
Abstract
The primary purpose of this paper is to compare the actual

transpiration rates from tomato crops, as measured at leaf scale
and estimated by a macroscopic approach in an agro-hydrological
model named FLOWS, under variable soil properties and water
availability. To this aim, sixteen plots were cultivated with toma-
toes in Metaponto, Southern Italy. Soil hydraulic properties (SHP)
were obtained using a fast in situ characterisation method. Leaf-
area index (LAI) was measured using a leaf-area metre. SHP and
LAI were then used in the physically-based FLOWS, which
allowed calculating the macroscopic transpiration rates, Ta,m.
Single-leaf transpiration rates, Ta,l, and stomatal conductance, gs,l,
were measured in situ. For comparison with Ta,m, gs,l was upscaled

by the Big-Leaf approach to canopy scale stomatal conductance,
gs,c, which was applied to the Penman-Monteith model to obtain
the canopy-scale transpiration, Ta,c. Finally, multiple linear regres-
sion (MLR) was used to find the statistical relationship between
Ta,m and Ta,c, and the SHP and gs,c. Results showed that the macro-
scopic approach smooths the spatial variability of transpiration
rates. Ta,c increased with the saturated water content, θs, and the
slope of the water retention curve, n, while Ta,m decreased with
increasing θs and n. MLR improved significantly by introducing
gs,c to predict Ta,m.

Introduction
Actual transpiration by the plants, Ta, is a crucial component

of the water balance. It involves stomatal diffusion of water taking
place jointly with carbon dioxide exchange and is thus strictly
connected to vegetation biomass yield. At the leaf scale, the tran-
spiration process is controlled by the response of stomata to phys-
iological and environmental factors such as irradiance, the temper-
ature of the leaf, atmospheric water vapour pressure gradients, and
CO2 concentration (Buckley and Mott, 2002; Centritto et al.,
2011; Cowan and Farquhar, 1977). The single leaf transpiration
may be measured by infrared gas analysers (IRGAs) designed
explicitly for measuring CO2 and H2O exchanges. In a single
plant, sap flow measurements remain a reference tool for measur-
ing transpiration (Marino et al., 2014).

However, mathematical modelling can only evaluate the influ-
ence of the different environmental and physiological factors con-
trolling transpiration at the canopy level. A crucial issue is devel-
oping a model that accounts for all the factors that control stomatal
conductance. 

Many models exist looking for a description of stomatal con-
trol of water and CO2 fluxes at the leaf scale, some more focused
on physiological aspects (for example, Leuning, 1995), some
emphasising more the role of soil, plant, and atmospheric process-
es on water and CO2 fluxes (Baldocchi and Meyers, 1998; Dewar,
2002; Williams et al., 1996). For example, the response of stom-
atal conductance to environmental and physiological variables has
been modelled by Jarvis et al. (1976) through a semi-empirical
model relating stomatal conductance to irradiance, the tempera-
ture of the leaf, and soil water pressure head.

Relating leaf-to-canopy transpiration is not a simple task, as it
generally involves scaling up leaf-scale stomatal conductance mea-
surements to the canopy scale. While leaf stomatal conductance
and other factors controlling evapotranspiration are relatively easy
to measure, estimating canopy conductance requires complex
mechanistic or empirical approaches (Jarvis and McNaughton,
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1986; Shuttleworth, 2007). A common approach is the so-called
‘big-leaf’ model, where the canopy is considered a ‘macro-leaf’
whose conductance is obtained by scaling the leaf-scale stomatal
conductance through a leaf area index (LAI) by accounting for an
extinction factor. Another approach is the so-called dual-source
model proposed by Shuttleworth and Wallace (1985), which sepa-
rately estimates evaporation and transpiration and accounts for the
biophysical and hydrological processes occurring within the
canopy. However, the model involves complex parameterisation
and has been primarily used in simplified versions, which limits the
model’s strength (Brisson et al., 1998; Li et al., 2010).

The big-leaf assumption itself does not consider the complex
structure of the canopy, where the leaf distribution, which affects
the transpiration fluxes from the canopy, changes with canopy
heights and leaf angles (Baldocchi and Meyers, 1998).
Nevertheless, many studies have proven the practical validity of
the big-leaf approach (Monteith and Unsworth, 2013; Mu et al.,
2011). The well-known and consolidated Penman-Monteith equa-
tion, estimating evapotranspiration (evaporation plus transpiration)
at the canopy scale, is based on the big-leaf approach to calculate
the canopy conductance (Gc) required by the equation (Monteith
and Unsworth, 2013). 

Canopy-scale transpiration is an essential input for agro-hydro-
logical models, which are increasingly used for applications at
field or larger scales. The hydrological component of dynamics,
physically based agro-hydrological models generally rely on
mechanistic descriptions of water flow (and solute transport) in
soils (Abrahamsen and Hansen, 2000; Comegna et al., 2020;
Coppola et al., 2011, 2019; Šimůnek et al., 2008; van Dam et al.,
1997). Richards’ equation (RE) is generally used for water flow
and requires the soil water content-pressure head, q(h), and
hydraulic conductivity-water content, K(q), functions as an input.
Generally, RE has to be solved numerically by dividing the flow
fields into several simulation compartments where the equation
has to be solved with either finite differences or finite elements
methods. Frequently, when these models have to be used at
applicative scales (field-scale, for example), they use a macroscop-
ic approach for root uptake so that potential transpiration, Tp, is
distributed over the numerical simulation nodes in the whole root
zone proportionally to root density (Feddes and Raats, 2004), to
evaluate the potential water uptake in each node, Sp. To calculate
the actual water uptake in each node, Sa, Sp is eventually reduced
in the case of water and salinity stresses, whose presence is evalu-
ated based on soil water content and salinity in each simulation
node (Molz, 1981). Sa is thus included in the RE as a so-called sink
term. Integrating Sa over the root zone provides the Ta calculated
by the model, hereafter Ta,m. The macroscopic approach does not
describe the plant and its root system dynamically and in detail. It
neglects the effects of the root geometry and flow pathways around
roots. With this approach, the root system is rather modelled in a
static way and represents a pump drawing water from different soil
compartments according to a given root distribution, g(z). The
characteristics of the aerial part of the plant are generally given as
LAI, and leaves distribution is just described through an extinction
coefficient, k, for solar radiation within the canopy. The g(z), LAI,
and k must be provided as input to the model. 

There are also microscopic approaches focusing on descrip-
tions of radial flow to, and uptake by, individual roots and its tran-
spiration through leaves stomata (Roose and Fowler, 2004;
Schröder et al., 2008). In any case, because of the complexity of
the roots’ geometry and the flow equations into and through each
rootlet, the application of the microscopic approach is still limited
to the scale of a single plant and is not considered in this paper.

The macroscopic sink term’s variability results from the vari-
ability of the soil-water pressure and the osmotic potentials in the
different simulation nodes in the root zone (Coppola et al., 2015).
Thus, as Coppola et al. (2015) discussed, the Ta calculated by a
macroscopic approach in agro-hydrological models may be signifi-
cantly impacted by the spatial and temporal variability of the water
content (and salinity) in the root zone across a field. The water con-
tent variability in the root zone, in turn, is strictly related to the nat-
ural variability of the soil’s hydraulic properties. However, it is
unclear to which extent the spatial variability of hydraulic proper-
ties also impacts the actual transpiration at the leaf scale. 

Based on the premises above, there are plenty of approaches
for measuring or estimating actual transpiration at different scales.
However, there are some issues still deserving to be clarified, con-
cerning: i) the relationship between actual transpiration measured
at the microscopic leaf scale and that calculated by a macroscopic
approach at the canopy scale; ii) the role of the spatial variability
of soil hydraulic properties on both the leaf scale and canopy scale
actual transpiration. To partially fill the gap, the purpose of this
paper was to compare the actual transpiration, as measured at leaf
scale and estimated by a macroscopic approach in an agro-hydro-
logical model, under variable soil properties and water availability.
For this purpose, sixteen plots were cultivated with tomato crops,
of which eight were fully irrigated, and eight were irrigated under
deficit irrigation (DI). The soil hydraulic parameters were obtained
by a fast hydraulic characterisation method, hereafter called the
TDR-2Dmod method (Coppola et al., 2022). The LAI was
obtained from each of the 16 plots using a leaf-area meter on six
different days along the growth seasons. The microscopic transpi-
ration rates, stomatal conductance, and photosynthesis were mea-
sured from single leaves of different plots using IRGAs, while the
macroscopic transpiration fluxes were calculated for all sixteen
plots using FLOWS physically-based agro-hydrological model
(Coppola et al., 2019). For the comparison, the Ta measured at leaf
scale was first converted to canopy scale actual transpiration, here-
after Ta,c, using the big-leaf approach. Then, physical explanations
were given for interpreting the behaviour observed in the Ta,c and
that calculated by the macroscopic model, Ta,m. A multiple linear
regression (MLR) was finally used to find the possibility of pre-
dicting Ta,c and Ta,m from the stomatal conductance and the soil
hydraulic parameters. 

Materials and Methods

Experimental field and setup
The experiment was carried out at the ‘Pantanello’ experimen-

tal farm (40°23′ N, 16°48′ E, altitude of 6 m a.s.l., and area ≃ 760
m2) in the Metaponto area (Southern Italy) from July to September
2020 (Figure 1).

A Mediterranean climate characterises the site according to the
De Martonne classification. The texture of the first two soil hori-
zons is classified as silty clay.

The study was conducted on two varieties of tomato, namely
Solanum lycopersicum, cv. Impact F1 and cv. Contact F1 as
described in Sillo et al. (2022). Tomatoes are the second most con-
sumed vegetable crop worldwide (Frusciante et al., 2000). It has
high water demands due to the high ETp rates and is reported to be
sensitive to water deficits (Babalola and Fawusi, 1980; Rudich et
al., 1977). 

The succession of operations generally involved deep plough-
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ing (30 cm) and successive land milling. The transplant took place
in July 2020 using seedlings of tomato with determined growth at
the third fourth true leaf stage. The row distance was 1.0 m while
the distance between plants on the rows was 0.30 m to obtain a
density of 2.0 plants per m2. Fertilisation was done with 120 kg/ha
of P2O5, 150 kg/ha of K2O, and 170 kg/ha of nitrogen.

The experimental site was subdivided into 16 plots of 18 m2

(6m×3m), divided into two groups of 8 plots, one irrigated with
full irrigation (100% of the potential evapotranspiration, ETp) and
one with DI (75% of ETp). Both tomato varieties were cultivated
in each of the two groups of plots. This experimental scheme
allowed exploring the dependence of transpiration fluxes on the
variability of soil hydraulic properties also under deficit irrigation
and different crop varieties. The two groups of plots were arranged
according to a completely randomised design.

A dripper irrigation system applied irrigation. The irrigation
system was carefully designed to guarantee more than 90% irriga-
tion uniformity. All the plots were initially irrigated adequately
until the plants were well established to avoid stress at early
growth periods. During the whole growth season, 14 irrigations
were made involving a total seasonal irrigation volume of 5.3 m3

in control plots (100% irrigation) and 4.45 m3 in water-stressed
plots (75% irrigation). All the fruits were harvested by 5
September 2020.

Meteorological data
Meteorological data came from a meteorological station

installed very close to the experimental field. Data included: tem-
perature, humidity, wind speed, and solar net radiation, which
allowed calculating the reference evapotranspiration, ET0, by the
Penman-Monteith equation, in turn, converted to ETp of tomato by
using appropriate crop coefficients, Kc.

Field measurements of soil hydraulic properties
Laboratory characterisation of the soil’s hydraulic properties is

a time-consuming and laborious process. There are other alterna-
tives to overcome this problem, such as the indirect prediction of
soil hydraulic properties from field infiltration measurements (e.g.,
Ankeny et al., 1988; Šimůnek and van Genuchten, 1996) or by
using pedotransfer functions (e.g., Arya and Paris 1981; Bouma,
1987; Hassan et al., 2022). In this paper, a novel fast soil hydraulic
characterisation method called the TDR-2Dmod method, was
used, which integrates time domain reflectometry (TDR) measure-
ments and 2D transient modelling of the water content dynamics in
the wetted bulb developing in the soil under a point-source
(Coppola et al., 2022). TDR is a consolidated geophysical method
for measuring soil water content and electrical conductivity in the
same observation volume (Coppola et al., 2016; Dragonetti et al.,
2018, 2022; Schaap et al., 2003), which has recently been applied
also to monitor immiscible contaminants in natural (Comegna et
al., 2013, 2016, 2017, 2019, 2022a) and artificial (Belviso et al.,
2022; Comegna et al., 2022b) porous media. In practice, the
method consists of irrigating the soil with a dripper (the point
source) and monitoring the water content dynamics in the wetted
bulb in soil under the dripper by one or more TDR probes (Figure 2).
Inverse 2D modelling of these dynamics allows estimating the
parameters of soil hydraulic properties under the dripper by using
an optimisation algorithm that minimises an objective function,
including the residuals between observed and simulated water con-
tents. To this aim, the hydraulic functions are described by using
parametric equations (Russo, 1988; van Genuchten, 1980).

Based on the monitoring of the evolution of the water bulb

                             Article

Figure 1. A schematic view of the experimental design and a pic-
ture of the field at the harvesting time. Note the crop covering the
plots completely.

Figure 2. Experimental setup used for hydraulic characterisation
by the TDR-2Dmod method (not to scale). 
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below a dripper, the method’s strength is that it may be used for
estimating the hydraulic properties in several sites simultaneously
by a single field experiment involving irrigation of the field under
study by a dripper system. The method describes the dynamics of
the water inside the wetted bulb by the Warrick (1974) analytical
solution of Richard’s equation for flow from a point source (the
dripper in our case) (for details on the Warrick analytical solution,
see Appendix).

The soil hydraulic parameters (αGR and Ks) used for linearising
the Warrick (1974) analytical solution were determined as follows:
In each of the 16 experimental plots, a 4 l/h, pressure-compensated
dripper was used as a point source to irrigate the soil. The whole
irrigation test lasted about 2 hours. The dripper, taken 5 cm from
the soil surface, was connected to a Mariotte water reservoir with
a bubbling point at 1 m from the dripper. A preliminary test was
conducted to determine the dripper flow rate at a 1 m pressure
head. On average, an actual flow rate of 3.7 l/h was measured and
used as input for the simulations by the 2D model. During irriga-
tion, the water content evolution in the wetting bulb was monitored
using a two-wire probe, 25 cm length, 0.6 cm rod diameter, and 7
cm external rod spacing. The probe had an adapter (balun) to con-
nect the coaxial cable to the two rods. The balun was immersed in
the head of the probe, which was 8 cm wide, 4 cm in height, and
1.5 cm in thickness. The probe was embedded vertically below the
dripper. To avoid interference with the dripping, the probe was
installed with a very small insertion angle, as shown in (Figure 3b).
During the infiltration experiment, the waveform was acquired at
2-minute intervals by using a TDR100 device (Campbell
Scientific). Acquisition and subsequent interpretation of the TDR
waveforms were performed through specifically developed soft-
ware. Prior to installation, the probes were calibrated in the labo-
ratory for water content measurements. The layout of the experi-
mental setup is depicted in Figure 3.

All the data about the actual flow rate and the water contents
measured by the TDR probe were used as input for a 2D modelling
of the water distribution and dynamics in the wetted bulb based on
the Warrick analytical solution for 2D flow from a point source. An
inversion algorithm aiming at minimising the differences between
the water contents measured by the TDR probe (hereafter qTDR)
and the average water content predicted by the 2D model (hereafter
q2D) in the same soil volume explored by the TDR probe allowed
for optimising the parameters of the hydraulic properties in each of
the irrigated sites. Appendix A details the water content calculation
in the wetted bulb below a dripper using the Warrick (1974) ana-
lytical solution for 2D flow from a point source.

The parameters αGRD, k, and Ks were considered fitting param-
eters. The parameters were estimated by solving an optimisation
problem that minimises the deviations between the water content
measured by the TDR probe (precisely, the average water content
in the volume sampled by the TDR probe) and the average water
content obtained by the 2D simulation in an observation volume
comparable to that of TDR probe. The problem to be solved entails
identifying the vector b of the fitting parameters that minimises the
following objective function: 

                                            
(1)

Involving the deviations between measured and simulated
water contents at specified times ti (i=1, 2,..N). Determination of b
was obtained by starting from an initial estimate of parameters bi,

using the optimisation algorithm of Levenberg-Marquardt. The
method also supplies information on the uncertainty of estimated
parameters, evaluating a first-order approximation of the covari-
ance matrix of the parameters and calculating the confidence inter-
vals of the individual parameters.

The appropriate evaluation of the volumes involved in the
water content measurement by TDR is crucial for the comparison
and that obtained by the 2D simulation of the flow field in the soil
below the dripper. According to Topp and Ferré (2002), based on
the calculations of the electrical field around the rods of a TDR
probe proposed by Knight et al. (1995), qTDR refers to an observa-
tion volume of the TDR probe which may be approximated by that
of a cylinder of length equal to the length of the TDR rods (25 cm)
and a diameter of about 1.5 times the outer rod spacing (10.5 cm).
Thus, the volume explored by the TDR probe used in this study is
approximately 2160 cm3. To make measurement and simulated
volumes actually comparable, q2D was obtained by averaging the
simulated water contents in all the simulation nodes included in the
volume explored by TDR. This may be seen in Figure 3, showing
the simulation nodes (cross symbols) in a vertical section of the
wetted bulb included in half of the TDR observation window
(about 7 cm wide). Because of the radial symmetry of the simulat-
ed water content in the bulb, the water contents simulated on one
half of the bulb are precisely the same in the other half. The same
may be imagined for all the radial directions other than that shown
in the figure. Thus, the average water content obtained in the pla-
nar window (half TDR section) shown in the figure corresponds to
the average water content in the whole volume explored by the
probe. Note in the figure that the calculation of the simulated aver-
age water content also includes a band of nodes a bit out of the

                             Article

[page 306]                                           [Journal of Agricultural Engineering 2023; LIV:1527]                                                            

Figure 3. a) Schematic view of the portion of the 2D simulated
flow field below the dripper used to calculate the average simulat-
ed water content to be compared to the measured one. The darker
colour in the wetted bulb indicates higher water contents; 
b) Lateral view of the time domain reflectometry probe showing
the small insertion angle to avoid interference with dripping.
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TDR physical edge to account for the fact that the TDR probe
explores a lateral size higher than the rods distance (about 1.5
times this distance). In other words, the average simulated water
content was calculated on all the simulation nodes included in an
area of 25 cm×5.25 cm. As the simulation was carried out by dis-
cretising the flow field in both depth and radial increments of 1 cm,
the window considered for calculating the average simulated water
content included six horizontal compartments and 25 vertical com-
partments for a total of 150 (25×6) nodes included in the calcula-
tion (excluding the nodes at r=0 and z=0). 

Based on the procedure described above, the inversion forces
the 2D model to provide water content (and pressure heads) in the
TDR observation window comparable to those measured by TDR. 

Vegetation data
LAI, was needed to carry out the simulations by the macro-

scopic root uptake approach, and it is calculated as the ratio
between the total leaf area to the ground area [m2m-2]. LAI mea-
surements were carried out using the leaf area meter (LI-3000,
with conveyor belt assembly, LI-3050; Li-Cor, inc., Lincoln, NE,
USA) on 19 May, 4 June, 19 June, 8 July, 6 August, and 10 August
2020 for all the 16 plots. The daily values of LAI were then
obtained by linear interpolation using the 6 measured data points.

The crop coefficient, Kc, was obtained as a function of LAI
using the logarithmic relationship in equation (1, which was empir-
ically developed by Čereković et al. (2010) for tomato fields in
southern Italy.

                                             (2)

Macroscopic root-water uptake calculation using
agro-hydrological modelling

The agro-hydrological model utilised in this study is the
FLOWS model (Coppola et al., 2019). This model simulates the
vertical transient flow in vegetated soils using the one-dimensional
Richards equation [equation (3)]. The equation is solved using
implicit finite differences with explicit linearisation similar to the
SWAP model (Van Dam et al., 1997).

                                    
(3)

where C(h)=dθ/dh (L-1) is the soil water capacity, h (L) is the soil
water pressure head, t (T) is time, z (L) is the vertical coordinate
being positive upward, K(h) (L T-1) is the hydraulic conductivity
and Sw(h) (T-1) is a sink term describing water uptake by plant roots.

Equation (3) requires the soil hydraulic parameters, i.e., water
retention and hydraulic conductivity parameters. In this study, the
water retention properties were described (van Genuchten, 1980):

    

(4)

where Se is the effective saturation, h is the soil water potential, θ is
the soil water content, θs is the water content at saturation, and θr is
the residual water content. αVG [cm-1], n and m = 1-1/n are shape
parameters. This water retention model was applied to Mualem’s
model to obtain the relative hydraulic conductivity, Kr(Se):

    
(5)

where Kr is the relative hydraulic conductivity, Ks is the saturated
hydraulic conductivity, and τ is a parameter to account for tortuosity.

Root-water uptake was calculated using Feddes-type macro-
scopic approach that calculates the actual sink term in equation (3)
empirically using observed responses to water and osmotic poten-
tials (Feddes, 1978; Feddes and Raats, 2004). This paper focuses
on the water stress, and thus, the sink term in equation (3) becomes
Sa(h) which depends on 1) the root density distribution function
g(z) and 2) the activity at any depth in the root zone during the
crop’s growth season. A uniform root density distribution function
was adopted (Feddes, 1978):

                                   
(6)

where Dr is the root depth.
The potential root water uptake over the unit depth at any

depth along the root zone, Sp (T-1), was calculated by distributing
the potential transpiration, Tp (L T-1), over the root zone depth, Dr
(L), in proportion to the root density distribution, g(z) (Feddes and
Raats, 2004):

                                          (7)

Low water availability, i.e., water stress, reduces the potential
root water uptake. The reduction coefficient, αrw, is thus introduced
to obtain the actual sink term under water stress:

                                          
(8)

The reduction coefficient, αrw, depends on the soil-water pres-
sure head. Integrating the sink term, Sa, over the root depth obtains
the actual transpiration, Ta. More information on the FLOWS
model can be found in Coppola et al. (2019).

Microscopic transpiration calculation using in situ
leaf-scale measurements

Field measurements of stomatal conductance, transpiration,
and photosynthesis were carried out using the CIRAS-3 system
(PP Systems, 2017) twice: on 5 and 10 August 2020 for all 16
plots. CIRAS-3 refers to a combined infrared analysis system. The
system pumps and samples fresh air into infrared gas analysers,
and IRGAs. Figure 4 shows a schematic view of the IRGA system.
Each IRGA consists of an infrared source, a known volume and
length sample cell, an optical interference filter, and an infrared
detector.

The infrared source produces light with mid-infrared wave-
lengths. The optical interference filter narrows the light bandwidth
(i.e., the range of light frequencies) to the signature wavelength,
which is absorbed by gas molecules of interest (i.e., CO2 or H2O).
When the gas fills the sample cells, it absorbs the infrared light, IR,
and the IR detector measures the reduction in IR strength is mea-
sured by the IR detector. According to Beer’s law, this reduction
can translate into the concentration of the gas of interest. Thus, the
concentration of CO2 and H2O can be measured using CIRAS-3
electronic processors by detecting the absorption of IR at the
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wavelengths 4.26 μm and 2.6 μm, respectively. The flowmeter in
CIRAS-3 measures the air volume flow rate (V0) in cm3/min at
standard temperature and pressure conditions (STP), i.e., at 0oC
and 1013.25 mb. The ideal gas molar volume is 22.141 L/mol in
STP. Therefore, the mass flow of air (W) entering the cuvette in
mol m-2 s-1 is:

                                    
(9)

where a is the projected leaf area in cm2. The numbers in the equa-
tions are for unit conversions.

The transpiration rate can be calculated from the partial pres-
sures of water vapour entering (ein) and exiting (eout) the cuvette.
The water vapor’s molar flow rate into the cuvette in mol m2 s-1 is:

                                  
(10)

where P is the atmospheric pressure.
The airflow out of the cuvette is increased by the transpiration

rate, T. Thus, the molar flow of water vapour out of the cuvette is:

                                  
(11)

Therefore, the transpiration rate in mol m-2 s-1 is the difference
between the molar air flow into and out of the cuvette:

  

(12)

The difference between leaf and air temperatures, Dt, can be
calculated as (Parkinson, 1983):

  

(13)

where H is the radiation absorbed by the leaf, λ is the latent heat
by vaporisation of water, T is the transpiration rate, Ma is the air
molecular weight, Cp is the specific heat at constant pressure, rb is
the boundary layer resistance to vapour transfer which is empiri-
cally determined for each cuvette using a filter paper, σ is the
Stefan Boltzmann constant and tc is the cuvette temperature.

The leaf temperature can then be calculated as follows:

                                        (14)

The saturation vapour pressure, eleaf can be calculated from tleaf
(Buck, 1981):

                                  
(15)

The total conductance, gtotal, can be calculated using von
Caemmerer and Farquhar (1981) model:

  
(16)

However, the total conductance is [1/(rs+rb)], where rs is the
stomatal resistance and rb is the boundary resistance. Therefore,
the stomatal resistance, rs in m2 s mol-1 is:

  
(17)

And then, the stomatal conductance gs can be calculated as (1/ rs).
The net photosynthesis, A, can be calculated from the differ-

ence between CO2 concentrations entering (Cin) and exiting (Cout)
the cuvette. The CO2 readings by IRGA are corrected for vapour
pressure, temperature, and atmospheric pressure. The additional
vapour from transpiration dilutes the Cout concentration. Thus, it is
compensated as follows:

                                        
(18)

                             Article

Figure 4. Schematic view of the infrared gas analysers system. Each infrared gas analysers consists of an infrared source, a known volume
and length sample cell, an optical interference filter, and an infrared detector (adapted from PP Systems, 2017).
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Upscaling of transpiration and stomatal 
conductance from leaf scale to canopy scale

For the sake of comparison between the leaf-scale transpira-
tion and that obtained from the FLOWS model, the leaf-scale
stomatal conductance measured by the CIRAS-3 system, gs,l,
was upscaled to canopy-scale gs,c, using the big-leaf approach.
The big-leaf approach was carried out using Beer’s law and an
extinction factor, k, to account for the attenuation of the solar
radiation in the canopy:

                                  
(19)

where gs,c is the canopy stomatal conductance, and gs,l is the leaf-
scale stomatal conductance. Then, the transpiration rates were cal-
culated using the Penman-Monteith model and the canopy-scale
stomatal conductance, gs,c:

                                  

(20)

where Ta,c is the transpiration rate at canopy scale, D is the slope
of the saturation vapour pressure curve at air temperature, Rn is the
net solar radiation, G is the soil heat flux, ρ is the air density, VPD
is the vapour pressure deficit, γ is the psychrometric constant, λ is
the latent heat of evaporating water, gv is the leaf boundary layer
conductance for water vapour and gs,c is the canopy-scale stomatal
conductance.

Since the leaf-scale field measurements were carried out twice
for each plot, the stomatal conductance and transpiration rates
were averaged for each plot as follows: i) the average of the two
field measurements for each plot (on 5 and 10 August 2020) and ii)
the average of the daily transpiration rates calculated by FLOWS
model between 20 July and 10 August 2020.

In order to find the statistical dependence of the canopy-level
transpiration rates on the soil hydraulic parameters, multiple linear
regression, MLR, was utilised to find the relationship between Ta,c
and the soil hydraulic parameters and gs,c. MLR was also applied
to the transpiration rates obtained from the FLOWS model, Ta,m, to
find its statistical dependence on the same parameters. Before car-
rying out MLR, the soil hydraulic parameters and gs,c were nor-

malised by dividing each parameter by its mean value. The pur-
pose of normalisation by dividing each parameter by its mean
value is to facilitate the interpretation of the MLR results since the
parameters used in MLR had different scales. Normalising each
parameter before applying MLR made the coefficients more repre-
sentative of the statistical dependence of Ta,c and Ta,m on soil
hydraulic parameters and gs,c.

Results and Discussion

Hydraulic properties and their spatial variability
Figure 5 shows the Water Retention Curves (WRC) of all 16

plots (black dashed lines) and the average WRC obtained as the
average water content at each soil water pressure (red solid lines
with markers). Figure 6 shows the Hydraulic Conductivity Curves
(HCC) of all 16 plots (black dashed lines) and the average HCC
obtained as the average hydraulic conductivity at each soil water
pressure (red solid lines with markers). Figures 5 and 6 show that,
even in a small experimental area, there is a noticeable spatial vari-
ability of soil hydraulic properties. As expected, this variability is
more apparent in the air entry potentials (1/αvG) and Ks parameters,
frequently observed in homogeneous and layered soils (Severino
and Coppola, 2013) and affects the root water uptake significantly.
This will be clearer later.

Table 1 reports the soil hydraulic parameter values for all 16
plots and their averages and standard deviations. The table shows
that plot R1-4 had a particularly low saturated hydraulic conduc-
tivity, Ks, with a value of 18.974 cm/d compared to the average of
99.86 cm/d.

Figure 7 shows the colour-graduated maps of the canopy tran-
spiration rates, Ta,c, obtained as upscaled leaf-scale transpiration on
the left and of the macroscopic transpiration rates obtained from
the FLOWS model, Ta,m, on the right. The canopy transpiration
rates in the map represent the averages of two measurements car-
ried out on 5 and 10 August 2020. Accordingly, the model macro-
scopic transpiration rates were obtained as averages of daily tran-
spiration rates simulated between 5 and 10 August 2020. The fig-
ure shows that the spatial variability of the canopy-scale transpira-
tion is significantly higher than that of the transpiration obtained
by the macroscopic approach using FLOWS agro-hydrological
model. 

                             Article

Figure 5. The water retention curves, for all the 16 plots (black
dashed lines). The red solid line with symbols represents the aver-
age water retention curves obtained as the average water content at
each soil water pressure. 

Figure 6. The hydraulic conductivity curves of all 16 plots (black
dashed lines). The red line with the symbols represents the average
hydraulic conductivity curves obtained as the average hydraulic
conductivity at each soil water pressure.
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Figure 8 shows the maps of the soil hydraulic property param-
eters. The upper left map represents saturated water content, θs, the
upper right map represents the parameter αvG, the lower left map
represents the parameter nvG and the lower right map represents the
saturated hydraulic conductivity, Ks. Table 1 and Figure 8 show
that the spatial variability of soil hydraulic parameters in the study
area is especially apparent for the saturated hydraulic conductivity.
In any case, the parameter αvG varies in the range 0.01-0.03, which
may significantly affect the simulations for high water contents.
The parameter nvG has an average value of 2.384 (Table 1), indi-
cating a relatively permeable porous system, which was not
expected for a silty-clay texture. In any case, this behaviour can be
explained by the fact that the soil is quite well structured, as also
suggested by the quite high values of the Ks.

Transpiration rates
Figure 9 shows the leaf-scale transpiration rates, Ta,l, (black

columns), the canopy-scale transpiration rates, Ta,c, (blue columns)
obtained by the previous one through the big-leaf approach, and
the macroscopic transpiration rates calculated by FLOWS, Ta,m,
agro-hydrological model (orange columns) for the 16 plots. Plot
labels starting with R1 refer to the plots irrigated with 100% of ET,
while those starting with R2 refer to the plots with deficit irriga-
tion. The mean values for Ta,c, and Ta,m were 0.46 and 0.38 cm/day,
respectively, and the standard deviations were 0.09 and 0.17
cm/day, respectively. The Ta,l and, subsequently, Ta,c had higher
spatial variabilities than Ta,m because the leaf-scale measurements
are affected by the variability and the diversity of the leaves within
each plot; transpiration rates from different leaves are variable

                             Article

Table 1. The soil hydraulic parameter values for all 16 plots, as well as their averages and standard deviations.

Plot                       rb (g m-3)                     qs (m3m-3)                                  α                                     n                                     Ks (cm/day)

R1-1                               1.364                                 0.485                                        0.034                                   2.579                                           111.348
R1-2                               1.267                                 0.522                                        0.009                                   2.259                                           121.812
R1-3                               1.314                                 0.504                                        0.010                                   2.116                                           293.558
R1-4                               1.248                                 0.529                                        0.013                                   2.366                                            18.974
R1-5                               1.364                                 0.485                                        0.013                                   2.539                                            78.111
R1-6                               1.267                                 0.522                                        0.016                                   2.651                                           104.349
R1-7                               1.314                                 0.504                                        0.039                                   2.190                                           111.480
R1-8                               1.248                                 0.529                                        0.013                                   2.506                                            48.682
R2-1                               1.364                                 0.485                                        0.011                                   2.437                                           143.994
R2-2                               1.267                                 0.522                                        0.016                                   2.472                                            84.550
R2-3                               1.314                                 0.504                                        0.012                                   2.226                                            87.879
R2-4                               1.248                                 0.529                                        0.036                                   2.295                                           142.719
R2-5                               1.364                                 0.485                                        0.016                                   2.616                                            74.020
R2-6                               1.267                                 0.522                                        0.014                                   2.157                                            69.570
R2-7                               1.248                                 0.529                                        0.012                                   2.330                                            40.364
R2-8                               1.314                                 0.504                                        0.015                                   2.403                                            66.414
Average                          1.299                                 0.510                                        0.017                                   2.384                                            99.864
Standard deviation         0.046                                 0.017                                        0.010                                   0.168                                            62.359
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Figure 7. Colour-graduated maps of the canopy transpiration rates, Ta,c, obtained as upscaled leaf-scale transpiration on the left and of the
macroscopic transpiration rates obtained from FLOWS model, Ta,m, on the right. The canopy transpiration rates in the maps represent the
averages of two daily transpiration rate measurements carried out on 5 and 10 August 2020. 
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depending on the leaf size, water-stress status within the leaves and
the canopy structure. The lower variability of the Ta,m indicates that
the agro-hydrological model smooths the transpiration rate vari-
ability. In a sense, the model produces a sort of filtering of the
small-scale (high frequency) variability. This is desirable from a
management point of view, as the quite erratic values coming from
small-scale measurements would introduce uncertainties in evalu-
ating the actual transpiration rate. As for the Ta,l, and Ta,c, the R1

transpiration rates are, on average higher than the R2 plots but with
a much larger variability, such that in some cases, the R1 transpi-
ration rate is either similar or even lower than that observed in the
R2 plots. The Ta,m values confirm the average behaviour observed
in the Ta,l, and Ta,c cases. Only in one case (plot R1-4) the transpi-
ration rate simulated for the 100% irrigation volume produces a
stress similar to that simulated for the 75% irrigation volume.

Compared to the direct measurements, which can be carried

                             Article

Figure 8. Colour-graduated maps of the soil hydraulic property parameters. The upper left map represents saturated water content, θs, the
upper right map represents the parameter αvG, the lower left map represents the parameter nvG and the lower right map represents the sat-
urated hydraulic conductivity, Ks.

Figure 9. CLeaf-scale transpiration rates (black columns), Ta,l, canopy-scale transpiration rates (blue columns), Ta,c, and the transpiration
rates calculated by FLOWS agro-hydrological model (orange columns), Ta,m, for the 16 plots. Plot names starting with R1 refer to the con-
trol plots, while those starting with R2 refer to the plots with deficit irrigation.

                                                             [Journal of Agricultural Engineering 2023; LIV:1527]                                          [page 311]

Non
-co

mmerc
ial

 us
e o

nly



out only a limited number of times, the strength of the agro-hydro-
logical model lies in the fact that, once adequately calibrated, it
allows for estimating the transpiration fluxes over the whole
growth season of the crop. The daily ratios between the cumulative
actual transpiration rates obtained using the macroscopic
approach, Ta,m, and the cumulative potential transpiration rates, Tp,
in all 16 plots are shown in Figure 10. Figure 10 shows that, gen-
erally, the R1 group’s ratio of cumulative (Ta,m / Tp) was close to
1.00 except for plot R1-4, whose ratio was below 0.80, similar to
the R2 group. Plot R1-4, in fact, experienced water stress, although
it was supplied with irrigation of 100% of ETp. However, the water
stress in plot R1-4 stems from the site-specific soil hydrological
behaviour, which depends on the soil hydraulic properties, rather
than the quantity of applied irrigation water.

Using the agro-hydrological model to obtain the root water
uptake and, subsequently, the transpiration rates (i.e., the macro-
scopic approach) provided information about the temporal vari-

ability of transpiration rates along all growth seasons as shown in
Figure 10. On the other hand, this information is more complicated
to obtain using the microscopic approach as it requires extensive
field measurements rather than mathematical models. 

Relationship between canopy-level transpiration
rates and the soil hydraulic parameters

Figure 11 shows the Ta,c rates predicted by MLR plotted against
the Ta,c rates obtained by upscaling the leaf-scale transpiration rates.
The root-mean-square error, RMSE, was 0.12 cm/d. The coefficient
of correlation, R, was 0.67. The second column in Table 2 shows the
intercept and the coefficients of the normalised hydraulic parame-
ters used in the MLR to predict the Ta,c rates. Before carrying out
the MLR analysis, the parameters were normalised by dividing
each parameter by its mean value. The table indicates that the
parameters n and θs significantly affect the upscaled, canopy-scale
transpiration rates.

                             Article

Figure 10. The daily ratio between cumulative actual transpiration rates obtained using the macroscopic approach, Ta,m, and the cumula-
tive potential transpiration rates, Tp, for all the 16 plots in the study area
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Relationship between transpiration rates obtained
by FLOWS, the soil hydraulic parameters, and
the canopy-scale stomatal conductance

Figure 12 shows the Ta,m rates predicted by MLR against the
Ta,m rates obtained by FLOWS, MLR, using: a) the normalised
SHP (on the left), and b) using the normalised SHP and the nor-
malised canopy-scale stomatal conductance, gs,c (on the right). The
root-mean-square errors, RMSE, were 0.08 cm/d and 0.05 cm/d for
case (a) and case (b), respectively. The coefficients of correlation,
R, were 0.43 and 0.79, respectively. 

The low R-value in Figure 12a indicates that the soil hydraulic
parameters do not contain enough information to predict the tran-
spiration rates obtained from agro-hydrological modelling. Figure
12b, on the other hand, indicates that including gs,c into MLR
improves its ability to predict Ta,m rates with an R-value of 0.79.

Both cases (a) and (b) in Table 2 indicate that the parameters
nvG and θs significantly affect the Ta,m rates obtained by the macro-
scopic model. However, after improving the MLR by including
gs,c, table 2 shows that the macroscopic transpiration rates obtained
using agro-hydrological modelling focused on soil-water processes
are inversely proportional to the parameters θs and nvG.

Looking at Figure 12b, there are two clusters of values: i) the
values to the lower left representing the plots with DI as well as the

                             Article
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Table 2. The multiple linear regression intercepts and coefficients of the normalised soil hydraulic parameters, and canopy-scale stomatal
conductance, gs,c, to obtain the canopy-scale transpiration rates, Ta,c, and the transpiration rates obtained by FLOWS model, Ta,m.

Normalised parameter                                                                                        Coefficients
                                                                        Ta,c*                                                 Ta,m (a)**                                             Ta,m (b)***

Intercept                                                                   -18.93                                                            -5.59                                                               3.18
θs                                                                                2.15                                                              0.13                                                               -0.78
α                                                                                -0.06                                                              0.03                                                               0.06
n                                                                                17.34                                                             5.75                                                               -2.36
Ks (cm/day)                                                               -0.04                                                              0.06                                                               0.08
gs,c (mmol/m2 s)                                                           -                                                                    -                                                                  0.20
*The MLR intercept and coefficients to obtain Ta,c from the SHP; **The MLR intercept and coefficients to obtain Ta,m from the SHP; ***The MLR intercept and coefficients to obtain Ta,m
from the SHP and gs,c; MLR, multiple linear regression; SHP, soil hydraulic parameters.

Figure 11. The Ta,c rates predicted by multiple linear regression
using the normalised soil hydraulic parameters, plotted against the
Ta,c rates obtained by upscaling the leaf-scale transpiration rates.
The figure also reports the root mean square error and the correla-
tion coefficient, R.

Figure 12. The Ta,m rates predicted by multiple linear regression plotted against the Ta,m rates obtained by FLOWS using: 
a) the normalised soil hydraulic parameters (on the left), and b) using the normalised soil hydraulic parameters and the normalised canopy-
scale stomatal conductance, gs,c (on the right). The figure also reports the root mean square error and the correlation coefficient, R. 
The blue circle markers represent the control group (R1 plots), and the black markers represent the group with deficit irrigation (R2 plots).
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plot R1-4, and ii) the values to the upper right representing the
plots with full irrigation except plot R1-4. The relatively lower R1-
4 transpiration rates can be explained by its hydraulic properties
(Table 1); plot R1-4 had the lowest value for Ks of 18.974 cm/d.
The low conductivity in R1-4 led to the accumulation of water
storage in the root zone, causing soil-water pressure head values to
exceed the field capacity and to frequently reach saturation. The
high pressure-head values reduce the water stress coefficient (i.e.,
αrw in equation 8) due to oxygen deficit in the root zone. Figure 13
consists of two parts: (a) the upper part is the evolution of the aver-
age soil-water pressure head in the root zone obtained by the
FLOWS model for the plots R1-1 (solid line) and R1-4 (dashed
line) during the growth season, and (b) the lower part is the Feddes
(1978) water stress response function used in this paper. The figure
focuses on plot R1-4 because it experienced water stress, although
it was supplied with 100% of ETp, and compared plot R1-4 to plot
R1-1, which did not experience stress. When the soil-water pres-
sure head is above -1 cm, the stress coefficient, αrw, decreases due
to oxygen deficit. Figure 13 shows that plot R1-4 experienced
water stress caused by oxygen deficit compared to plot R1-1 in
which the soil had a higher Ks value of 111.348 cm/d allowing for
excess water drainage. This explains that plot’s relatively low aver-
age transpiration rate, close to the transpiration rate values for R2
plots (the ones with DI) despite the higher gs,c values for R1-4.

Conclusions
The primary purpose of this paper was to find the relationship

between the actual transpiration rates as measured at a microscopic
leaf scale and as calculated by an agro-hydrological model at a
macroscopic scale. The paper also aimed to find the relationship
between actual transpiration rates and the variability of soil prop-
erties and irrigation techniques, i.e., full irrigation and deficit irri-
gation. Soil hydraulic properties were obtained using a simple
method called TDR2D-mod which integrates TDR measurements
and 2D transient modelling of the water content dynamics in the
wetted bulb developing in the soil under a point source. LAI was
measured in the field, and the crop coefficient, Kc, was obtained
from LAI using a previously developed empirical equation for
tomato crops in southern Italy. Both the soil and vegetation prop-
erties were used as inputs in the physically-based agro-hydrologi-
cal model, FLOWS, to estimate the actual root water uptake. The
macroscopic actual transpiration was then obtained by integrating
the root water uptake along the root zone. The microscopic leaf-
scale transpiration rates and the stomatal conductance were mea-
sured in the field on two days at the end of the growth season, 5
and 10 August 2020, using IRGAs. For the sake of comparison
with the macroscopic approach, the leaf-scale stomatal conduc-
tance, gs,l, was upscaled to the canopy scale using the big-leaf
approach obtaining the canopy-scale stomatal conductance, gs,c.
The latter was then introduced to the Penman-Monteith model to
obtain the canopy-scale transpiration rates that were compared to
the macroscopic transpiration rates.

The results showed that the transpiration rates obtained from
FLOWS agro-hydrological model had lower variability than the
canopy-scale transpiration rates obtained by upscaling the leaf-
scale transpiration measurements. The agro-hydrological model
smoothed the variability of the canopy-scale transpiration. The
results also showed that the canopy-scale transpiration rates were
proportional to the saturated water content and the parameter n in
the van Genuchten water retention model in MLR. Using the soil
hydraulic parameters to predict the transpiration rates obtained
from the FLOWS agro-hydrological model by means of MLR was
insufficient, with a relatively small coefficient of determination
(R2=0.19). However, including the canopy-scale stomatal conduc-
tance, gs,c, improved the MLR results, and it showed that increas-
ing the values of θs and n decreased the transpiration rates while
increasing gs,c increased the transpiration rates.

Upscaling the microscopic, leaf-scale transpiration rates to
canopy scale differs in variability and statistical dependence from
the transpiration rates obtained by agro-hydrological models
focused on the soil processes. Also, the soil hydraulic properties
are more effective in the root-water uptake than the stomatal con-
ductance which is shown in the MLR results.
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