration keeps the cells turgid, helps the transport of minerals from the rootzone 

to different parts of the plant, and regulates the temperature of the leaves (Moene & van Dam, 2014). 

Crop transpiration can be determined with indirect climate-based models, or with direct measurement 

by weighing lysimeters or drainage balances (Incrocci, et al., 2020). Weighing lysimeters that directly 

measure the loss of water from the soil due to evaporation and from plants by transpiration, are the 

most accurate measurement of transpiration (Acquah, et al., 2018). The indirect climate-based models 

as described in this study estimate the transpiration based on meteorological conditions (e.g., 

temperature, humidity, wind speed, radiation) and plant characteristics like leave area index (LAI) and 

resistance to water vapour transport. In this study soil moisture is neglected as the tomato plants are 

grown in rockwool slabs covered in impermeable plastic.  

Based on a literature study four models are chosen to be analysed in an experimental greenhouse: 

Penman-Monteith, Stanghellini, Priestley-Taylor, and Takakura (Equation 1-4). The Penman-Monteith 

and Stanghellini models are physically based, whereas the models Priestley-Taylor and Takakura are 

empirically derived simplifications of Penman-Monteith. The Stanghellini and Takakura models are 

specially developed for the use in greenhouses (Stanghellini, 1987; Takakura et al., 2009), while the 

Penman-Monteith and Priestley-Taylor models were develloped for outdoor use (Allen et al., 1998; 

Priestley & Taylor, 1972). These four models are chosen because they are used to estimate 

transpiration inside greenhouses in different studies (Donatelli et al., 2006; Gong et al., 2020; Incrocci 

et al., 2020; Karaca et al., 2018; Katsoulas & Stanghellini, 2019). In the following sections the four 

models will be explained (Section 2.1-2.4).  

𝑃𝑒𝑛𝑚𝑎𝑛 − 𝑀𝑜𝑛𝑡𝑒𝑖𝑡ℎ:        𝐿𝐸 =
𝛥(𝑅𝑛 − 𝐺) + 𝜌𝑎𝑐𝑝

(𝑒𝑠 − 𝑒𝑎)
𝑟𝑎

𝛥 + 𝛾 (1 +
𝑟𝑠
𝑟𝑎

)
        𝑊𝑖𝑡ℎ 𝑟𝑎 = 𝑟𝑎

𝑝               (1)     

𝑆𝑡𝑎𝑛𝑔ℎ𝑒𝑙𝑙𝑖𝑛𝑖:       𝐿𝐸 =  
𝛥(𝑅𝑛 − 𝐺) + (𝜌𝑎 𝐶𝑝  

2 𝐿𝐴𝐼(𝑒𝑠 − 𝑒𝑎)
𝑟𝑟

)

𝛥 + 𝛾 (1 +
𝑟𝑖
𝑟𝑎

)
       𝑊𝑖𝑡ℎ 𝑟𝑎 = 𝑟𝑎

𝑠           (2) 

𝑃𝑟𝑖𝑒𝑠𝑡𝑙𝑒𝑦 − 𝑇𝑎𝑖𝑙𝑜𝑟:                                         𝐿𝐸 = 𝛼
𝛥

𝛥 + 𝛾
𝑅𝑛 − 𝐺                                            (3) 

𝑇𝑎𝑘𝑎𝑘𝑢𝑟𝑎:                                             𝐿𝐸 = 𝑅𝑛 − ℎ(𝑇 − 𝑇𝑤) − 𝐺                                               (4) 
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Table 1, Explanation of symbols used in (Equations 1 – 4) 

Model Explanation of symbols Reference 

Penman-
Monteith 

LE                Reference evaporation [W m-2] 
Δ                   Slope vapour pressure curve [Pa °C-1] 

Rn                 Net radiation at the crop surface [W m-2] 
G              Soil heat flux density [W m-2] 
ρa              Mean atmospheric density at constant pressure [kg m-3] 
Cp               Specific heat of air [J kg-1 °C-1] 
ea                  Actual vapour pressure [Pa] 
es                   Saturation vapour pressure [Pa] 
γ                     Psychrometric constant [Pa °C-1] 
ra

p             Aerodynamic resistance [s m-1] 
rs              Surface resistance [s m-1] 

(Allen et al., 
1998) 

Stanghellini LAI                 Leaf area index [m2 m-2] 
ra

s              Aerodynamic resistance [s m-1] 
rr                     Radiative resistance [s m-1] 
ri                     Internal resistance [s m-1] 
 

(Stanghellini, 
1987) 

Priestley-Taylor α               Dimensionless constant (1.26) (Priestley & 
Taylor, 1972) 

Takakura h                      Coefficient of the convective heat transfer [W m-2  °C-1] 
T                Air temperature [°C ]  
Tw                   Leaf surface temperature [°C ] 

(Takakura, et 
al., 2009) 

 

2.1 Penman-Monteith 
The Penman-Monteith model, Equation 1 is an extended version of the original Penman equation for 

transpiration from wet surfaces. To make the link from transpiration from a wet surface to 

transpiration by vegetation the concept of the ‘big leaf’ is introduced. All vegetation is simplified to 

one single leaf, the ‘big leaf’, which is given one idealized stomatal cavity (Figure 1). All water vapour 

is assumed to originate from the plants stomata, and thus the method aims to describe the process of 

transpiration. Because of these assumptions the method is limited to surfaces that are fully covered 

by vegetation. A mixture of plants and bare soil cannot be described as this would introduce new 

pathways for water vapour to evaporate (Moene, & Van Dam, 2014).  

In literature the Penman-Monteith model is often divided in an aerodynamic and radiation term by 

splitting the equation terms into two. The left numerator (Δ(Rn -G)) in the equation describing the 

radiation, and the right numerator (𝜌𝑎𝑐𝑝
(𝑒𝑠−𝑒𝑎)

𝑟𝑎
) the aerodynamic processes of transpiration (Allen et al., 

1998). The Penman-Monteith standardized method supports both daily and hourly calculation time 

steps for transpiration (Pereira et al., 2015).  

When a plant transpires, water vapour does not originate from the leaf surface but from within the 

stomatal cavity. The air within the stomatal cavity is assumed to be permanently saturated with water 

vapour, at the surface temperature of the leaf. The transport from within the leaf to the surface 

experiences a separate resistance, the surface resistance rs. This resistance acts in series with the 

aerodynamic resistance ra (Moene, & Van Dam, 2014). 
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Figure 1, The 'big leaf' simplification: one stomatal cavity for the complete canopy. Water vapour transport experiences two 
resistances in series;. rs (surface resistance) and ra (aerodynamic resistance). The air within the stomatal cavity is permanently 
saturated (es). The saturation of the ambient air (ea) depends on the temperature. Adapted from: Moene & Van Dam (2014). 

This surface resistance is the main determining factor for the partitioning of available energy between 

latent heat flux and sensible heat flux. When the surface resistance is large, transpiration will be 

reduced, whereas for small values of the surface resistance most available energy is used for 

transpiration (Moene & van Dam, 2014).  

The Penman-Monteith equation calculates the potential evapotranspiration rate from a reference crop 

canopy. The computation of the parameters used in the equation is standardized, making the Penman-

Monteith method an internationally accepted standard method for reference transpiration (Pereira et 

al., 2015). The Penman-Monteith method has been used in various studies, and included into several 

computer programs and software used for irrigation scheduling (Pereira et al., 2015; Zotarelli et al., 

2020). This is because of its acceptable accuracy and relative simplicity (Incrocci et al., 2020).  

The application of the Penman-Monteith model requires knowledge on microclimate variables that 

are not easily available. The aerodynamic resistance (ra
p)  depends on the air velocity around and within 

the crop canopy. In the original Penman-Monteith equation aerodynamic resistance is a function of 

wind speed, however this will approach infinite when windspeeds are close to zero, which is the norm 

inside a greenhouse (Allen et al., 1998). Therefor it was chosen to calculate aerodynamic resistance 

using Equation 5 based on (De Bruin & Stricker, 2000). The surface resistance (rs) is dependent on the 

opening and closing of stomata and can be described as the resistance of vapour flow through the 

transpiring crop. In this study the surface resistance is calculated using, Equation 6 based on (Allen et 

al., 1998). 

𝑟𝑎
𝑝 =  

245

(0.54 ∗ 𝑢) + 0.5
                              (5) 

With:  ra
p Aerodynamic resistance [sm-1]  

 u Wind speed [ms-1] 
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𝑟𝑠 =  
𝑟𝑙

0.5 ∗ 𝐿𝐴𝐼
                              (6) 

With:  rs Surface resistance [sm-1]  

rl Stomatal resistance [sm-1] 

 LAI Leaf area index [-] 

The stomatal resistance (rl) is crop specific and is influenced by the surrounding climate and the water 

availability. In this study the stomatal resistance is constant at 200 [sm-1], which is for a well-watered 

tomato crop during the day (Stanghellini et al., 2019).   

2.2 Stanghellini 
Stanghellini revised the Penman-Monteith equation to represent greenhouse conditions, where air 

velocities are typically low (< 1.0 ms-1). The model is developed assuming a multi-layer canopy of well-

developed tomato crop grown in a single glass greenhouse with hot-water pipe heating. The first 

difference is that the leaf area index (LAI) is used to account for energy exchange between multiple 

layers of leaves as present in tall greenhouse crops (Donatelli et al., 2006). The second difference is a 

change in the method to calculate the resistance to water vapour transport. The Stanghellini model 

introduced a more elaborate model where the resistance to water vapour transport depends on solar 

radiation (Stanghellini, 1987). The reasoning behind this change is that plants are actively opening and 

closing their stomata and thus in control of the water vapour exchange with their environment. 

Tomatoes, like most vegetables, use C3 photosynthesis to absorb sunlight and carbon dioxide to form 

a three-carbon compound before converting this compound into sugar. This process takes place during 

the day when the sun is out. At night, when the net radiation is zero or negative, the plants close their 

stomata to avoid excess water loss. The aerodynamic and surface resistances are calculated with a 

different formula, Equation 7 and 8 respectively, and the radiative resistance is introduced (Donatelli 

et al., 2006). 

𝑟𝑎
𝑠 =  

245

(0.54 ∗ 𝑢) + 1
                              (7) 

With:  ra
s Aerodynamic resistance [sm-1]  

 u Wind speed [ms-1] 

In the Stanghellini model the surface resistance is called internal resistance (ri). In an attempt to avoid 

confusion this paper does the same. The internal resistance is the resistance of the leaf to the transfer 

of water vapour, and is influenced by the climate and water availability. Generally stomatal resistance 

is high during the night and low during the day when solar radiation results in the stomata opening for 

the plants photosynthesis (Acquah et al., 2018). This resistance is crop specific and calculated using 

Equation 8, based on (Stanghellini, 1987; Acquah, et al., 2018). 

𝑟𝑖 = 𝑟𝑙 ∗ (1 +  
1

exp (0.05 ∗ (𝑅𝑛 − 50))
 )                             (8) 

With:  ri Internal resistance [sm-1]  

rl Stomatal resistance [sm-1]  Rn Net radiation [Wm2] 

However, there is a second condition that causes plants to decide to actively close their stomata. This 

happens when conditions for growth are not ideal during the day. There is a limit to the speed plants 

are able to take up and transport water from the roots to the leaves. When the leaf temperature 
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becomes too high, this leads to an imbalance in the water transport where more water vapour is lost 

at the leaf surface than can be supplied. During these conditions plants will close their stomata to 

preserve water and avoid drying out. The radiative resistance takes this process into account and is 

calculated using Equation 9, based on (Donatelli et al., 2006; Acquah, et al., 2018). 

𝑟𝑟 =  
ρ𝑎𝐶𝑝

4 ∗  𝜎 ∗ (𝑇 + 237.15)3
                              (9) 

With:  rr Radiative resistance [sm-1]  

ρ𝑎 Mean atmospheric density at constant pressure [kg m-3] 

 Cp Specific heat of air [J kg-1 K-1] 

 𝜎 Stefan Boltzmann constant [J m-2 K -4 s-1] 

 T Air temperature [°C] 

2.3 Priestley-Taylor 
Priestley and Taylor used observations from well-watered surfaces such as water or low vegetation to 

find a coefficient that relates the aerodynamic term from the Penman-Monteith equation to the 

radiation term (Moene & van Dam, 2014). Using this coefficient simplifies the equation for 

transpiration to Equation 3. The hypotheses by (Priestley & Taylor, 1972) is that an air volume moving 

above a vegetated area with an abundant supply of water will become fully saturated with water. In 

these conditions the saturated and actual vapour pressure will be equal and can therefore be left out.  

The Priestley-Taylor model has been used to model tomato transpiration in a plastic greenhouse with 

open soil, where the performance of daily transpiration calculation was found to be good with similar 

accuracy to the Penman-Monteith model and pan evaporation measurements (Gong et al., 2020). The 

Priestley-Taylor model can be used for the calculation of daily transpiration for conditions where 

weather input for the aerodynamic term (relative humidity and windspeed) are unavailable (Donatelli 

et al., 2006). In this study the dimensionless coefficient is 1.26, which is recommended by (Priestley & 

Taylor, 1972) for crops with an abundant water supply.   

2.4 Takakura 
A second simplification of the Penman-Monteith equation was proposed by (Takakura, et al., 2009). 
This Takakura model is based on the same heat balance method. The hypothesis of this model is that 
the ratio between transpiration and radiation is almost constant once a stable leaf area index (LAI 
) has been reached. Transpiration can then be empirically estimated from solar radiation (Incrocci, et 
al., 2020). The heat transfer coefficient (h) in Equation 4 is the sensible heat transfer term. According 
to (Takakura, et al., 2009) this coefficient is a function of wind speed when outdoors, but inside a 
greenhouse with vegetable crops, it was approximated by a constant of 7 [W m-2 °C-1].  
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3 Materials and Method 

3.1 Approach 
To answer the research question two physically based models and two empirically derived models are 

analysed and compared, as introduced in the theoretical framework. For each model transpiration is 

calculated on an hourly timestep using climatic data recorded on site during this experiment.  Data 

used in this study is collected from 2021-06-18 until 2021-09-14, and has a resolution of 5 minutes. 

Validation of the models is done with measured values from weighing lysimeters and high-resolution 

sap flow measurements in the same 5 minute time intervals.  

3.2 Greenhouse Description 
The data used in this study, is gathered in greenhouse 3.5 from the Delphy Improvement Centre in 

Bleiswijk, The Netherlands. This is a rectangular Venlo-type greenhouse with an area of 14 [m] long 

times 9.6 [m] wide, and a height of 4.8 [m] (Figure 2). The longer side has an South-west to North-east 

direction, which is the prevailing wind direction. The high tech soilless greenhouse has a hot-water 

steel pipe heating system, drip irrigation, and lighting. Hot and moist exhaust air from the inside of the 

greenhouse exchanges with the outside atmosphere via natural ventilation. In this greenhouse six rows 

of 30 individual tomato plants are monitored using sensors (Table 2).  

This work investigates the transpiration of tomato (Solanum Lycopersicum L. cv. Merlice) plants, which 

is one of the main cultivars in the country. The planting medium is rockwool with mean bulk density of 

50 [kg m-3] in the form of a slab with dimensions, 1200 [mm] long, 200 [mm] wide, and 75 [mm] height. 

On top of each slab grow 3 evenly spaced plants with each their own 100 [mm2] rockwool cube, that 

is used since seedlings. Drip irrigation is provided by a tube directly in the rootzone, where all plants 

receive the same fertilizer solution. The plants are given the same agronomic management practices 

constituting of pruning, fruit harvesting, pest control, and branch support. At the start of the 

experiment the plants are 8 months old, ranking them in the mid-season stage of the FAO-56 growth 

stages (Allen et al., 1998). During the experiment the leaf area index was 3 [m2m-2], which is a common 

value for mature tomato crops (Acquah, et al., 2018). 

For pictures of the inside of the greenhouse see Annex B. 
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Figure 2, Overview of the greenhouse and the installed sensors, row 2 and 5 are indicated. The anemometer and radiometer 
are located 0.2m and 1.5m above the canopy respectably. The microclimate sensor is installed in between the top leaves of 
the crop.  

3.3 Measuring Equipment Greenhouse Meteorological Data 
To determine the effect of wind speed (u) on transpiration an ultrasonic anemometer is installed 0.2 

m above the canopy. This allows monitoring of the air movement inside the greenhouse created by 

opening ventilation windows (Figure 2). The long- and short-wave radiation inside the greenhouse is 

measured with a radiometer 1.5 m above the canopy. The radiation sensor converts this measurement 

in a value for the net radiation (Rn). The leaf surface temperature (Tw) is measured using an optical 

temperature sensor connected to the microclimate sensor. Air temperature (T), and relative humidity 

(RH) are measured by two automatic microclimate sensors (Table 2).  

Table 2, list of used measuring equipment 

Sensor Make & Model 

3D sonic anemometer Young Meteorological Instruments  
Model 81000 
Sensitivity: 0.01 ms-1 

Load cell Zemic Europe 
Type 1B-S Miniature Sensor  

Slab scale Wireless Value 

Sap flow sensor 2grow 

Microclimate sensor 30 Mhz 

Leaf surface temperature Optical temperature sensor 30Mhz 

Irrigation sensor Priva 

Drain sensor Priva lepel 

Radiometer Knipp & Zonen 
CNR4 Net radiometer 
Sensitivity: 5 to 20 µV W-1 m-2 
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3.4 Tomato Crop Transpiration Measurement 
The measured transpiration is quantified for two different rows of plants, row 2 and row 5 (Figure 2). 

For the comparison with the transpiration models the mean value of these two rows is used, since the 

sensors used in the models are located in between row 2 and row 5. The measured transpiration is 

quantified in Python, version 3.8 with a water balance method (Equation 10).  

d𝑆

d𝑡
= 𝑄𝑖𝑛 − 𝑄𝑜𝑢𝑡                                (10) 

With:  S Water storage [L3]  

 Q Water flux [L3h-1] 

The tomato crop is grown in rockwool slab covered with plastic, therefore there is no water exchange 

from the rootzone to the atmosphere, thus preventing evaporation. The water received by the plant 

is supplied directly to the rockwool medium via drip irrigation. Part of the irrigation water is drained, 

with the goal of flushing excess salts and nutrients from the rootzone. The irrigation flux (𝑄𝐼𝑟𝑟𝑖𝑔𝑎𝑡𝑖𝑜𝑛) 

therefore is a sum of the drain (𝑄𝑑𝑟𝑎𝑖𝑛), water absorption by the plant (𝑄𝑝𝑙𝑎𝑛𝑡), and water storage in 

the rockwool slab (𝑆𝑠𝑙𝑎𝑏)(Equation 11). 

 𝑄𝐼𝑟𝑟𝑖𝑔𝑎𝑡𝑖𝑜𝑛 =   𝑄𝐷𝑟𝑎𝑖𝑛 + 𝑄𝑃𝑙𝑎𝑛𝑡 + 
d𝑆𝑠𝑙𝑎𝑏

d𝑡
                               (11) 

With:  S Water storage [L3]  

 Q Water flux [L3h-1] 

The change in water storage (
d𝑆𝑠𝑙𝑎𝑏

d𝑡
) in the rockwool slab is measured with slab scales. There is a slab 

scale both in row 2 and 5. Each scale measures the mass of two rockwool slabs, six pairs of roots, and 

the water present. The mass of the rockwool is constant over time. Since the plant is mature the 

change in mass of the organic material in the roots during the experiment is negligibly small.  

The change in water storage in the plant is measured with load cells. These load cells measure the 

mass of the organic material and the water inside the plant. The weighted average water content 

between the fruits and plant material is measured at the end of the experiment and was found to be 

93%. The density of water changes with temperature but this effect very small and thus neglected 

since the temperature changes between 15 and 35 °C. Therefore the change in mass is equal to the 

change in water storage.  

The tomato crop takes up water and dissolved nutrients from the rockwool medium through their 

roots. The water is transported upward towards the leaves, where most of it leaves the plant as water 

vapour. Thus the change in water storage in the plant is the difference between the water absorption 

and the transpiration (Equation 12).  

 
d𝑆𝑝𝑙𝑎𝑛𝑡

d𝑡
 =  𝑄𝑃𝑙𝑎𝑛𝑡 −   𝑄𝑇𝑟𝑎𝑛𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛                         (12) 

With:  S Water storage [L3]  

 Q Water flux [L3h-1] 

  



11 
 

Since the drain is only measured at the end of the day there is a need for higher resolution data. The 

water take up by the plant is simultaneously measured by 4 sap flow sensors. These provide high 

resolution data by measuring the temperature of the sap in a single plant stem, giving a heat impulse 

and measuring the temperature again a few centimetre further towards the leaves. The values 

measured by the sensor are an indication for the pattern of the water uptake by the plant, but do not 

have a unit. The relation between the sap flow and the water uptake is determined daily by comparing 

its daily total with the cumulative measurements from the slab scales. This relation is used to go from 

relative values to a unit of litre per hour per meter squared. Since the sap flow sensors measure the 

stem below the foliage, the water flow measured here is equal to the total water uptake by the plant.  

3.5 Data Filtering 
Data used in this study is collected from 2021-06-18 until 2021-09-14. During this time the sensors 

have sometimes not given a reading for an unknown reason. Therefore, the data contains missing and 

incorrect values that need to be filtered out. In the transpiration measurement missing values are very 

rare and filled in using linear interpolation.  

The data for the transpiration models has several consecutive missing days. This data is left out, as 

daily values vary a lot based on the climate conditions and it is unknown what the correct values would 

be. The corrupt dates are 2021-07-17, the date range 2021-08-14 to 2021-08-18, and 2021-08-31.  

For the comparison of transpiration models the use of an hourly timestep was chosen, as extremes 

and delays in the measurements are smoothed out. This is particularly relevant for the irrigation and 

drainage sensor, because there is uncertainty about the accuracy of these sensors. Analysing the data 

at a lower resolution makes the outcomes of the models less sensitive to extreme values.   
3.6 Methods Used to Determine Model Accuracy 
In this study four ways to compare the different models are presented. Firstly, the measured and 

modelled transpiration are compared by presenting the outcomes of the models compared to the 

measurement during two consecutive days in June (section 4.2.1). The second comparison uses linear 

regression and calculates the coefficient of determination (R2) for the hourly data of the entire 

experiment (section 4.2.2). Thirdly, the cumulative transpiration over the total time of the 

experiment is calculated and compared (section 4.2.3).  Fourthly, the absolute errors of the models 

compared to the measurements is plotted in a probability density function. Additionally the mean, 

standard deviations, skewness and kurtosis of this error are calculated for each model (section 4.2.4).   

In this paper the absolute error is defined as the difference between the modelled and measured 

transpiration (Equation 13).  

𝜀 =  𝐸𝑚𝑜𝑑 − 𝐸𝑚𝑒𝑎              (13) 

A sensitivity analysis quantifies how a model (output) is affected by changes in the independent 

variables (input). The results of this analysis can be used to determine the required accuracy of the 

climate parameter measurements (Debnath, Adamala, & Raghuwanshi, 2015). In addition, it can be 

used to indicate which parameters are needed in the best performing models. The performed analysis 

evaluates the transpiration models response to changes in the climate parameters, net radiation (Rn),  

temperature (T), wind speed (u), and relative humidity (RH) (Table 4). The different input parameters 

each exert a different influence on transpiration.  
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The first method to calculate the sensitivity of the models, is by taking the mean values over time of 

the climate parameters and comparing this value to the solution found with a 10% increase or decrease 

in of one of the climate parameters. The second method is performed by increasing the climate 

parameters from the minimum to the maximum observed value while keeping other model input 

parameters constant. The constant values are chosen to be calculated by taking the mean value over 

the complete time series. The different scenarios are hypothetical, as the combination of climate 

parameters may have never been observed or taken place simultaneously.  
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4 Results  

4.1 Evaluation of Aerodynamic and Internal Resistances  
According to (Stanghellini, 1987), aerodynamic resistance inside a greenhouse is fairly constant 

because wind speed variations are small. Therefore different studies used a constant value for the 

aerodynamic resistance (Villarreal-Guerrero et al., 2012; (Morile et al., 2013; Gong et al., 2017). In an 

attempt to improve the transpiration models’ accuracy, this study used the wind speed in Equation 5 

and 7 to determine the aerodynamic resistances for the Penman-Monteith and Stanghellini models 

respectively. The results are presented in Figure 3 and Figure 4. 

 

Figure 3, Hourly behaviour of the resistances in the Penman-Monteith model. Aerodynamic resistance is calculated using 
(Equation 5) and surface resistance is calculated using (Equation 6). The lines represent the mean values over the total time 
of the experiment for different times of the day. The 95% confidence interval is plotted in orange. The surface resistance is 
constant over time because of a simplification that uses a constant stomatal resistance found in literature (Equation 6). In 
reality this resistance is actively influenced by the plant and dependent on water availability and surface temperatures of the 
leaves.  
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Figure 4, Hourly behaviour of the resistances in the Stanghellini model. Aerodynamic resistance is calculated using (Equation 
7), internal resistance is calculated using (Equation 8), and radiative resistance is calculated using (Equation 9). The lines 
represent the mean values over the total time of the experiment for different times of the day. The 95% confidence interval 
is plotted in the same colour. 

Results indicate that the average aerodynamic resistance for Penman-Monteith is 467 [sm-1], while the 

surface resistance is constant at 133 [sm-1] (Figure 3). Allen et al., (1998) published a paper presenting 

the Penman-Monteith equation for estimating transpiration, recommending the use of standard 

values for a hypothetical grass reference surface having an assumed crop height of 0.12 [m], a constant 

surface resistance of 70 [sm-1]. The results indicate that the constant term used for stomatal resistance 

(rl) of 200 [sm-1] in Equation 6 is too high for the climate conditions in this experiment and thus leading 

to the high value of 133 [sm-1]  for the surface resistance.  

The average aerodynamic resistance for the Stanghellini model is 239 [sm-1], with values varying 

between 199 and 245 (Figure 4). These values are slightly higher than the average values reported by 

(Stanghellini, 1987), (Villarreal-Guerrero, et al., 2012) and (Acquah, et al., 2018), who reported average 

values of 200, 185 and 145 [sm-1] respectably. Figure 4 shows that the internal and radiative resistances 

show strong diurnal behaviour, with average values of 1580 and 206 [sm-1] respectively. This is 

consistent with the values reported for tomato in (Stanghellini, 1987) and similar to the plant 

behaviour of cucumber as described in (Yan, et al., 2020). Note that the internal resistance is 

consistently higher than the aerodynamic resistance which is in agreement with findings from (Acquah, 

et al., 2018) for tomatoes in a greenhouse with natural ventilation.  

  

../python_scripts/V2_netjeswerken/figures/resistances.png


15 
 

4.2 Accuracy of the Transpiration Modelling 

4.2.1 Time Series 
The first comparison between the different models and the transpiration measurement is made with 

a time series over two consecutive days in June. The days are randomly chosen and represent typical 

behaviour of the models. Figure 5 shows the measured radiation during these days, where June 21st 

is a day with cloud cover, and June 22nd a day with alternately sunshine and clouds.  

 

Figure 5, Diurnal variations in net radiation measurements on the 21st and 22nd of June. The resolution of the data is 5 
minutes.  

 

Figure 6, Diurnal variations in transpiration of four different models and the transpiration measurement on the 21st and 
22nd of June. The resolution of the data is 5 minutes. 

Figure 6 shows the variations in transpiration during the day, where it is apparent that all models 

overestimate the transpiration during the day when the radiation is large. In order to investigate this 

behaviour and make sure this isn’t a unique event the mean transpiration of the four models compared 

to the transpiration measurement is presented in (Figure 7-10). 
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When comparing transpiration measurements to modelled values it is  found that the transpiration in 

the greenhouse continues several hours after the sun has set (Figure 7-10). The models are not able to 

accurately calculate the transpiration when the net radiation is declining. This behaviour and possible 

explanations is described in the discussion (Section 5).  

 

 

  

Figure 7, Comparison between mean values of transpiration measurements vs Penman-Monteith model. 
The lines represent the mean values over the total time of the experiment for different times of the day. The 
95% confidence interval is plotted in the same colour. The resolution of the data is 5 minutes. 

Figure 8, Comparison between mean values of transpiration measurements vs Priestley-Taylor model. The 
lines represent the mean values over the total time of the experiment for different times of the day. The 95% 
confidence interval is plotted in the same colour. The resolution of the data is 5 minutes. 

../python_scripts/V2_netjeswerken/figures/a.%20Penman-Monteith%20linear-h.png
../python_scripts/V2_netjeswerken/figures/b.%20Priestley-Taylor%20linear-h.png
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Figure 9, Comparison between mean values of transpiration measurements vs Stanghellini model. The lines 
represent the mean values over the total time of the experiment for different times of the day. The 95% 
confidence interval is plotted in the same colour. The resolution of the data is 5 minutes. 

Figure 10, Comparison between mean values of transpiration measurements vs Takakura model. The lines 
represent the mean values over the total time of the experiment for different times of the day. The 95% 
confidence interval is plotted in the same colour. The resolution of the data is 5 minutes. 

../python_scripts/V2_netjeswerken/figures/c.%20Stanghellini%20linear-h.png
../python_scripts/V2_netjeswerken/figures/d.%20Takakura%20linear-h.png
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4.2.2 Scatterplot Modelled vs Measured 
The second method to analyse the accuracy of the transpiration modelling is plotting the modelled 

against the measured transpiration. A hypothetical perfect model would result in a linear regression  

(x = y), where the values for modelled and measured transpiration are equal.     

 

 

 

Figure 11a shows the comparison between measured and calculated transpiration for the Penman-

Monteith model. The regression line is close to 1:1, which indicates a high correlation between 

measured and calculated transpiration. The coefficient of determination (R2) is 0.85. Note that the 

slope of the regression line is 10% lower than 1, indicating that the model will generally underestimate 

the transpiration. While the Penman-Monteith model is recommended by the US Food and Agriculture 

Organization, (Widmoser, 2009) found that errors compared to measurements can range from -9% to 

40%.   

  

Figure 11, Comparison between the measured hourly transpiration and modelled transpiration according to four different 
transpiration models: a) Penman-Monteith, b) Priestley-Taylor, c) Stanghellini, d) Takakura. The data of the entire 
experiment is used.  

../python_scripts/V2_netjeswerken/figures/a.%20Penman-Monteith%20linear-h.png
../python_scripts/V2_netjeswerken/figures/b.%20Priestley-Taylor%20linear-h.png
../python_scripts/V2_netjeswerken/figures/c.%20Stanghellini%20linear-h.png
../python_scripts/V2_netjeswerken/figures/d.%20Takakura%20linear-h.png
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Figure 11b, shows that Priestley-Taylor has a coefficient of determination (R2=0.85). Figure 11c, shows 

the comparison between measured and calculated transpiration for the Stanghellini model. With 0.89 

the coefficient of determination (R2) is the highest between the four models. This is in accordance with 

the findings of (Pamungkas et al., 2014), who reported that for the calculation of tomato transpiration 

in soilless greenhouse the Stanghellini model is most suitable. The slope of the regression line is 11% 

higher than 1. Figure 11d, shows that Takakura has a coefficient of determination (R2=0.85). 

In all four models there is a tendency to have more extremes towards higher transpiration values. At 

these high levels of transpiration, the transpiration values in the models are more likely to be higher 

than the measurements, indicated by the fact that there are more points above the regression line. At 

lower transpiration values the modelled values generally are lower than the measurements.  

4.2.3 Error Density Distribution 
Figure 12 shows the probability density function of the error. The higher the graph, the more frequent 

the occurrence. Probability density distributions only apply to continuous variables and the probability 

for any single error is defined as zero (Kim et al., 2019). The surface area under the graphs is equal to 

1, as this represents all different datapoints.  

 

Figure 12, Probability density distribution of the absolute error between the modelled and measured transpiration in hourly 
resolution. A value lower than 0 indicates an underestimation, while a value higher than 0 indicates an overestimation.  

The results indicate that 95% of the time the absolute error of the Penman-Monteith model is in the 

range of -0.25 to 0.16 [L / (h * m2)]. The 95% confidence interval for the Stanghellini model is -0.13 to 

0.31 [L / (h * m2)]. The 95% confidence interval for the Priestley-Taylor model is -0.18 to 0.38 [L / (h * 

m2)]. The 95% confidence interval for the Takakura model is -0.19 to 0.38 [L / (h * m2)]. When compared 

to the average hourly transpiration of 0.21 [L / (h * m2)] this error can be considered large.    
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Table 3, Mean error [L / (h * m2)], Standard deviation [L / (h * m2)],  Skewness, and Kurtosis of the error probability density 
distribution referring to (Figure 12). 

Model: Mean Error 
[L / (h * m2)] 

Standard 
Deviation  
[L / (h * m2)] 

Skewness 
[-] 

Kurtosis 
[-] 

Penman-Monteith -0.034 0.094 0.220 4.626 
Priestley-Taylor 0.004 0.127 1.899 6.660 
Stanghellini 0.025 0.099 1.422 5.297 
Takakura -0.003 0.126 1.698 6.163 

 

Mean is the average value of the distribution. When this value differs from zero this indicates a bias, 

or systematic error in the model. Table 3 presents that the Penman-Monteith model has a negative 

bias (0.034 [L / (h * m2)]) indicating that the model underestimates transpiration, whereas the 

Stanghellini model has a positive bias (0.025 [L / (h * m2)]) indicating that the model generally 

overestimates transpiration. For the Priestley-Taylor and Takakura models the bias is very small.  

Standard deviation is a measure of the amount of variation in a set of values. Table 3 presents that the 

Priestley-Taylor and Takakura models have a larger standard deviation compared to Stanghellini and 

Penman-Monteith. Indicating that the errors in these models are larger.  

Skewness is a measure of the probability distributions symmetry. The skewness for all models can best 

be described as slightly positively skewed, represented by a distribution with a larger tail in the positive 

direction. This is in accordance with the findings in section 4.2.2 and means that extremes that 

overestimate the transpiration are more likely. Note that since the error distribution is somewhat 

symmetrical around zero, the modelled transpiration can either be higher or lower than the measured 

value.  

Kurtosis is a measure of the ‘tailedness’ relative to a normal distribution. This study uses Fisher’s 

definition of kurtosis,  giving the normal distribution a kurtosis of 0. A kurtosis value larger than zero 

indicates a leptokurtic distribution with fewer extreme values than a normal distribution. All models 

have a large positive kurtosis, corresponding with distributions with values either near the mean or at 

rare extremes (Table 3). It was found that all models have a strong peak in the probability density 

distribution, meaning that errors close to zero are most common.  

4.2.4 Cumulative Transpiration 
The fourth method to analyse the accuracy of the transpiration modelling is calculating the cumulative 

transpiration for the different models (Figure 13). Days with measurement errors are left out, thus the 

actual cumulative transpiration at the end of the experiment on September 15th was higher. This also 

means that any differences between the models and measurements at the end of the time series are 

underestimated.  
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Figure 13, Cumulative transpiration of the modelled and measured transpiration in hourly time step. 

Figure 13 shows that all four models follow the same trend as the measured transpiration, where days 

with lower transpiration result in a decrease in the slope of the curves and days with high transpiration 

result in an increase in the slope. Over the experiment from June to September there is no indication 

of seasonality as the slopes in the different months are similar.  

At the end of the experiment the measured cumulative transpiration is 400 [L/m2]. Figure 13 shows 

that using the Penman-Monteith model, with a maximum value of 336 [L/m2], results in an 

underestimation of the transpiration. While the Stanghellini model, with a maximum value of 445 

[L/m2], results in an overestimation. The Priestley-Taylor and Takakura models perform the best in this 

test, with slightly higher (406 L/m2 ) and lower (394 L/m2 ) values respectively.  

4.3 Individual Parameter Sensitivity of the Transpiration Models 
Higher parameter sensitivity of a model suggest that a small change in the climate parameter results 

in a larger change in the transpiration calculation. In other words an error in the more sensitive 

measured input parameters results in a larger error in the transpiration calculation. Thus it is most 

important to measure the sensitive climate parameters correctly.  

Section 4.3.1 presents the effects of a percentual change in climate parameters, while section 4.3.2 

presents a scenario distribution where the sensitivity of the climate parameters is evaluated over the 

range of observed values. 
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4.3.1 10% Change Table 
Table 4, illustrates the first sensitivity test for modelled transpiration, calculated by taking the mean 

values over time of the climate parameters and comparing this value to the solution found with a 10% 

increase or decrease in of one of the climate parameters. 

Table 4, Sensitivity of the different parameters. The table presents what happens with the transpiration when an input 
parameter is increased or decreased with 10% from its mean value. The mean value of net radiation (Rn) is 160 [W/m2]. The 
mean value of temperature (T) is 22.4 [°C] . The mean value of wind speed (u) is 0.05 [m/s]. The mean value of relative 
humidity (RH) is 76.6 [%]. Some cells are left empty because these climate parameters are not included in these models.  

model Modelled 
Transpiration 

[W/m2] 

Change 
Rn  

-10% 

Change 
Rn +10% 

Change 
T -10% 

Change 
T +10% 

Change 
u -10% 

Change 
u +10% 

Change 
RH  

-10% 

Change  
RH +10% 

Penman-
Monteith 125.2 -9.4 % 9.4 % -3.4 % 3.1 % 0.0 % -0.0 % 1.7 % -1.7 % 

Priestley-
Taylor 151.8 -10.0 % 10.0 % -3.5 % 3.2 %     

Stanghellini 164.8 -6.3 % 6.2 % -1.1 % 0.9 % 0.0 % -0.0 % 9.8 % -9.8 % 

Takakura 142.9 -11.2 % 11.2 % 10.7 % -10.7 %     
 

Across the four models the transpiration in the greenhouse is primarily affected by an increase in net 

radiation (Table 4). A 10% change in net radiation leads to a 9.4% change in the outcome of the 

Penman-Monteith model, a 10% change for Priestley-Taylor, a 6.3% change for Stanghellini, and a 

11.2% change for Takakura. Radiation is the largest energy source in the greenhouse and can change 

large quantities of liquid water inside the leaves into water vapour. An increase in net radiation by 

more sunshine or artificial light use in the greenhouse will increase transpiration and vice versa.  

The transpiration is affected by the ambient air temperature since a temperature increase leads to a 

higher capacity of the air to hold water vapor. The Takakura model is very sensitive to temperature 

changes compared to the other models. This can be explained by the form of the equation where the 

transpiration is equal to the net radiation minus temperature variations (Equation 4). It must be noted 

that this value is strongly exaggerated because the leaf surface temperature is not changed while the 

air temperature is, something that is not realistic in a greenhouse.  

Interesting to note is that the Stanghellini model is very sensitive to relative humidity. This is explained 

by the fact that in the model the vapour pressure deficit is multiplied by the LAI, thus amplifying its 

effect on the outcome (Equation 2).  

The wind speed inside the greenhouse has the lowest effect on the transpiration, with an effect smaller 

than 0.0% for a 10% change. This is in agreement with the findings from (Tabari & Talaee, 2014) who 

found that the sensitivity of wind speed and temperature was lower in more humid climate conditions. 

The wind replaces the saturated air around the leaves and removes heat, when the relative humidity 

in the greenhouse is higher this process is less effective, and thus the effect on transpiration is smaller.  

According to Debnath et al. (2015) different sites and climates have significant variations in the 

sensitivity of transpiration. The researchers found considerable fluctuations over the season and the 

amplitude of the same climate parameters showed variations among different sites. Therefore the 

findings in sensitivity for this greenhouse cannot directly be extrapolated to other locations. 
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4.3.2 Scenario Distribution 
The second sensitivity test for modelled transpiration is presented in (Figures 14-17). When 

investigating the  parameter under review all other input parameters are set to a constant default 

value. These constant values are chosen to be calculated by taking the mean value over the complete 

time series.  

 

Figure 14, Sensitivity of the net radiation. The net radiation is measured 1m above the canopy with a frequency of 5 minutes. 
The frequency of different radiation values is presented in a histogram in the background, the mean is 160 [W/m2]. 

 

Figure 15, Sensitivity of the air temperature. The temperature is measured in the top of the canopy with a frequency of 5 
minutes. The frequency of different temperature values is presented in a histogram in the background, the mean is 22.4 [°C] . 
Takakura is excluded because this model is sensitive to both air temperature and surface temperature, thus analysing the 
sensitivity to just air temperature is incorrect.  
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Figure 16, Sensitivity of the parameter relative air humidity. The humidity is measured in the top of the canopy with a frequency 
of 5 minutes. The frequency of different humidity values is presented in a histogram in the background, the mean is 76.6 [%]. 
The Priestley-Taylor and Takakura models are excluded as these do not include relative humidity. 

 

Figure 17, Sensitivity of the parameter wind speed. The wind speed is measured 0.2m above the canopy with a frequency of 5 
minutes. The frequency of different wind speed values is presented in a histogram in the background, the mean is 0.05 m/s. 
The Priestley-Taylor and Takakura models are excluded as these do not include wind speed. 

A positive slope indicates an increase in transpiration values with an increase in the climate parameter 

under review. The sensitivity is displayed on the vertical-axis thus a larger spread between these values 

indicates a larger sensitivity. Thus it can be deduced that across the four models transpiration is most 

sensitive to the climate parameter net radiation, followed by temperature, relative humidity, and lastly 

wind speed.  

  

idity 
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When comparing the sensitivity of the transpiration models for the parameter net radiation, the 

highest sensitivity was found for Takakura, followed by Priestley-Taylor, Penman-Monteith, and 

Stanghellini (Figure 14). Interesting to note is that the Stanghellini model has a nonlinear relationship 

explained by the effect of radiation on internal resistance values. This results in a strong sensitivity for 

low values of net radiation, while the sensitivity reduces when moving to the maximum values.  

When comparing the sensitivity of the transpiration models for the parameter relative humidity, it is 

found that the Stanghellini model is very sensitive to changes in relative air humidity compared to 

Penman-Monteith (Figure 16). This is explained by the fact that in the equation the vapour pressure 

deficit is multiplied by the LAI. Since the LAI is always positive and equal to 3, this amplifies the effect 

of relative humidity on the outcome of transpiration. 

When comparing the sensitivity of the transpiration models for the parameter wind speed, it is found 

that that a variation in wind speed in both the Stanghellini and Penman-Monteith model does not 

change the transpiration (Figure 17). Therefore we can conclude that the aerodynamic resistance 

inside the greenhouse is fairly constant, which is in accordance with the findings of (Acquah et al., 

2018). 

It must be noted that this result is calculated with a constant radiation and temperature. Therefore 

the radiative resistance that is dependent on radiation, and thus changes strongly during night and 

day, is reduced to an average mean value in this analysis. The same is true for the internal resistance 

that is dependent on temperature. A plot of the variations in internal resistance over the day is 

presented in (Figure 4).  

5 Discussion 
When comparing the behaviour of the mean transpiration calculated by the models to the mean 

measured transpiration, a striking difference between the morning and evening hours is found (Figure 

7-10). Transpiration modelled per five minutes did not show a strong correlation with the transpiration 

measurements. The models show strong overshooting during the time of day when the net radiation 

is highest. This effect corresponds to the findings in literature, explaining that transpiration rates 

decline sharply when air temperatures and incoming radiation exceed a certain value (Stanghellini, 

1987). The transpiration measurement during the second half of the day tends to be higher than the 

calculations by the different models, while the transpiration measurement tends to be lower in the 

middle of the day. The most likely explanation for this behaviour is that the modelled transpiration is 

first overestimated because incoming radiation is used for heating of the plants and greenhouse 

structure, and then underestimated due to extra release of energy during the evening hours.  

A second explanation for this behaviour could be the simplification made in the models by assuming 

that the heat flux transmitted into the soil is zero. Estimations on how much energy is absorbed by the 

canopy depend strongly on greenhouse characteristics, and on the presence of climate control 

equipment (Katsoulas & Stanghellini, 2019). The energy available for the tomato canopy is the 

difference between the net radiation measured above the plants and the heat flux transmitted into 

the soil. The heat flux was assumed zero because the plants grow in slabs covered in white plastic, with 

a small surface area relative to the canopy. White has a high albedo making the heat storage low from 

incoming radiation low. However, the models do not take into account that the greenhouse has a 

heating system with iron heating pipes, radiating heat into both the growing slabs and the plants. Over 

a 24 hour period the effect on cumulative transpiration might be small, since the energy used to heat 

the surfaces is released as radiation on a later moment. However, for the hourly data used in this study 

this effect causes significant distortions.  
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Ignoring transpiration calculations during night-time is discouraged as this can be as much as 15% of 

the daily sum in arid and semiarid climates (Pereira et al., 2015).  

Since it seems that the tomato crop cannot convert peak radiation into transpiration and instead this 

energy is used to heat the plant and greenhouse, it is interesting to know the stomatal behaviour 

during hours with peak radiation. Stomatal resistance during different times of day, can be estimated 

from diffusion porometer measurements (Gong et al., 2017; Villarreal-Guerrero et al., 2012). Different 

exponential relationships between leaf stomatal resistance and solar radiation are reported in the 

scientific literature (Bakker, 1991; Gong et al., 2017; Stanghellini, 1987). However, these relations are 

specific for the climate, greenhouse, and crop type, making them unsuitable for direct use in 

transpiration models.  

This study used a constant stomatal resistance of 200 [sm-1], and found this to be too high for the 

climate conditions during the experiment. Villarreal-Guerrero et al. (2012) reported difficulties 

obtaining reliable stomatal resistance readings from a diffusion porometer, and proposed calibrating 

the internal resistance to transpiration measurements before its use in the models of Penman-

Monteith and Stanghellini. A study on tomato transpiration fluid dynamics inside a Venlo-type 

greenhouse in France proposed the use of a minimum stomatal resistance of 120 [sm-1] that is adjusted 

based on the leaf surface temperature (Boulard et al., 2017). In further studies it is recommended to 

analyse the performance of the models when using a calibrated or measured stomatal resistance.  

Specifically for the Stanghellini model the LAI was assumed to be constant over the experiment since 

the tomato crop was in a mature state. For this value 3 [m2 m-2] was used, as this was found in literature 

(Acquah et al., 2018; Stanghellini et al., 2019). Since this study found that the Stanghellini model is 

sensitive to changes in relative humidity and this climate parameter is multiplied by LAI, an accurate 

LAI value is important for transpiration calculations. Therefore in future studies, it is recommended to 

measure LAI with several non-destructive measurements of leaf dimensions during the experiment.  

When comparing the coefficient of determination (R2) of the four different models, it is found that the 

models perform with similar accuracy. This is in accordance with the findings of Villarreal-Guerrero et 

al. (2012), who found highest accuracy for the Stanghellini model but no significant difference between 

Penman-Monteith, Stanghellini, and Takakura. Since the Takakura model is much simpler to implement 

these researchers recommend this as the most practical for the use in cultivation.  

In this study the microclimate is measured in between the top leaves of the crop (Figure 2), because it 

was reasoned that this is the part of the plant that the radiometer monitors. Other research compared 

the performance of the Stanghellini model at three different heights in cucumber crops (Yan et al., 

2020). The highest accuracy in the Stanghellini model was found with microclimate data measured the 

lowest in the crop at 0.5m. The study used cucumbers, but these resemble tomatoes in cultivation. 

Therefore, it is suggested to repeat this study using microclimate sensors lower in the canopy in order 

to investigate if model accuracy can be improved.  
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6 Conclusions 
This study set out to analyse the accuracy of four different models to estimate the transpiration of 

tomato plants inside a high-tech soilless greenhouse. During the summer a three month experiment 

was conducted in a Venlo-type greenhouse in The Netherlands. The tomato transpiration was 

measured using sap flow sensors and lysimeters. Hourly transpiration data was compared to Penman-

Monteith, Stanghellini, Priestley-Taylor and Takakura models. The results show that the transpiration 

can be modelled by different transpiration models, however the errors are too large to make the 

outcomes useful for irrigation scheduling. Linear regression indicates that the most accurate model is 

Stanghellini with a coefficient of determination (R2=0.89). Penman-Monteith (R2=0.85), Priestley-

Taylor (R2=0.85), and Takakura (R2=0.85) followed closely. The Penman-Monteith and Priestley-Taylor 

models, intended for outdoor use, have a similar accuracy as the Stanghellini and Takakura models 

that are developed for Venlo-type soilless greenhouse.  

The Priestley-Taylor and Takakura models perform best in calculating the cumulative hourly 

transpiration over the three month period with an error of 6 [Lm-2] out of a total 400 [Lm-2]. The 

Stanghellini model overestimated the transpiration by 45 [Lm-2] while Penman-Monteith 

underestimated the transpiration by 67 [Lm-2]. An error density distribution shows that the Penman-

Monteith model generally underestimates transpiration by 0.034 [Lm-2h-1], whereas the Stanghellini 

generally overestimates transpiration by 0.025 [Lm-2h-1]. For the Priestley-Taylor and Takakura models 

the bias is negligibly small. The range of the errors indicate that the most accurate model is Penman-

Monteith with a 95% confidence interval between -0.25 and 0.16 [Lm-2h-1], closely followed by 

Stanghellini with -0.13 and 0.31 [Lm-2h-1]. The Priestley-Taylor and Takakura models perform worse 

with an error in the range of -0.18 to 0.38, and -0.19 to 0.38 [Lm-2h-1] 95% of the time. When compared 

to the average hourly transpiration of 0.21 [Lm-2h-1] this shows that the models are not accurate 

enough for irrigation scheduling. These results show that the Penman-Monteith and Stanghellini 

models that include two more observed climate variables compared to Priestley-Taylor and Takakura 

have a smaller error.  

Most greenhouse climate and irrigation control computers available today are based on the measured 

outside solar radiation. Although the sensitivity analysis showed that net radiation is the climate 

parameter that influences transpiration the most, air temperature and relative humidity have 

significant influence on the outcome of transpiration models as well. Firstly, a 10% change in net 

radiation leads to a 9.4% change in transpiration calculated by the Penman-Monteith model, a 10% 

change for Priestley-Taylor, a 6.3% change for Stanghellini, and a 11.2% change for Takakura. Secondly, 

a 10% change in temperature leads to a 3.4% change in transpiration calculated by the Penman-

Monteith model, a 1.1% change for Priestley-Taylor, a 3.5% change for Stanghellini, and a 10.7% 

change for Takakura. Thirdly, a 10% change in relative humidity leads to a 1.7% change in transpiration 

calculated by the Penman-Monteith model, and a 9.8% change for Stanghellini. Therefore, it is 

recommended to include air temperature and relative humidity in models used to estimate 

transpiration inside a greenhouse. It is found that variations in the wind speed inside a greenhouse do 

not result in significant changes in modelled transpiration. Increasing the wind speed by 10% results in 

0.0% change in the transpiration.  

The biggest challenge with the application of the resistance based Penman-Monteith and Stanghellini 

models is to accurately quantify the surface or internal resistance for vegetable canopies. This study 

found that there is strong diurnal variation in these resistances to water vapour transport, and 

therefore they cannot simply be replaced with a constant. The surface and internal resistances depend 

on the stomatal resistance of the plant, therefore it is recommended to include stomatal resistance 

measurements in future research.  
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This study revealed that there are several models using microclimate data around the crop that are 

able to estimate tomato transpiration in a greenhouse. This indicates that it becomes possible to set 

the first steps towards predicting future transpiration in further studies. The results show that the 

following knowledge is missing for the transition towards predictive models. There is a need for 

stomatal resistance relations with the greenhouse microclimate, it must be known when plants are 

opening and closing their stomata and thus actively influencing transpiration. Furthermore it is 

important to study the effect of thermal heating by the plants inside the greenhouse as this study 

shows that transpiration continues in the evening after the radiation is no longer present. Finally one 

needs to be able to accurately predict the climate parameters used in the models.  
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Annex A: Abbreviations 
Symbol or abbreviation 

 

Cp               Specific heat of air [J kg-1 °C-1] 
G              Soil heat flux density [W m-2] 
h                    Coefficient of the convective heat transfer [W m-2  °C-1] 
ea                  Actual vapour pressure [Pa] 
es                   Saturation vapour pressure [Pa] 
LAI                Leaf area index [m2 m-2] 
LE                Reference evaporation [W m-2] 
Q    Water flux [L3h-1] 
ra

p             Aerodynamic resistance Penman-Monteith[s m-1] 
ra

s              Aerodynamic resistance Stanghellini [s m-1] 
ri                     Internal resistance [s m-1] 
rr                     Radiative resistance [s m-1] 
rs               Surface resistance [s m-1] 
Rn                   Net radiation at the crop surface [W m-2] 
S     Water storage [L3]  
T                Air temperature [°C ]  
Tw                   Leaf surface temperature [°C ] 
u    Wind speed [ms-1] 
α               Dimensionless constant (1.26) 
Δ                   Slope vapour pressure curve [Pa °C-1] 

ρa              Mean atmospheric density at constant pressure [kg m-3] 
𝜎    Stefan Boltzmann constant [J m-2 K -4 s-1] 
γ                     Psychrometric constant [Pa °C-1] 
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Annex B: Pictures Inside Greenhouse 

 

 


