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Abstract

Water consumption reduction in greenhouse cultivation is a key objective for growers to op-
timize resource usage. Accurate estimation of transpiration, enabling growers to adapt water
inputs to exact plant requirements, is vital for efficient water management. Various mod-
els have been developed to estimate transpiration. The Penman-Monteith and Stanghellini
models are two of the most widely used models.

The Penman-Monteith model was originally designed for open-field conditions, while the
Stanghellini model was specifically developed for greenhouse environments. In this study,
the accuracy of these models in estimating transpiration was evaluated by comparing their
estimated values with measured transpiration data. By affecting the VPD and stomatal
resistance, temperature directly impacts the rate of transpiration in plants. This research
also addresses a significant gap in previous studies by determining the optimal observation
height for temperature data, which is essential for accurate modeling of transpiration.

Linear regression analysis was employed to assess the performances of the models. The
results show that the Stanghellini model provides more precise estimations of transpiration
compared to the Penman-Monteith model under greenhouse conditions. Moreover, using
temperatures measured above the top of the plant canopy improves the accuracy of tran-
spiration estimations in both models. Enhancing the accuracy of transpiration models in
greenhouse conditions is critical for promoting efficient water management practices.
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1. Introduction

Greenhouse cultivation has become a popular farming system globally owing to its abil-
ity to provide a controlled environment that is conducive for optimum crop production,
thereby leading to high profits. Greenhouses are of great importance in the food supply of
high-latitude countries [25]. The irrigation system is a vital greenhouse farming component
affecting crop yield and quality [19]. A thorough understanding of the transpiration pro-
cess is essential for adapting water inputs to meet plant needs. Therefore, various models
have been developed to predict plant transpiration. The Penman-Monteith model (PM) and
Stanghellini model (SM) models are two widely used models in greenhouse conditions.

1.1. Model Characteristics

The PM model, developed by Penman in 1948 [17] and refined by Monteith in 1965 [13], is
widely used for estimating crop transpiration in open fields. This estimation is crucial for
effective water management in agricultural systems. The PM model incorporates a ’big-leaf’
approach, where the vegetation is simplified to a single leaf, with one idealized stomatal
cavity [12]. This simplification allows for practical estimation of transpiration rates within
the model. Furthermore, based on the perfectly mixed-tank approach, this method assumes
thermodynamic homogeneity within both the canopy and the air above the plants [15].
The PM model therefore expresses crop transpiration as a function of net radiative flux
and vapour pressure deficit at a particular temperature. Microclimate data used for PM
model calculations, such as temperature, humidity, wind speed, and radiation, are typically
collected at a single point located above the crop in the greenhouse (Table 1.1).

Stanghellini [21] further improved the PM model for greenhouse applications by incorporat-
ing the crop leaf area index (LAI), which represents the total leaf surface area per unit of
ground area. This modification allows the model to take into account the effects of canopy
shading and light interception, which may strongly influence crop transpiration rates in
greenhouses where light conditions may be more variable than in open fields [11]. This
model typically uses microclimate data measured within the canopy or above the crop (Ta-
ble 1.1). The reliability of transpiration predictions by various models largely depends on the
measurement positions of microclimatic data [26]. Despite the importance of measurement
positions, Table 1.1 reveals that authors frequently omit information on the exact locations
of microclimatic data used in the PM and SM models.
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1.2. Comparison between Transpiration Models

Table 1.2.: Detail

type of crop greenhouse condition time-scale and period of com-
parison

Jolliet and Bailey [9] tomato wind tunnel and full-size
greenhouse

9.5h, 15h, 17h

Bailey et al. [4] Ficus benjam-
ina

IRTA Spain and Silsoe UK average value of every 5min
in 20 hours

Caspari et al. [5] Asian pears well-watered and water-
stressed

averaged every 2h from be-
fore sunrise to 20:30h in 4
months

Prenger et al. [18] Red maple
tree

controlled-environment green-
house

in one day (24h), each data
point is an average of 14 days,
recorded every 15min

Prenger et al. [18] tomato unheated and naturally ven-
tilated greenhouse multi-span
Venlo-type greenhouse

from March 2016 to July 2016,
data recorded every 10s and
averaged every 10min

Yan et al. [26] cucumber Venlo-type glasshouse oriented
east to west; humid, subtropi-
cal, monsoon climate zone

every 10min from 07:00 to
18:00 on 3 sunny days; leaf
measured at intervals of 5-7
days

Zheng et al. [27] grapevine solar greenhouse under high
latitude, cold, and high-
radiation

from 21 May to 24 October
(157 days), from 8 May to 4
November (177 days)

Harms [8] tomato Venlo-type soilless greenhouse data recorded every 5min
in a day (24h), transpiration
period from 18 July to 13
September

Shao et al. [20] tomato Sunken solar greenhouse ori-
ented north to south

daily and hourly scales from
1 November 2018 to 9 Decem-
ber 2020

1.2. Comparison between Transpiration Models

Until now, only a limited number of studies have been conducted to compare the perfor-
mances of transpiration models under greenhouse conditions. Jolliet and Bailey [9] com-
pared the estimated transpiration from the Penman, Stanghellini, Chalabi & Bailey, Aikman
& Houter and Jolliet & Bailey models with the observed transpiration. The last three models
are not really different models, just very similar models to the PM model using different
calculations of canopy resistance (rc). They found that the Stanghellini and Jolliet & Bai-
ley models performed best in quantifying tomato transpiration, as indicated by their higher
Coefficient of Determination (R2) values (Table 1.3). Similarly, Prenger et al. [18] made a
comparison of the performance of three different models, namely the Penman, Penman-
Monteith and Stanghellini models, and found that the SM model provided the best results
for predicting transpiration in Red Sunset Maple based on its higher R2 values (Table 1.3).

The Stanghellini model is generally considered to be the most accurate model for predicting

3



1. Introduction

transpiration under greenhouse conditions. However, the Penman-Monteith model is more
widely used than the Stanghellini model, even under greenhouse conditions [15]. According
to the above-mentioned studies, there is still a lack of information on comparing the per-
formance of the PM and SM models for predicting tomato transpiration in greenhouses. In
order to determine whether the Penman-Monteith model can provide reliable results com-
parable to the Stanghellini model, the performance of these two models will be evaluated
and compared in the present study.

Table 1.3.: Results of Different Transpiration Models

Author Crop Model Slope R2

Jolliet and Bailey [9] Tomato Penman Unknown 0.59
Stanghellini Unknown 0.77
Chalabi & Bailey Unknown 0.57
Aikman & Houter Unknown 0.73
Jolliet & Bailey Unknown 0.81

Prenger et al. [18] Red
Sunset
Maple

Penman Unknown 0.214

Penman-monteith Unknown 0.481
Stanghellini Unknown 0.872

1.3. Objectives of the Study

The PM and SM models are commonly used for predicting transpiration in greenhouse condi-
tions. However, the assumption of homogeneity of micrometeorological parameters in these
models, which is acceptable for open field conditions, may not be applicable for greenhouse
crops due to the presence of artificial heating and ventilation system. These factors can intro-
duce temperature gradients and humidity variations within the greenhouse. Consequently,
it becomes crucial to determine the appropriate height of observation for microclimate pa-
rameters to accurately adapt the models to the specific climatic conditions of the greenhouse.
Moreover, as the SM model is thought to provide better performance in greenhouse condi-
tions, it is necessary to determine whether the SM model can actually offer more accurate
transpiration estimates and whether the PM model can yield results equally reliable to the
SM model. Therefore, the objective of the present study is to address the following points:

• Can the PM and SM models provide accurate transpiration estimations?

• Can the PM model yield results as reliable as the SM model?

• What is the optimal observation height for temperature data utilized in both models?

4



2. Methodology

2.1. Transpiration Model Theory

2.1.1. Penman-Monteith model

The PM model combined the energy balance with the mass transfer method. At present,
this method is widely recognized as one of the most established methods for computing
transpiration (Et) [7]. The latent heat flux caused by crop transpiration is expressed as [3]:

ρλEt = 3.6 × 106 ×
sRn + Cpρa

(es−ea)
ra

s + γ
(

1 + rc
ra

) (2.1)

Where:

Et transpiration (mm · h−1)
λ latent heat flux of vaporisation (J · kg−1) (2.45 MJ · kg−1)
Rn netradiation (W · m−2)
Cp specific heat of air at constant pressure (J · kg−1 · K−1) (1004 J · kg−1 · K−1)
ρ density of water (kg · m−3) (1000 kg · m−3)
ρa density of air (kg · m−3)
ea actual vapour pressure of the air (kPa)
es saturated vapour pressure of the air (kPa)
γ psychrometer constant (kPa · K−1) (0.066 kPa · K−1)
ra aerodynamic resistance (s · m−1)
rc canopy resistance (s · m−1)
s slope of the saturated vapour pressure curve (kPa · K−1), see Equation 2.3

es is the maximum vapour pressure of water particles before condensation. es is a function
of the temperature (T). The empirical approximation provided by Moene and Van Dam [12]
for calculating es in [kPa] is given by:

es (T) = 0.6112e
17.62(T−273.15)

−30.03+T (2.2)

5



2. Methodology

T temperature (K)

Where:

The slope of the saturated vapour pressure curve (s) in [kPa · K−1] can be easily determined
from the derivative of Equation 2.2 [12]:

s =
des

dT
= es (T)

4284

(−30.03 + T)2 (2.3)

The advantage of this formula is that only one temperature input is required for the calcu-
lation of transpiration. This feature makes it particularly suitable for situations where there
is limited temperature variation in the greenhouse.

2.1.2. Stanghellini model

The Stanghellini model has been specifically designed for greenhouse conditions. This
model includes the LAI to account for energy exchange from multiple layers of leaves on
the greenhouse crop. The equation for Et in [mm/h] is defined by Stanghellini [21] and
described as follows:

ρλEt = 3.6 × 106 ×
sRn + Cpρa

2LAI(es−ea)
ra

s + γ
(

1 + rc
ra

) (2.4)

Where:

LAI leaf area index (−)

2.1.3. Aerodynamic Resistance

The aerodynamic resistance (ra) represents the resistance to the transfer of heat and water
vapor from the evaporating surface into the air above the canopy [3]. To determine the ra for
the Penman-Monteith model and Stanghellini model models, the heat exchange coefficient
(hs) induced by the airflow was used [23].

ra =
ρaCp

hs
(2.5)
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2.1. Transpiration Model Theory

Where:

hs heat exchange coefficient (W · m−2 · K−1)

The Nusselt number is a dimensionless similarity parameter to describe convective heat
transfer. Based on the flat plate theory, the value of hs is expressed as a function of the Nu

[15].

hs =
Nuλa

l
(2.6)

Where:

Nu Nusselt number (−)
λa air thermal conductivity (W · m−1 · K−1)
l characteristic dimension of the leaf (m)

According to Montero et al. [14], the calculation for characteristic dimension of the leaf (l)
can be expressed as follow:

l =
2

1
L + 1

W
(2.7)

Where:

L length of the leaf (m)
W Width of the leaf (m)

Convective conditions can be distinguished by Reynolds number (Re) and Grashof number
(Gr).

Re =
ρaul
µa

(2.8)

Gr =
g × β × ∆T × l3 × ρ2

a
µ2

a
(2.9)
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2. Methodology

Where:

Re Reynolds number (−)
u wind speed (m · s−1)
µa air dynamic viscosity (Pa · s)
Gr Grashof number (−)
g acceleration of gravity (m · s−2) (9.81 m · s−2)
β volumetric thermal expansion coefficient of air (K−1)
∆T temperature difference between the leaf temperature and the air temperature (K)

The expressions for Nu can be seen in Table [15].

Table 2.1.: Expression of the Nu

Free Re2 << Gr
Laminar 104 < Gr < 109 Nu = 0.54Gr

1
4

Turbulent 109 < Gr < 1012 Nu = 0.12Gr
1
3

Mixed Re2 ≈ Gr
Laminar 103 < Gr < 109 Nu = 0.68

(
Re

3
2 + Gr

3
4

) 1
3

Turbulent 109 < Gr < 1012 Nu = 0.03
(

Re
12
5 + 12.1Gr

) 1
3

Forced Re2 >> Gr
Laminar 3 × 105 > Re Nu = 0.56Re

1
2

Turbulent 5 × 105 < Re Nu = 0.03Re
4
5

Free: Free convection arises from buoyancy forces resulting from density disparities induced by
temperature fluctuations within a fluid.

Mixed: Mixed convection is a combination of forced and free convections.

Forced: Forced convection occurs when a fluid flow is induced by an external force

2.1.4. Canopy Resistance

The exchange of water vapor through the crop surface is affected by rc, which is determined
by the degree of stomatal aperture and is closely associated with the microclimate condi-
tions. The larger the aperture, the smaller the resistance. To obtain the necessary resistance
values, transpiration models were inverted and the resistance was deduced from measured
transpiration rates. Canopy resistance can be modeled using a multiplicative function as
follow [15]:

rc = rc, min f1 (Rn) f2 (VPD) f3 (Ta) (2.10)

Where:

For a tomato crop, Katsoulas and Stanghellini [10] and Stanghellini [21] have demonstrated
that the variations of rc can be adequately described by two out of the three functions,
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2.2. Experimental Method

rc, min minimum canopy resistance (s · m−1)
VPD vapour pressure deficit (kPa) (VPD=es-ea)
Ta air temperature (K)

owing to the correlations between climatic parameters. Consequently, rc can be formulated
as a function of two variables, namely net radiation (Rn) and vapour pressure deficit (VPD)
[23]:

For the PM model:

rc = c1
Rn + c2

Rn + c3

(
1 + c4VPD2

a

)
(2.11)

For the SM model:

rc = c1

Rn
2LAI + c2

Rn
2LAI + c3

(
1 + c4VPD2

a

)
(2.12)

The values of c1 to c4 for a tomato crop were determined by Villarreal-Guerrero et al. [23]
through an optimization procedure utilising the linear least squares in the surface fitting
toolbox of Matlab (Table 2.2).

Table 2.2.: Values of c1 to c4

Model Penman-Monteith model Stanghellini model

c1 0.35 18.6
c2 9985 197.5
c3 3.8 0.31
c4 2.61 × 10−7 1.2 ×10−6

2.2. Experimental Method

As previously mentioned, the estimation of transpiration via PM and Stanghellini model (SM)
models requires the input of various climatic parameters. This section describes the experi-
mental setup that was implemented for the purpose of the study, as well as the correspond-
ing measured parameters.
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2. Methodology

2.2.1. Experimental Setup

The study was carried out in September in a Venlo-type greenhouse located at the Del-
phy Improvement Centre in Bleiswijk, South Holland. The experimental site lies within an
oceanic climate zone and experiences an average temperature of around 16°C during this
month. In September, Bleiswijk receives an average rainfall of 21.2 mm and approximately
5 days of rainfall, with humidity levels hovering around 68% [Online]. Different weather
conditions caused large variability between the radiation intensity.

The greenhouse is rectangular in shape. The longer side has a southwest-to-northeast direc-
tion, which aligns with the prevailing wind direction. The greenhouse is naturally ventilated
to allow for the exchange of hot and moist exhaust air from inside to outside and can be
heated using a hot-water steel pipe heating system [8].

Mature Merlic tomato plants were used in the experiment, which is one of the main cultivars
grown in the country. In total, there were 6 hanging gutters (14.7m × 0.25m) with a spacing
of 1.6 m between the midpoints of adjacent gutters. Each gutter contains 11 slabs that each
host 8 branches of the tomato plant. Each slab is 1.3 m in length and 0.15 m in width. Both
control plants and experiment plants are in row 2. The mean bulk density and porosity of
the Cultilene Exact Air rock wool slabs used were 50 kg/m3 and 95 % respectively [8]. Two
droppers were provided for each plant. Water was supplied to the plants depending on the
radiation sum or an exceeding time span. No irrigation took place at night. The droppers
were removed from the experiment slab on September 5. All plants received uniform agro-
nomic management, including stem pruning, fertilization, pest control, and trellised support
[8].

Following the FAO-56 approach, the growing season of the tomato crop is divided into four
stages, namely: the initial stage, the crop development stage, the mid-season stage, and the
late-season stage [1]. At the onset of the experiment, the plants were 8 months old and in
the mid-season stage. Generally, tomatoes grow 20-30 cm a week. The branches were thus
lowered and horizontally displaced throughout the gutter. This was also done to keep the
top of the plants remains at the same point.

2.2.2. Microclimate Measurement

The microclimate parameters that were measured inside the greenhouse included net ra-
diation (Rn), air temperature (Ta), leaf temperature (Tl) and relative humidity (h). A set of
sensors were used to measure these microclimate parameters. The sensors of the experiment
were installed between 30 August and 2 September. A schematic view of the experimental
device is depicted in Figure 2.1, and a detailed description is provided in Table 2.3.

A CNR4 net radiometer with a sensitivity of 5 20 V ·W−1 ·m−2 [Zonen] was used to measure
shortwave radiation and longwave radiation. In the CMOS integrated temperature module,
air temperatures were measured at 0.3 m, 0.9 m, 1.5 m, 2.1 m, 2.7 m and 3.3 m heights
from the ground. Air temperature and leaf temperature were also measured by leaf-to-
air-temperature sensors (LAT). The sensors were placed at the root, middle and top of the
plant. Tl , h, rc, VPD, and Et can be measured manually by LI-600 Porometer. All the data are
averaged every 10 minutes.
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2.2. Experimental Method

(a)

Figure 2.1.: Experimental Setup. (a) Temp. Module. (b) LAT.
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2. Methodology

Table 2.3.: Devices for Measuring Microclimate Parameters

Sensor Parameter Detail

CNR4 net radiometer Rn Unit: W · m−2

Spectral range:
300 - 2800 nm (short wave)
4500 to 42000 nm (long wave)
Sensitivity: 5 - 20 V · s−1 · m−2

CMOS integrated temperature module Ta Developed by Qinwen Fan as part as the Plantenna project
Ecomatik LAT sensor Ta Unit: °C

Tl LAT B2 (the bottom ones)
LAT B3 (all the others)

Poromoter Tl Unit:°C
Operating conditions: 0 - 50 °C
Accuracy: ± 0.5 C

VPD Unit: %
Operating conditions: 0 - 85%, non-condensing
Accuracy: ± 2% RH

rc Unit: mol · m−2 · s−1

VPD Unit: kPa
Et Unit: mol · m−2 · s−1

2.2.3. Leaf Area Index Measurement

The leaf area index (LAI) is a dimensionless quantity that characterizes plant canopies. It
is defined as a ratio of the leaf area to the ground area. Typically, LAI can be determined
directly by taking a statistically significant sample from a plant canopy using a camera inte-
grating system [24]. The LAI was assumed not to change significantly during our experiment
period. A constant value of 3 was therefore used for the SM model, which is a commonly
observed value for mature tomato crops [8].

2.2.4. Transpiration Measurement

Transpiration measurements are based on the concept of water balance:

dS
dt

= Qin − Qout (2.13)

Where:

Qin incoming water flux
Qout outgoing water flux
S storage
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2.2. Experimental Method

Figure 2.2.: Water Balance in the Slab

Figure 2.2 shows the water balance in the slab. In this study, the crops were watered through
the irrigation system. Part of the water drains out through the gutter, while part is absorbed
by the plants and finally evaporates through the leaves. Since the tomato crops were grown
in rock-wool slabs covered with plastic, there is no evaporation from the slab. Also, part of
the water may be stored in the soil to balance the difference between inputs and outputs.
The water balance then reads:

dSsoil
dt

= I − D − WE (2.14)

Where:

Ssoil soil moisture storage, which can be calculated through soil moisture
I irrigation
D drainage
WE water extraction by plant roots

In tomato crops, water balance can read:

dSplant

dt
= WE − Et (2.15)

Where:
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2. Methodology

Splant water stored in the plants for growth

For simplification, water stored in the plants for growth is neglected. Transpiration in the
tomato crop was then estimated by measuring the upward flow of sap from the root system
to the leaf of a crop. During the day, the sap flow gives a good estimate of transpiration
because a large amount of water passes directly through. When plants are well-watered,
transpiration is roughly the same as the sap flow [2]. However, this method has a disadvan-
tage at night, when sap flow is still present in the absence of transpiration.

The sap flow gauges were installed at representative plants of the tomato crop. The 2grow
sap flow sensor was used to measure the sap flow and stem diameters. Sap flow and stem
flow from September 9 to September 19 were measured, and these data were averaged every
10 min. The amount of irrigation and drainage water from each slab containing sap flow
sampled plants was monitored using Priva water sensors. The data measured directly from
sap flow sensors were compared daily to the water extraction values obtained via Priva
water sensors (Equation 2.14).

Table 2.4.: Devices for Measuring Microclimate Parameters

Sensor Parameter

2grow sap flow sensor Sap flow
Priva water sensor Irrigation

Drainage
Teros Soil moisture

2.3. Data Processing

2.3.1. Irrigation and Drainage

The data recorded in Excel was originally measured in units of L/m2/h, representing the
cumulative quantity of irrigation/drainage water for a duration of 5 minutes. To standardize
the data, the raw values were first divided by 5. Subsequently, the data were further pro-
cessed by calculating the mean value for each hour to mitigate the influence of short-term
fluctuations. The final units for the irrigation/drainage water were expressed in mm/h.

2.3.2. Water Storage

Soil moisture content was determined by averaging measurements obtained from both the
south and north sides of the control slab. The raw data was initially unitless. To calculate
water storage, soil moisture values for each hour were selected. The water stored in the soil,
expressed in mm, can be computed using Equation 2.16 as referenced below. Data for each
hour were used for subsequent calculations.
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2.4. Evaluation of Model Performance

water storage =
bulk density

(
kg/m3)× soil moisture (−)× slab volume

(
m3)× porosity (−)

water density (kg/m3)× slab sur f ace area (m2)
× 103

(2.16)

2.3.3. Sap Flow

Sap flow data were collected at 10-minute intervals and expressed in g/h. Using Equa-
tion 2.17, the unit can be converted to mm/h. To facilitate further calculations, the sap flow
values for each hour were averaged.

sap f low =
sap f low (g/h)

1000 × slab sur f ace area (m2)
(2.17)

2.3.4. Radiation and Temperature

Radiation and temperature data were measured at 10-minute intervals. Temperature mea-
sured at both the west and north side of the temperature module are averaged. To facilitate
further calculations, the data for both variables were averaged for each hour.

2.4. Evaluation of Model Performance

The measured and calculated Et were compared by linear regression analysis. Coefficient of
Determination (R2) and slope were used to evaluate model performances and is expressed
as:

R2 = 1 − ∑n
i=1 (Ci − Mi)

2

∑n
i=1

(
Mi − M

)2 (2.18)

slope =
∑n

i=1
(

Mi − M
) (

Ci − C
)

∑n
i=1

(
Mi − M

)2 (2.19)

Where:

Ci calculated transpiration
Mi measured transpiration
M average measured transpiration

A better model performance has R2 value close to 1.
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3. Result

3.1. Water Balance Model and Sap Flow

Given the limited availability of soil moisture data, the present study has opted to con-
centrate its analysis on the period between September 10 and September 19. Transpiration
values calculated from the water balance model (Equation 2.15) were used to verify whether
sap flow could be used as an indicator of transpiration.

Figure 3.1.: Modelled Transpiration (Water Balance) and Sap Flow

Figure 3.1 illustrates the modelled transpiration and sap flow for tomato crops in Septem-
ber 2022. The water balance model used in this study includes a delay in estimating plant
transpiration. This delay arises from the time required for water to move up to the leaves
and evaporate into water vapor after its adsorption by the plant root system. Moreover,
the storage dynamics within the soil and plant also introduce a delay in the model’s tran-
spiration estimates. Additionally, there is a time delay for the drainage water to reach the
measurement point for drainage.

To mitigate the delay in estimating transpiration, daily total transpiration computed based
on Water Balance model and sap flow rates were compared to evaluate the feasibility of
using sap flow as a dependable indicator of transpiration.
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3.1. Water Balance Model and Sap Flow

Table 3.1.: Daily Modelled Transpiration and Sap Flow

Date Transpiration (WB) (mm) Sap Flow (mm)

9/10/22 7 7
9/11/22 6 7
9/12/22 5 6
9/13/22 4 7
9/14/22 4 7
9/15/22 0 6
9/16/22 1 6
9/17/22 2 3
9/18/22 3 5
9/19/22 2 5

(a) Irrigation and Drainage

(b) Water Extraction and Sap Flow

Figure 3.2.: Cumulative Graph)

The daily modeled transpiration rate was slightly lower than the daily sap flow rate, except
for September 15 and 16, when a notably larger difference was observed. On average, the
difference between the two rates was approximately 1.6 mm. As depicted in Figure 3.2,
during these two days, the cumulative drainage rate exceeded the cumulative irrigation
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3. Result

rate. This inconsistency could potentially be attributed to errors during the data collection
and processing process.

A linear regression was conducted for the daily transpiration values and daily sap flow, with
the exception of September 15 and 16.

Figure 3.3.: Relationship between Daily Transpiration and Sap Flow

Sap flow includes water used for transpiration and water used for other plant functions,
such as growth. Water stored in plants may also contribute to an increased sap flow rate.
This is reflected in Figure 3.3, where the daily modelled transpiration is almost equivalent
to 80% of the sap flow rate, with an R2 value of 0.86. Here, we use the 80% sap flow data to
assess the ability of the PM and SM model to predict transpiration.

3.2. Microclimate Conditions

Microclimate parameters play a crucial role in the instantaneous variation of plant transpi-
ration and are essential parameters for the accurate calculation of plant transpiration using
PM and SM models.

3.2.1. Microclimate Data Measured by the Porometer

Several microclimate data were measured manually by Porometer from September 5 to
September 9. Humidity varied from 43.86% to 73.73% and temperature varied from 21.52◦C
to 32.59◦C. As shown in Figure 3.4, humidity is relative to the air temperature. An increase
in temperature may result in a decrease in relative humidity, which can subsequently impact
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plant transpiration rates. The microclimatic data shown in Figure 3.4 provide important fun-
damental information for the subsequent application of the PM and SM models to calculate
transpiration.

Figure 3.4.: Humidity and Temperature Measured by Porometer

3.2.2. Microclimate Data Measured by Other Devices

Some of the microclimate data were measured and recorded automatically by other devices
from September 9 to September 22.

Temperature

Control plant 2B was well watered throughout the experiment and did not exhibit any
signs of water stress. Leaf and air temperature were measured by LAT sensors at multiple
locations, including near the roots (approx. 0.3 m) and at the top of the plant (approx.
2.3 m). The temperature fluctuations during this period are presented in the Figure 3.5.
The air and leaf temperature obtained from the top and bottom of the plant didn’t differ
significantly. The average temperature during the period was around 21◦C. This provides
essential information to further determine the air properties required for the calculation of
transpiration.

Figure 3.5.: Air Temperature Measured by LAT Sensors Plant 2B, at Height 0.3 and 2.3 m
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Figure 3.6.: Leaf Temperature Measured by LAT Sensors Plant 2B, at Height 0.3 and 2.3 m

Radiation

As illustrated in the Figure 3.7, the net radiation ranged from 1.68 W/m2 to 482.25 W/m2

throughout the experimental period. Rn was close to zero during the night and increased
during the day, showing a similar trend to temperature. On September 17, the net radiation
remained much lower, indicating a clouded day. This was consistent with the temperature
trend fluctuations observed during the same period.

Figure 3.7.: Radiation Measurement

3.3. Aerodynamic and Canopy Resistance

Consistent with previous studies (Table 1.1), the resistance values were determined by Equa-
tion 2.5, Equation 2.11 and Equation 2.12 using air temperatures at the top of the plants.
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Figure 3.8.: Aerodynamic and Canopy Resistance

3.3.1. Aerodynamic Resistance

Aerodynamic resistance is a critical parameter in the study of plant transpiration. It was cal-
culated according to the heat exchange coefficient (Equation 2.5) using l = 0.043 m, which is
a typical value determined for tomatoes [23]. A wind speed of 0.2 m/s was assumed, which
is a commonly used value in greenhouses under natural ventilation conditions [22]. The
properties of the air for the computation of ra are listed in the Table A.1. This method pro-
vides valuable information on the convective conditions of the airflow and the instantaneous
variation of the ra.

Gr ranges between 3442888 and 3482289, with an average value of 3450190, Re2 is 323871.
Based on these results, mixed convection is occurring between the canopy and air.

Figure 3.9.: Aerodynamic Resistance and Air-to-Leaf Temperature Difference

The results depicted in Figure 3.9 reveal that aerodynamic resistance varied slightly between
65.6 s/m and 65.8 s/m. Notably, during midday, when radiation reaching the plant induced
a higher temperature difference between the leaf and air, ra was observed to be lower. More-
over, as displayed in Figure 3.8, aerodynamic resistance remains relatively constant when
compared to canopy resistance. It indicates that using a constant ra does not result in a
significant loss of accuracy in predicting transpiration. Our findings are in accordance with
previous studies that have utilized a constant ra to simulate transpiration [8].

3.3.2. Canopy Resistance

The utilization of a constant canopy resistance may result in inaccurate predictions of tran-
spiration due to the influence of VPD and Rn [9]. To address this issue, we calculated rc
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separately for the PM (Equation 2.11) and SM (Equation 2.12) models in our study. The val-
ues of the parameters c1 to c4 determined by Villarreal-Guerrero et al. [23] for tomato crops
were used in the calculation of canopy resistance. Based on the information presented in
Figure 3.4, a relative humidity value of 70% was selected to calculate canopy resistance at
the average temperature of the greenhouse.

The impact of solar radiation on canopy resistance is considerable, leading to significant
differences between the values of rc at night and during the day. As shown in Figure 3.10,
for the PM model, canopy resistance (rc) ranged from 10 s/m during the day to 780 s/m at
night, while for the SM model, it varied from 148 s/m during the day to 12553 s/m at night.
Notably, canopy resistances for the SM model are 10 times greater than those for the PM
model, which is consistent with the findings of Villarreal-Guerrero et al. [23]’s research for
tomato crops in a greenhouse environment.

Figure 3.10.: Canopy Resistance

3.4. Application of the Penman-Monteith model and the
Stanghellini model

Figure 3.11 depicts the measured and modelled hourly transpiration from September 9 to
September 22. The measured transpiration was obtained from sap flow measurements. The
modelled transpiration values were derived from the calculations of the Penman-Monteith
model and Stanghellini model. In accordance with prior studies (Table 1.1), these mod-
els utilized air temperatures measured by the highest LAT sensor on plant 2B to estimate
transpiration rates.
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3.4. Application of the Penman-Monteith model and the Stanghellini model

(a) Penman-Monteith model

(b) Stanghellini model

Figure 3.11.: Comparison between measured and estimated transpiration (T at top of plants)

As shown in Figure 3.11, for the PM model, significant underestimations of the transpira-
tion rate are observed during the daytime. During the nighttime, the modelled transpiration
overestimates the measured transpiration. The SM model provides relatively accurate esti-
mates of the transpiration rates. However, the modelled transpiration rates also tend to be
underestimated when there is a decrease in solar radiation.

To better assess the relationship between the measured and modelled values of the transpi-
ration rate, the slope and Coefficient of Determination of the regression line were calculated.
The results of these calculations are presented in Figure 3.12. For the PM model, the slope of
the regression line is 0.73 and R2 is 0.768. For the SM model, the slope of the regression line
is 0.89 and R2 is 0.777.

(a) Penman-Monteith model

(b) Stanghellini model

Figure 3.12.: Relationship between Sap Flow and Modelled Transpiration
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The slope of the regression line being closer to 1 for the SM model indicates a better agree-
ment between the modelled transpiration and the measured values. Additionally, a higher
R2 indicates a better overall fit of the model to the observed transpiration data. Therefore,
based on the regression analyses, the SM model exhibits higher accuracy in predicting tran-
spiration compared to the PM model. The observed trend of larger errors in the range of
sap flow is between 0.4 to 0.6. The estimation of transpiration from midday to night shows
relatively poor performance. It could be associated with the delay in sap flow decrease when
transpiration decreases.

Figure 3.13.: Violin Graph

The violin Figure 3.13 shows the difference between the modeled transpiration and sap flow,
providing an insightful depiction of the distribution of errors for both the PM and SM models.
The plot reveals that the majority of errors fall within the range of 0 to 0.1 for both models,
indicating a relatively close agreement between the modeled transpiration and observed sap
flow measurements.

3.5. Selection of the Optimal Temperature Measurement
Locations

The selection of appropriate temperature measurement locations is crucial in accurately
estimating transpiration rates for the PM and SM models. By carefully choosing the most
suitable temperature measurement locations, more precise estimations of transpiration can
be obtained. In this study, air temperature data were collected from six different locations.
In the subsequent sections, the selection of the optimal temperature measurement locations
for both the PM and SM models will be discussed.

3.5.1. Temperature Used in the Penman-Monteith model

For the PM model, the slope and coefficient of determination of the regression line between
the measured and modelled transpiration values were calculated using a set of air tempera-
tures. The results of these calculations are presented in Table 3.2.
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Table 3.2.: Correlation between Measured and Simulated Transpiration Rates (PM)

Location (m) Slope R2

0.3 0.71 0.76
0.9 0.72 0.77
1.5 0.74 0.78
2.1 0.76 0.79
2.7 0.77 0.79
3.3 0.77 0.79

Temperature was measured in
temperature module 0.3, 0.9, 1.5,
2.1, 2.7 and 3.3 m from plant roots

The selection of air temperatures at heights of 2.1 m, 2.7 m, and 3.3 m from the plant roots
resulted in similar and better correlations. Therefore, using air temperature measured above
the top of the plant canopy is deemed a suitable choice to serve as a parameter in the PM
model.

3.5.2. Temperature Used in the Stanghellini model

Table 3.3.: Correlation between Measured and Simulated Transpiration Rates (SM)

Location (m) Slope R2

0.3 0.85 0.78
0.9 0.88 0.78
1.5 0.93 0.78
2.1 0.99 0.75
2.7 1.00 0.74
3.3 1.00 0.75

Temperature was measured in
temperature module 0.3, 0.9, 1.5,
2.1, 2.7 and 3.3 m from plant roots

The selection of air temperatures at heights of 2.1 m, 2.7 m, and 3.3 m from the plant roots
has resulted in better correlations. Hence, using air temperatures above the top of the plant
canopy as a parameter for the SM model is a suitable approach.

Using temperatures above the top of the plant canopy appears to be a reliable method for
estimating transpiration in greenhouse conditions. This observation is consistent with prior
research (Table 1.1).
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4. Discussion

The objective of this study is to establish a precise model for estimating transpiration in
greenhouse environments. This model is utilized to predict variations in transpiration rates
within the greenhouse, thereby facilitating the improvement of water management strate-
gies. The improved strategies are intended to mitigate water wastage by meeting the exact
water requirements of plants for optimal growth and development.

To achieve this objective, several analyses and comparisons were conducted, as outlined
below:

1. Comparison of daily sap flow and daily transpiration computed from the water
balance model

The relationship between sap flow and daily transpiration computed by the water bal-
ance model was investigated. The analysis revealed that daily transpiration estimated
by the model was consistently around 80% of the measured daily sap flow. Several
reasons contribute to the discrepancies observed between sap flow values and model-
based transpiration estimations.

• Sap flow measurements capture the movement of water within the plant. In
addition to transpiration, water is transported for other purposes such as storage
within the plants as well. This internal water movement contributes to the overall
sap flow measurements but is not reflected in the transpiration estimated by the
water balance model, leading to variations between sap flow values and model-
based transpiration estimations.

• Sap flow measurements are directly obtained from the plant stems, while the wa-
ter balance model estimates transpiration based on various factors, such as irriga-
tion, drainage and soil moisture content measurements. Differences in measure-
ment techniques or potential measurement errors can also contribute to variations
between sap flow and model-based transpiration estimations.

• The water balance model relies on various assumptions. Humidity, wind speed
and leaf area index were assumed to be constant values in this study. These
assumptions may not fully capture the complex and dynamic nature of transpira-
tion in real-world greenhouse conditions. Deviations from the actual conditions
may lead to differences between the sap flow measurements and model-based
transpiration estimations.

• The delay between drainage from the slab and measurement at the end of the
gutter

Sap flow values tend to differ from the model-based transpiration values. In previous
studies, sap flow was directly used as an indicator of measured transpiration, which
may result in an incorrect estimation of actual transpiration. In the study, 80% of mea-
sured sap flow was utilized as an indicator of measured transpiration. This adjusted
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approach can help us to select a transpiration model that more accurately reflects the
realities observed in greenhouse conditions.

2. Comparison of Estimated Transpiration by the Penman-Monteith Model and Stanghellini
Model with Measured Transpiration (Temperatures Measured at the Top of the
Plant)

The accuracy of the transpiration estimates using two models under greenhouse con-
ditions was evaluated by comparing the measured transpiration with the transpiration
estimated by the Penman-Monteith and Stanghellini models. In this analysis, temper-
atures obtained at the top of the plant were utilized as inputs for both models. The
performance of the models was assessed based on the slope value and the coefficient
of determination.

The results of the analysis demonstrated that the Stanghellini model exhibited a slope
value closer to 1 and a higher R2 compared to the Penman-Monteith model. This in-
dicates a stronger correlation between the estimated transpiration and the measured
transpiration, and a better overall fit of the model to the observed data. Therefore,
it can be concluded that the Stanghellini model outperformed the Penman-Monteith
model in estimating transpiration under greenhouse conditions. The better perfor-
mance of the Stanghellini model can be attributed to several factors.

• The Stanghellini model is specifically designed to account for the characteristics
of greenhouse environments. It incorporates crop characteristics factors, such as
leaf area index, which have a significant impact on transpiration rates. In contrast,
the penman-monteith model is a more generalized transpiration model that may
not fully capture the specific conditions present in greenhouses.

By considering crop characteristic parameters, the Stanghellini model allows for more
accurate estimations of transpiration compared to the Penman-Monteith model. This
finding emphasizes the importance of considering crop characteristics, such as LAI, in
improving the accuracy of transpiration estimation.

3. Comparison of Estimated Transpiration by the Penman-Monteith Model and Stanghellini
Model with Measured Transpiration (Temperatures Measured at Different Vertical
Locations)

To investigate the influence of vertical temperature distribution on transpiration esti-
mation, temperatures were measured at six different heights within the greenhouse.
These measured temperatures were used to estimate transpiration in the Penman-
Monteith and Stanghellini models. By comparing the measured values with the es-
timated values, it was observed that temperatures measured above the top of the plant
canopy provided more accurate estimations of transpiration for both models. This
finding can be attributed to several reasons.

• Transpiration rates are typically higher in the upper canopy due to the higher ex-
posure of leaves to solar radiation and the increased transpiration demand. Using
temperatures measured above the top of the canopy enables a closer approxima-
tion of the actual transpiration rates in the greenhouse.

The findings of this study provide further evidence supporting the notion that incor-
porating temperatures measured above the top of the plant canopy leads to improved
accuracy in transpiration estimation for both the Penman-Monteith and Stanghellini
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4. Discussion

models. This finding is consistent with previous studies, which highlighted the signif-
icance of considering the vertical temperature distribution in estimating transpiration
in greenhouse conditions.

4. Limitations

• In the present study, it was observed that the water balance model assumes that
all water extracted by the plants is transpired, without accounting for potential
output such as leaf surface evaporation and water storage within the plants. This
simplification in the model may lead to an overestimation of transpiration esti-
mates based on the model. It is crucial to incorporate other relevant factors to
improve the accuracy of transpiration estimation models in future research.

• Due to the limited availability of information, this study utilized constant values
for humidity, leaf area index, and wind speed. The use of these constant values
may have introduced potential inaccuracies in the estimation of transpiration. To
enhance the precision of future transpiration estimations, it is recommended to
incorporate more realistic values for these parameters.
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5. Conclusion

This study aimed to evaluate the accuracy of transpiration estimations using the Penman-
Monteith and Stanghellini models under greenhouse conditions. The findings reveal that
the Stanghellini model provides more accurate estimations of transpiration compared to
the Penman-Monteith model. Measuring temperatures above the top of the plant canopy
enhances the accuracy of transpiration estimations in both models. Future research should
focus on addressing the limitations of the water balance model and incorporating more
realistic parameter values to further improve the accuracy of transpiration estimation models
in greenhouse conditions.
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A. Appendix

A.1. Greenhouse Setup

Figure A.1 is a brief description of the slab.

Figure A.1.: Slab

A.2. Air Properties

Air properties can be seen in Table A.1 [6].
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Table A.1.: Air Properties

Air properties Unit Values

density of air (ρa) kg · m3 1.2047
air dynamic viscosity (µa) Pa · s 1.8205×10−5

volumetric thermal expansion coefficient of air (β) K−1 3.43×10−3

A.3. Selection of the Optimal Temperature Measurement
Locations

0.3 m from plant roots

Figure A.2.: 0.3 m from plant roots

0.9 m from plant roots
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A.3. Selection of the Optimal Temperature Measurement Locations

Figure A.3.: 0.9 m from plant roots

1.5 m from plant roots

Figure A.4.: 1.5 m from plant roots

33



A. Appendix

2.1 m from plant roots

Figure A.5.: 2.1 m from plant roots

2.7 m from plant roots
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A.3. Selection of the Optimal Temperature Measurement Locations

Figure A.6.: 2.7 m from plant roots

3.3 m from plant roots

Figure A.7.: 3.3 m from plant roots
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