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Abstract: Evaporation losses of rainfall intercepted by canopies depend on many factors, including
the temporal scale of observations. At the event scale, interception is a few millimetres, whereas at a
larger temporal scale, the number of times that a canopy is filled by rainfall and then depleted can
make the interception an important fraction of the rainfall depth. Recently, a simplified intercep-
tion/evaporation model has been proposed, which considers a modified Merrian model to compute
interception during wet spells and a simple power-law equation to model evaporation from wet
canopy during dry spells. Modelling evaporation process at the sub hourly temporal scale required
the two parameters of the power-law, describing the hourly evaporation depth and the evaporation
rate. In this paper, for branches of lemon trees, we focused on the evaporation process from wet
branches starting from the interception capacity, S, and simple models in addition to the power-law
were applied and tested. In particular, for different temperature, T, and vapour pressure deficit, VPD,
conditions, numerous experimental testes were carried out, and the two parameters describing the
evaporation process from wet branches were determined and linked to T, VPD and S. The results
obtained in this work help us to understand the studied process, highlight its complexity, and could
be implemented in the recently introduced interception/evaporation model to quantify this important
component of the hydrologic cycle.
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1. Introduction

Interception loss is a part of rainfall that is intercepted by the Earth’s surface and
subsequently evaporates [1]. From a hydrological point of view, where more emphasis is
given to the related hydrological processes, interception loss is defined as a part of rainfall
that is mostly captured by vegetation, and it cannot take part in the runoff and infiltration
processes, since it is bound to evaporate [2,3]. The role of interception in the hydrologic
cycle has probably been underestimated and sometimes completely neglected [4]. Beven [5]
stated that in some environments, evaporation from intercepted water via wet and rough
canopies can be very significant in the total water balance. Calder [6] showed that in the
upland forest catchments of Britain, evaporation from interception amounted to 35% of
the gross rainfall in areas where more than 1000 mm of annual rainfall occurred. However,
in areas with lower rainfall and high vegetation cover, evaporation from interception can
be more significant, achieving 40–50% of the gross rainfall [4]. For a number of different
environments and species, Carlyle-Moses [7] also stated that interception loss is often an
important component of water balance and found that, on average, it was equal to 26 and
13% of the gross precipitation for coniferous and foliated deciduous forests, respectively.
Therefore, the need to develop parsimonious simple models able to predict this component
of the hydrological cycle, which require few parameters and can be applied at a large scale,
is widely acknowledged [8], especially for orchards where it seems that less experimental
research was carried out than for forests.
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The increased interest in the potential of tree planting to help mitigate flooding,
increase the soil infiltration capacity [9], enhance soil drying resulting from transpiration
and wet-canopy evaporation, increase ground-surface roughness and also reduce the splash
and surface erosion caused by raindrop impacts [10], encouraged us to pursue a deeper
understanding of the interception process. For low rainfall intensities, and consequently
for small drop sizes, which are more frequent at the yearly scale, it is reasonable to accept
that interception plays a crucial role in the hydrologic cycle [10,11]. However, for extreme
rainfall events, it was also shown that the importance of vegetation cover decreases [12].

Of course, in irrigation, when sprinklers are applied under limited water application
rates, interception also affects the water balance. For example, Jiao et al. [13] developed a
process-based dynamic interception model for alfalfa canopies, validated it under condi-
tions of simulated sprinkler irrigation and demonstrated that the amount of interception
increased rapidly with duration in the early stage of sprinkler irrigation and then gradually
levelled off until the maximum retention capacity of the canopy was reached.

The most commonly applied interception models are described in a review article by
Muzylo et al. [14], who listed the peculiarities of each model, also indicating the required
input temporal scale, the output variables, the number of parameters, the number of layers
(single or multiple), and the appropriate spatial scale. The list included the physical-based
Rutter model [15,16]; Rutter was the first to model forest rainfall interception, recognizing
that the process was primarily driven by evaporation from wet canopies.

Early applications of Rutter-type models were made by Calder [17] and by Gash
and Morton [18]. However, the abovementioned physical-based models are difficult to
apply because of the many physical parameters that are required, especially for large-scale
applications. According to this line of thinking, simplified models were developed, such as
that suggested by Linsley et al. [19], who modified the very simple interception model first
introduced by Horton [20], which did not account for the amount of gross rainfall, since it
merely assumed that the rainfall in each storm completely filled the interception storage.

The Linsley et al. model, which assumed that the interception loss exponentially
approaches the interception capacity as the amount of rainfall increases [21], was then
applied and tested by Merrian [22], who studied the effect of fog intensity and leaf shape
on water storage on leaves by using a simple fog wind tunnel and leaves of aluminium
and plastic. Merrian [22] found that the drip measurements were reasonably close to the
values predicted by using an exponential equation based on fog flow and leaf storage
capacity. Recently, Baiamonte [23] showed that the exponential Merrian model can be
derived according to a simple linear storage model, also accounting for the antecedent
intercepted stored volume.

Baiamonte [23] applied the modified Merrian model to compute interception during
wet spells and used a simple power-law equation to model evaporation from a wet canopy
during dry spells. The shape of the power-law equation used to model the evaporation
process (high fluxes at first, and then gradually decreasing fluxes) was in good agreement
with the physical circumstance highlighted by Babu et al. [24]. This author stated that
evaporation from a wet canopy comprises a “preheat period”, where the drying speed
quickly increases, and then a “constant rate period”, where evaporation takes place on the
outside surface for the removal of unbound moisture (free water) from the surface of the
leaf [24].

For faba bean cover crop, Baiamonte [23] applied such an integrated model for con-
tinuous simulation, according to the sub hourly rainfall data that were considered as
appropriate to study both interception and evaporation processes. Moreover, for branches
of fava bean, the interception capacity included woody parts and bark, but it was re-
ferred to the leaf area. However, in that work, when modelling evaporation from a wet
canopy, a rough account of the air temperature variability during the simulated period was
considered, since the evaporation experiments were performed for just one temperature
value and evaporation data for the actual temperatures were simply rescaled according
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to an empirical formula [25]. Moreover, the important role of the relative humidity was
not considered.

From an experimental point of view, measuring evaporation losses from a wet canopy
involves a multitude of uncertainties because of the high number of factors that influence
the process, including the interception capacity from which the evaporation process takes
place, which in turn depends on several factors, such as the roughness of leaves’ surfaces
or the leaf angle above the horizontal [26,27]. Thus, knowledge of the interception capacity
is fundamental in modelling the subsequent evaporation process from a wet canopy.

The interception capacity can be estimated using direct methods such as the cantilever,
which is based on the cantilever deflection of a water-laden branch [28,29], or by weighting
vegetative surfaces after artificial wetting [30,31]. In contrast, indirect methods refer to
model optimization, graphical estimation [32–34], interception capacity estimation by the
differences between the gross rainfall above the canopy and the throughfall and stemflow
components, as first suggested by Helvey and Patric [35], or to the most common regression-
based approaches between rainfall and throughfall [33,36].

In this paper, in contrast to most of the abovementioned works carried out for forests,
we focused on the experimental measurements of evaporation losses from branches of
lemon trees once the interception capacity using artificial wetting was achieved. Moreover,
the experimental study aimed at detecting the effect of environmental parameters on the
evaporation process. In particular, for branches of lemon trees and for different temperature,
T, and vapour pressure deficit, VPD, conditions, numerous experimental tests were carried
out to detect a simple model, in addition to the power-law [23], able to best describe
the studied process. An attempt to link the parameters associated with the considered
simple model to T, RH and S was also performed. IR images were used to explain the
intermittence of evaporation processes due to particular temperatures and relative humidity
temporal variability.

2. Materials and Methods

Subdividing sub hourly rainfall data series into wet spells, WS (h), and dry spells,
DS (h), Baiamonte [23] considered a modified Merrian model to compute interception
during wet spells, WS, where evaporation because of the high humidity was low and it
was neglected, and a simple power-law equation to model evaporation from a wet canopy
during dry spells, DS. In particular, by using a simple linear storage model, the interception
process during a WS was described by the following relationship, which made it possible
to account for the antecedent interception volume, ICS0 (mm), at the time t0:

ICS
S

= 1 −
(

1 − ICS0

S

)
exp

(
−R

S

)
(1)

where ICS (mm) is the actual interception volume at the time t (h), S (mm) is the interception
capacity, and R (mm) is the actual cumulated rainfall volume.

Meanwhile, during a DS, the evaporation process, which started from an antecedent
storage volume, ICS0 ≥ 0, was described by a simple power-law:

E = m tn (2)

where E (mm) is the cumulated water loss due to evaporation from a wet canopy per
unit surface area, and n and m are the shape and scale parameters, respectively, to be
determined by experimental measurements, for a fixed air temperature Tex (◦C). If imposing
in Equation (2) that the interception capacity, S, stored in the canopy entirely evaporates:

S = m tn
max (3)

where the corresponding time tmax equals to:
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tmax =

(
S
m

)1/n
(4)

For any antecedent time initial condition, t0, during a dry spell, DS (h), the correspond-
ing evaporation loss, ∆E (mm), was expressed as:

∆E = LAI m
(

Tm

Tex

)1.93 (
(DS + t0)

n − tn
0
)

(5)

where DS + t0 (h) is the time initial condition, t0, shifted by the dry spell duration, LAI is
the leaf area index, the first factor in brackets accounts for the actual temperature Tm that
affects the evaporation process [23,25], and the amount of evaporation volume depends on
both n and m numerical constants.

A similar power-law equation was also considered by Black et al. [37] to model the
cumulative evaporation of an initially wet, deep soil, and by Ritchie [38], who reported
the experimental parameters obtained by other researchers for different soils. Moreover,
as mentioned in the introduction, Equation (2) agrees with Babu et al. [24], who described
evaporation from a wet canopy according to a first stage, where the drying speed quickly
increases, and then an almost “constant rate period”, with gradually decreasing evaporation
fluxes. For the faba bean cover crop, Baiamonte [23] showed that for a fixed outdoor air
temperature, Tex (◦C), the cumulated evaporation volume, E (mm), could actually be
described by Equation (2).

In this paper, for branches of lemon trees, different temporal variations in E rela-
tionships were analysed, such as the already considered power-law (Equation (2)), the
exponential law, according to a simple linear storage model [39], and the semi-log relation-
ship. According to the experimental measurements, the semi-log relationship provided the
best fitting of the experimental data. Moreover, as in Equation (2), the semi-log relationship
is also characterized by a first stage with high evaporation fluxes and then a second stage
with gradually decreasing fluxes, as it is described in the following.

By maintaining the notation coefficients used in Equation (2), the semi-log relationship
can be described as:

E = n log(t) + m (6)

where n is the shape parameter, which is linked to the evaporation rate, dE/dt = n/t, and m
is the evaporation amount after one hour.

Similar to the power-law, assuming a complete evaporation of the interception capacity,
S, yields:

S = n log(tmax) + m (7)

The corresponding time tmax can be determined:

tmax = exp
(

S − m
n

)
(8)

Contrarily to the power-law, for which the evaporation process starts immediately
after the interception capacity is achieved, for the semi-log relationship, the evaporation
starts by a short time t0 > 0 that can be derived by Equation (6) for E = 0, yielding:

t0 = exp
(
−m

n

)
(9)

This occurrence that could be ascribed to inertial or viscous forces making the process
start [39] was seldom observed for the experimental data (where the estimated t0 was equal
to a few minutes), although, as mentioned above, the semi-log relationship provided the
best data fitting. Of course, for t = t0, Equation (6) yields:

E = n log(t0) + m = 0 (10)
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Interestingly, for any dry spell, DS, by using the semi-log relationship, starting at
any antecedent time initial condition, t0, contrarily to the power-law (Equation (5)), the
corresponding evaporation loss only depends on the shape parameter n:

∆E = LAI n log
(

DS + t0

t0

)
(11)

where, as in Equation (5), the evaporation loss is rescaled according to the LAI.

3. Experimental Layout

Figure 1 shows the experimental layout where for branches of lemon trees (Citrus limon (L.)
Osbeck), interception capacity, S (mm) and evaporation depth E (mm), starting from S, were
measured. For each run, two branches of lemon trees that were not wilting were selected
from the field. After the selection, each was cut, taken immediately to the laboratory and
weighted. By using a thin nylon thread (0.3 mm), for data acquisition, the dry branches
were suspended on the balance arrangement by using two force sensors connected to an
interface with a range of ±10 N and a sensitivity of 0.01 N, as shown in Figure 1. A weather
sensor was also connected to the interface for temperature and relative humidity data
acquisition. Temperature and relative humidity were imposed by using a common air
conditioner, which was employed to mimic different climatic conditions. A thermal camera,
FLIR A320 (IR camera), was also used to monitor the evaporation process.
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Rainfall was simulated by using a common sprayer (Figure 1) until the interception
capacity S was achieved. After the branches were saturated, when dripping stopped,
branch weight, temperature and relative humidity data were recorded at an interval of
2 min. The slight transpiration losses, depending on the capacitance of the plant and
on the evaporation process itself, were assumed as an additional evaporation loss or as
negligible, according to the fact that transpiration may have been inhibited by the wet
branch conditions [40–43], and also given the limited duration of the tests and the absence
of solar radiation.

Tests were considered as completed when the weight of the evaporated water matched
the weight corresponding to the interception capacity, thus including the water intercepted
by leaves, woody parts and bark [44]. At the end of the test, the individual leaves were
separated from the branches and scanned by using a Fiji image processing package [45],
which made it possible to measure the number of leaves, #L, and leaf surface area, LA. The
interception capacity in terms of water depth, S (mm), was calculated as the ratio between
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the intercepted water volume at saturation, thus including woody parts and bark, but it
was referred to the leaf surface area, LA.

It is also important to note that indoor experiments were performed, so the important
factors of solar radiation and wind speed were not considered. However, these issues, the
effects of which are known, should be the focus of further research.

4. Results

For branches of lemon trees with different numbers of leaves, #L, and leaf surface areas,
LA (m2), 22 runs were carried out (Table 1), providing different values of the interception
capacity, S (mm), as can be observed in Table 1. Dealing with the same tree species, a wide
S variability was not expected, which contrarily occurred with a coefficient of variation
CV = 30%. Figure 2 shows the frequency distribution of S that it was fitted by a normal
distribution well, meaning that the average value <S> = 0.088 mm could be considered as
the significant interception capacity for the investigated lemon tree branches. However,
such S variability significantly affected the interpretation of the evaporation measurements,
as is shown later.

Table 1. For the 22 runs, number of leaves, #L, leaf area, LA, interception capacity, S, mean relative
humidity and temperature, <RH> and <T>, with the corresponding coefficient of variation, CV,
vapour pressure deficit, VPD, n and m parameters, correlation coefficient, characteristic times, t0 and
tmax, and the ratio E/S.

run # #L LA (m2) S (mm) <RH> (%) CV(RH) <T> (◦C) CV(T) VPD n m R t0 (h) tmax (h) E/S

1a 34 0.149 0.089 64.9 1.1% 26.5 0.8% 1.212 0.0234 0.0499 0.905 0.119 5.38 1.00
1b 140 0.293 0.108 63.6 3.1% 26.7 1.4% 1.276 0.0296 0.0533 0.935 0.165 6.39 1.02

1aR 34 0.149 0.106 62.8 3.0% 26.6 1.2% 1.294 0.0246 0.0401 0.976 0.196 14.44 1.00
1bR 140 0.293 0.114 63.5 2.4% 26.7 1.2% 1.274 0.0294 0.0432 0.979 0.230 11.29 0.98
2a 76 0.148 0.099 56.2 1.8% 26.3 1.3% 1.498 0.0274 0.0779 0.976 0.058 2.15 1.00
2b 48 0.162 0.090 56.5 1.9% 26.3 1.1% 1.486 0.0259 0.0642 0.975 0.084 2.72 1.05
3a 52 0.153 0.104 45.9 1.7% 29.7 0.5% 2.260 0.0302 0.0896 0.983 0.051 1.61 1.04
3b 93 0.205 0.114 46.0 1.6% 29.9 1.0% 2.275 0.0336 0.0819 0.979 0.088 2.63 1.06

4aR 38 0.162 0.075 58.8 6.4% 18.5 1.6% 0.877 0.0199 0.0563 0.957 0.059 2.55 1.10
4bR 62 0.157 0.088 58.4 6.6% 18.5 1.7% 0.888 0.0268 0.0562 0.963 0.122 3.33 0.96
5a 48 0.154 0.136 63.1 1.5% 23.8 1.0% 1.088 0.0354 0.0615 0.970 0.176 8.26 1.06
5b 93 0.228 0.134 63.4 1.3% 23.8 1.0% 1.081 0.0397 0.0594 0.954 0.224 6.52 1.06
6a 33 0.145 0.105 67.5 1.3% 24.1 0.9% 0.977 0.0256 0.0522 0.977 0.131 7.97 1.00
6b 68 0.228 0.084 67.6 1.4% 24.2 0.9% 0.976 0.0242 0.0434 0.954 0.167 5.29 1.07
7a 63 0.186 0.082 70.8 4.2% 21.6 1.4% 0.751 0.0220 0.0491 0.957 0.108 4.37 1.13
7b 64 0.154 0.054 71.4 4.1% 21.6 1.3% 0.736 0.0160 0.0389 0.899 0.088 2.52 1.23
8a 90 0.195 0.078 55.1 1.6% 21.8 1.4% 1.175 0.0191 0.0566 0.980 0.052 3.05 1.05
8b 72 0.223 0.068 55.1 1.5% 21.9 1.3% 1.177 0.0182 0.0452 0.966 0.083 3.53 1.09
9a 54 0.163 0.043 57.0 1.3% 19.9 1.2% 1.002 0.0144 0.0304 0.957 0.121 2.45 1.17
9b 8 0.040 0.067 56.2 3.0% 20.0 1.3% 1.025 0.0167 0.0377 0.966 0.104 5.73 0.95

9aR 54 0.163 0.055 55.1 1.3% 20.1 1.1% 1.058 0.0175 0.0338 0.936 0.144 3.28 1.07
9bR 8 0.040 0.043 55.1 1.3% 20.1 1.1% 1.058 0.0099 0.0285 0.993 0.057 4.46 0.94

The S variability was explained by many reasons, e.g., (i) the actual leaf moisture
content that may determine different leaf shapes, thus affecting the maximum water amount
that can be stored on the branches, and so the interception capacity; (ii) during the wetting
process, not only could the upper side of the leaves be wetted, but indeed, wetting the
lower side of the leaves could result in an S increase; (iii) the actual condition of the surface
leaf roughness, which can change according to the presence of sand by previous rainfall
events, (iv) the drop size effect [10,11]. Point (iii) is supported by the S values obtained
from lemon branches sampled at the same time (denoted with the code a and b in Table 1),
which provided similar values of the interception capacity.
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For example, Figure 3 shows the E versus the time relationship, corresponding to
run 5a and 5b, thus sampled at the same time, providing very close S values (0.136 and
0.134 mm, respectively), despite the different number of leaves, #L, and leaf surface area,
LA, values, as displayed in Figure 3. However, in the case of Figure 3, it can also be
observed that the evaporation depth of the wet canopy exceeds the interception capacity
(S). This occurrence was probably due to the transpiration effect, meaning that for run 5,
the branches lost more water than that evaporated from the wet leaves.
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Figure 3. For runs #5a and #5b, temporal variation of the evaporation depth by the wet branches.

For these runs, the E versus t relationships were also almost similar each other, indi-
cating the suitability of the experimental data that, per unit surface areas, are independent
of the size of the sampled branches. Interestingly, Table 1 shows that high tmax values are
associated with runs carried out for the same branches previously tested, denoted with
the code R, especially for high temperatures (1aR and 1bR, <T> = 26.6 ◦C). This is because
when performing measurements on branches already tested, different leaf shapes occurred.
However, this occurrence was not detected in run 4 and 9 at lower temperatures.

As described in the previous section, different temporal variations in the E relation-
ships were analysed, and the semi-log relationship provided the best fitting.

As an example, for E experimental data vs. time, obtained for run #1aR, Figure 4
shows the comparison between the fittings of the power-law (Equation (2)) considered
by Baiamonte [23] and of the semi-log relationship (Equation (6)). For the latter, t0 (red
circle) and tmax (red dot) and the corresponding interception capacity, S, are also indicated.
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Although high coefficients of determination were obtained for both cases, it can be observed
that the power-law overestimated the evaporation near to the S achievement.
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4.1. Parameters Estimation

Once the best fitting relationship was selected (Equation (6)), the corresponding
regression coefficients n and m were estimated according to the ordinary least squares
method and are reported in Table 1, together with the correlation coefficient, R, t0, tmax and
the ratio E/S close to the unity, with E the measured E value at t = tmax.

Table 1 also reports the mean relative humidity, <RH>, the mean temperature, <T>,
and the vapour pressure deficit, VPD, which were associated with each run. This is because,
as mentioned above, different T and RH values were imposed by using an air conditioner,
the thermostat of which maintained constant RH and T values, but with a certain variability
around the average values. In Table 1, the corresponding coefficient of variations, CV(RH)
and CV(T), are also reported. A statistical ANOVA to analyse the significance of n and m
parameters was performed by choosing S, VPD and T as independent variables, which
actually may have affected the evaporation measurements (Tables 2–4).

Table 2. Regression statistics for n and m parameters of Equation (6).

Regression Statistics n m

Multiple R 0.9638 0.8414
R Square 0.9290 0.7079

Adjusted R Square 0.9172 0.6592
Standard Error 0.0021 0.0094
Observations 22 22

Table 3. For n and m parameters, ANOVA of the linear multiple regression.

ANOVA df SS MS F Significance F

n parameter

Regression 3 0.0010 0.0003 78.50 1.56 × 10−10

Residual 18 0.0001 4.43 × 10−6

Total 21 0.0011

m parameter

Regression 3 0.0038 0.0013 14.54 4.68 × 10−5

Residual 18 0.0016 0.0001
Total 21 0.0054
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Table 4. For n and m parameters, ANOVA of the explanatory variables.

Explanatory Variables Coefficients Standard Error t Stat p-Value Lower 95% Upper 95%

n parameter

Intercept 0.0035 0.0039 0.8960 0.3821 −0.0048 0.0118
<T> −3.032 × 10−4 0.0003 −1.0750 0.2966 −0.0009 0.0003
VPD 3.075 × 10−3 0.0020 1.5376 0.1415 −0.0011 0.0073

S 0.2724 0.0238 11.436 1.1 × 10−9 0.2224 0.3225

m parameter

Intercept 0.0266 0.0175 1.5168 0.1467 −0.0103 0.0635
<T> −1.885 × 10−3 0.0013 −1.5026 0.1503 −0.0045 0.0008
VPD 3.386 × 10−2 0.0089 3.8069 0.0013 0.0152 0.0525

S 0.3334 0.1060 3.1469 0.0056 0.1108 0.5560

For n and m parameters, Table 2 reports the regression statistics, indicating high
values of the regression coefficients with low values of the standard errors. Table 3 reports
the results of ANOVA in terms of the linear multiple regression, illustrating the good
performance of the selected multiple regression model, whereas in Table 4, ANOVA is
referred to the considered explanatory variables.

As can be observed in Table 4, the S variable explains most of the n and m variabil-
ity, especially for the n parameter, whereas the relative humidity, much more than the
temperature, plays an important role in describing the m parameter.

Moreover, the signs of the coefficients of the explanatory variables agreed with their
physical meaning, with the exception of the coefficient sign of T for the n parameter. RH and
S were statistically significant for the m parameter, which indicated one-hour evaporation
depth. Contrarily, the n parameter, i.e., the shape factor of Equation (6), as observed
above, was mostly explained by the interception capacity alone. The latter agrees with
the consideration that for high S values, evaporation fluxes and the drying speed quickly
increase and vice versa.

The multiple linear regression (Table 4) provided the following n and m relationships:

n = a + a1 S + a2 VPD + a3T (12)

m = b + b1 S + b2 VPD + b3T (13)

where in Equation (12), the numerical constants, a, a1, a2 and a3, are equal to 0.0035, 0.2724,
3.07 × 10−3 and −3.03 × 10−4, whereas in Equation (13), the numerical constants, b, b1, b2
and b3, equal to 0.0266, 0.3334, 3.38 × 10−2 and −1.28 × 10−3, respectively, and the over
line symbol indicates the mean value.

In Figure 5, n and m estimated by using the experimental data are compared with
those calculated using Equation (12) and Equation (13), respectively. The figure shows
that for n parameter (Figure 5a), the dots are almost close to the line of perfect agreement,
indicating the good performance of Equation (12) in explaining the shape parameter of
the semi-log relationship, which is linked to the evaporation rate. Meanwhile, a wider dot
dispersion around the 1:1 line was obtained for the m parameter (Figure 5b).

It is interesting to observe that many of the dispersed data refer to runs carried out
in branches already used to determine the E vs. t relationships (code R), indicating that
the modifications of leaves’ shapes not accounted for in the selected explanatory variables
could have an important role in describing the amount of water that evaporates after one
hour (m parameter). Meanwhile, this effect seems to play a minor role in the evaporation
rate (Figure 5a).
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The consistency of the numerical constants could be better checked by analysing
the influence of the physical variables on the E versus t relationships. Towards this
aim, substituting Equations (12) and (13) into Equation (6), and grouping the numerical
constants provide:

E = (a log t + b) + (a1 log t + b1) S + (a2 log t + b2) VPD + (a3 log t + b3) T (14)

For any time t, the abovementioned consistence should be proved by the following
conditions:

a1 log t + b1 > 0 (15)

a2 log t + b2 > 0 (16)

a3 log t + b3 > 0 (17)

Indeed, it should be expected that with increasing S, VPD and T, evaporation should
increase. In a simpler way, Equations (15)–(17) could be applied for fixed VPD, by varying
T, and for fixed T, by varying VPD, to check their expected influence on E.

For a fixed S equal to the mean value (S = 0.088 mm) and for T = 25 ◦C, Figure 6a
shows E versus t, for different VPDs (VPD = 1, 1.5 and 2 kPa, Figure 6a), whereas in
Figure 6b, for VPD = 1.5 kPa, E versus t is plotted for different Ts (T = 20, 24 and 28 ◦C).
The figure shows that for both VPD and T, the expected trends occur, indicating the
suitability of the calibrated model, and thus the influence on the evaporation process by the
considered physical variables. However, it seems that VPD has greater importance than T,
also supported by the ANOVA, at least in the considered range of the investigated variables.

Hydrology 2022, 9, x FOR PEER REVIEW 11 of 16 
 

 

  

Figure 6. Performance of the simplified evaporation model (a) for fixed temperature T, by varying 
the vapour pressure deficit, VPD, and (b), for fixed VPD, by varying the temperature, T. 

From a practical point of view, the usefulness of such calibrated relationships lays in 
their ability to estimate the evaporation losses, starting with any initial conditions, t0, 
when applied in combination with an interception model, such as that suggested by 
Baiamonte [23]. 

A more extended validation of such a procedure was performed by considering that 
the evaporation losses are only described by the shape parameter, n, of the semi-log rela-
tionship, as observed in the previous section: Δ𝐸 = a + a  𝑆 + a  VPD + a  T  𝑙𝑜𝑔 𝐷𝑆 + 𝑡𝑡  (18)

where DS (h) is the dry spell duration for which the evaporation loss has to be estimated. 
With this aim, the experimental data and those corresponding to the fitting relation-

ships were disaggregated to check the procedure for many possible combinations of the 
pairs (E0, E) and (t0, t). Thus, for each run, r, the combinations Nr = n (n −1)/2! of disaggre-
gated data were considered, with n equal to the number of the sampled E values for each 
run. 

Because of the high number, n, of the experimental E values, N22 = Σ Nr = 2812 dis-
aggregated data were obtained and compared with the data calculated using Equation 
(18). The results of the comparison are reported in Figure 7, where the line of perfect agree-
ment is also indicated. The standard error of the estimate, SEE, of ΔE was equal to 0.007 
mm, which is not much if considering the complexity of the studied process. In the same 
Figure 7, two straight lines bounding the domain corresponding to a maximum estimate 
error equal to ±10% are plotted. Excluding the minor number of cases, the points fall inside 
of this field, proving the reliability of the suggested procedure. 

Figure 6. Performance of the simplified evaporation model (a) for fixed temperature T, by varying
the vapour pressure deficit, VPD, and (b), for fixed VPD, by varying the temperature, T.



Hydrology 2022, 9, 118 11 of 15

From a practical point of view, the usefulness of such calibrated relationships lays
in their ability to estimate the evaporation losses, starting with any initial conditions,
t0, when applied in combination with an interception model, such as that suggested by
Baiamonte [23].

A more extended validation of such a procedure was performed by considering
that the evaporation losses are only described by the shape parameter, n, of the semi-log
relationship, as observed in the previous section:

∆E = (a + a1 S + a2 VPD + a3 T) log
(

DS + t0

t0

)
(18)

where DS (h) is the dry spell duration for which the evaporation loss has to be estimated.
With this aim, the experimental data and those corresponding to the fitting relation-

ships were disaggregated to check the procedure for many possible combinations of the
pairs (E0, E) and (t0, t). Thus, for each run, r, the combinations Nr = n (n −1)/2! of disag-
gregated data were considered, with n equal to the number of the sampled E values for
each run.

Because of the high number, n, of the experimental E values, N22 = Σ Nr = 2812 disag-
gregated data were obtained and compared with the data calculated using Equation (18).
The results of the comparison are reported in Figure 7, where the line of perfect agreement is
also indicated. The standard error of the estimate, SEE, of ∆E was equal to 0.007 mm, which
is not much if considering the complexity of the studied process. In the same Figure 7, two
straight lines bounding the domain corresponding to a maximum estimate error equal to
±10% are plotted. Excluding the minor number of cases, the points fall inside of this field,
proving the reliability of the suggested procedure.
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4.2. Using IR Images

For the runs carried out with low values of the mean temperature (such as #4aR, #4bR,
#7a and #7b), the non-monotonic behaviour of the E temporal variation was observed. As
an example, for run 7b, for which a slight T variability occurred (<T> = 21.6 ◦C), Figure 8
shows that the experimental E values started increasing and then decreasing versus the
time, mostly because of the RH and VPD variations that were determined by the air
conditioner, which maintained the temperature using a temperature sensor associated with
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a controller. It is known that the sensor read the return air temperature from the room
which was air-conditioned and the controller compared it with the set point. Once the set
point was achieved the controller, cut down the compressor which in turn stopped the
room being cooled more, and so on.
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Figure 8. For run 7b, comparison between the temporal variation of the evaporation depth obtained
by the experimental data with that obtained by the semi-log relationship (Equation (6)), and with
that determined using IR images, E(IR), Equation (19). The time t1 and t2, corresponding to Figure 9,
for which water condensation occurred on the leaves, are indicated.
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Figure 9. For run 7b, corresponding to Figure 7a, thermal images recorded (a) at the time t1 = 0.85 h
and (b) at the time t2 = 1.02 h.

While the intermittent compressor functioning did not provide significant effects for
high temperatures, for low temperatures, the RH (and VPD) role on E became more and
more evident at decreasing T. The E decreasing steps were clearly due to a condensing
process so that the leaves were enriched by the water vapour in air that condensed on the
cool leaves.
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This was more due to RH (and VPD) than to T variation, with the latter exhibiting
smaller variations than RH (Figure 8). As can be observed by the domains A1, A2, B1 and
B2 displayed in Figure 8, a certain condensation delay with respect to the RH increasing
occurred, so if in the range A1, RH increased, its effect in terms of condensation (E decreas-
ing) occurred in the subsequent range B1, and so for A2 and B2. This is probably due to the
fact that inertial effects occurred after the RH reading increased, which causes the vapour
condensation with some delay.

As can be observed in Figure 8, for these cases as well, the semi-log relationship was
considered, providing an average behaviour of the non-monotonic E relationship. This
issue, which was of course determined by the selected experimental set up, complicated the
interpretation of the experimental data and contributed to explaining the aforementioned
errors associated with E estimation by means of VPD, T and S data.

A deeper analysis was performed for the 7b run by using the IR camera (Figure 1)
recording infrared images during the evaporation process. Since the leaf surface tempera-
ture changed according to the amount of water stored on the branches, it was assumed that
the number of pixels corresponding to a range of temperatures denoted the evaporation for
any fixed time t. In particular, the evaporation losses derived by the IR images, E(IR), were
rescaled according to:

E(IR) =
(

Nmax − Nt

Nmax

)
S for T < Tmax (19)

where S is the interception capacity for run 7b (Table 1), Tmax is the temperature for dry
conditions (21.8 ◦C), Nt is the number of pixels at the time t, for which T < Tmax, and
Nmax is the total number of pixels of the sampled branch. Of course, when the run starts,
Nt = Nmax and E(IR) = 0, whereas for dry conditions (Nt = 0), E(IR) = S. The E(IR) values
derived in such way are plotted in Figure 8, showing similar behaviour to E data obtained by
the force sensors, thus confirming the alternation of the condensation and of the evaporation
processes provided by the direct measurements.

The overestimated condensation obtained using IR images (Figure 8, B1 and B2) could
be ascribed to the heat transfer from the leaves to the water stored on the branches that
determines a leaf cooling down, which should be carefully considered when upscaling
such procedure.

Two IR images corresponding to the times t1 and t2, for which highly different E values
occurred, are plotted in Figure 9, where the same T scale at t1 = 0.85 h (Figure 9a) and,
after 10 min, at t2 = 1.02 h (Figure 9b) was set. The latter made it possible to observe the
condensation process during step B1 (Figure 8), thus validating the E versus t relationship
obtained by the force sensors under T and RH conditions.

5. Conclusions

In a recent work, a simplified interception/evaporation model was proposed [23],
which considers a modified Merrian model to compute interception during wet spells
and a simple power-law equation to model evaporation from a wet canopy during dry
spells. The modelling evaporation process at the sub hourly temporal scale required
the two parameters of the power-law, describing the hourly evaporation depth and the
evaporation rate.

In this paper, we focused on the evaporation process from wet branches of lemon trees
starting from the interception capacity, S. For different temperature, T, and vapour pressure
deficit, VPD, conditions, numerous experimental tests were carried out. In addition to the
abovementioned power-law, simple models were applied and tested, and the semi-log
model provided the best fitting to the evaporation data. Two parameters, physically linked
to the evaporation fluxes and to the evaporation amount from the wet branches, were
determined and correlated to T, S, and to vapour pressure deficit, VPD.

We are aware that the experimental measurements carried out in the laboratory were
affected by various uncertainties and approximations, such as a lack of consideration for
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solar radiation, resulting in sensible heat flux in the air. Moreover, we are aware that the
model based on indoor experiments, thus neglecting wind speed, did not follow a rigorous
procedure to enable it to be applicable under field conditions and for crops that differ from
lemon trees. However, the results obtained in this work help us to understand the studied
process, highlight its complexity and could be implemented in the recently introduced
interception/evaporation model to quantify, under the abovementioned limitations, this
important component of the hydrologic cycle.
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