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Abstract
In this study, a model for estimating actual transpiration (T) is developed and tested for three tree species (Olea europaea, Citrus
sinensis, Pinus pinea), growing in rainfed conditions in urban environment under Mediterranean semi-arid climate. The model,
previously tested on many field crops, is based on the Bbig leaf^ Penman-Monteith (PM) formulation of T in which canopy
resistance (rc) is modeled with respect to local climatological conditions in different plant water status. Here rc is expressed as a
function of available energy, vapor pressure deficit and aerodynamic resistance, and the trees’ water status was evaluated by
means of crop water stress index. On an hourly scale, the comparison with Tmeasured by sap flow thermal dissipation technique
shows good performances of the model for all investigated species under contrasting water stress conditions. At daily scale, T
modeled is less accurate for all species, because of the lack of stationarity conditions in the PM approach. At seasonal scale,
however, the model gives good estimation of T, with an underestimation of − 1% forOlea and Pinus and overestimation of + 8%
for Citruswith respect to the measured T values. The proposed model needs species-specific experimental calibration, but it may
have good perspective of applicability in supporting water irrigation planning in urban forestry.

1 Introduction

Transpiration of urban trees is yet a highly uncertain term of
water balance of towns (Pataki et al. 2011a; Litvak et al. 2017).
The uncertainty is due to the difficulties in bothmeasurement and
modeling of transpiration in urban environments, because of the
large heterogeneity of vegetated surfaces. In particular, the quan-
tification of actual transpiration rate of urban vegetation is com-
plicated by different responses to water and energy availabilities
by different cohabitant species growing in the same area (Chen
et al. 2011, 2012).

Transpiration is part of latent heat flux, a component of the
energy balance which can be measured, at city scale, by the
eddy covariance (EC) micrometeorological method (Aubinet
et al. 2012). By EC approach, latent heat has been linked to the
structure of urban environment at different time scales
(Loridan and Grimmond 2012). However, in heterogenic

vegetated surfaces, any detail can be given by EC about the
transpiration of single tree species, by preventing accurate
estimation of urban and regional water budgets (e.g., Shields
and Tague 2012; Vahmani and Hogue 2014b) and, then, mu-
nicipality water allocation planning (Pataki et al. 2011a). For
these purposes, transpiration needs to be quantified at hourly,
daily, and season scales, taking into account the different be-
havior of the vegetated surfaces involved.

Generally, two methods are currently used to estimate the
evapotranspiration (ET, plant transpiration plus surface evap-
oration) or transpiration (T, when evaporation, E, is neglected)
of vegetated urban surfaces.

The first method is a two-step model (e.g., Spano et al.
2009; Vahmani and Hogue 2014a, b; Litvak et al. 2017),
where ET is calculated as product of the landscape coefficient
(KL) and the reference evapotranspiration (ET0) by using the
following equation:

ET ¼ KLET0 ð1Þ
where KL is a reworking of the crop coefficient Kc used for
field crops, firstly introduced by Doorenbos and Kassam
(1979) and updated by Allen et al. (1998) and expressed as
function of (i) species-specific differences in transpiration, (ii)
planting density, and (iii) micro-climatic conditions (Costello
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et al. 2000; Litvak et al. 2017);ET0 is usually calculated on the
base of the Penman-Monteith (PM) combination equation
(Monteith 1965) applied to a reference surface, usually grass,
where canopy resistance (rc) is supposed to be constant in time
and in different sites where it is applied (Katerji and Rana
2011). The value of this fixed resistance depends on the time
scale considered for the calculation ofET0. The two-step mod-
el has the advantage of using the standard weather variables
collected by standard weather stations. The accuracy of the ET
values determined by Eq. (1) depends on two factors: firstly,
on the accuracy of the ET0 determination in different geo-
graphical sites, then, on the accuracy of the KL values.

The second approach is the one-step model (e.g., Grimmond
and Oke 1991; Mitchell et al. 2008; Chen et al. 2012; Ballinas
and Barradas 2015), which directly calculates the ET of a crop
without a step through a reference surface. Thismodel applies the
PM equation where rc is (i) specific for each species, (ii) function
of climatic characteristics of the atmosphere above the urban
surface inside the boundary layer, and (iii) depending on the crop
water status. The parameterization of rc is based on modeling
works (Jarvis 1976; Fanjul and Barradas 1985; Grimmond and
Oke 1991; Barradas et al. 2004). The one-step model requires
fewer computation steps and, consequently, it is less prone to
error sources than the two-step model (Rana et al. 2012).

Typically, ETmodels have been applied to urban trees: (i) in
well-watered conditions (Litvak et al. 2017); (ii) using empirical
methods for taking into account the plant water stress
(Grimmond and Oke 1991; Barradas et al. 2004; Spano et al.
2009;Ballinas andBarradas2015;Riikonenet al. 2016); and (iii)
in conditions where there were no effects of water shortage on
plants (Chen et al. 2012). Indeed, the applicationofETmodels in
arid and semi-arid ecosystems, where rainfed crops often expe-
rience water stress conditions, is very challenging regarding the
canopy resistance estimation. In fact, it is very difficult to esti-
mate rc in different soil, climate, and crop water conditions. In
fact, many experiments demonstrated that rc is affected, instan-
taneously, by solar radiation, vapor pressure deficit, leaf water
potential, soil water content (see, for example, the reviews by
Rana and Katerji 1998; Katerji and Rana 2011), and hormonal
messages (Davies et al. 1986; Schulze 1986). A simple method
for modeling this resistance term is a preliminary condition for
applying the PM model in urban environments where the opti-
malwater condition is not assured.However, the PMmodelwas
establishedonhourlyscalewhich isnot thebest timescalechoice
for applicativepurposes, usually performedat daily and seasonal
scales. Furthermore, the response of canopy resistance to crop
water conditions can be observed on an instantaneous scale, thus
leading to important fluctuations of rc during the day (e.g., Rana
et al. 1997a; Barradas et al. 2004); hence, the determination of rc
throughout the mean daily value becomes arbitrary without a
suitable site-specific analysis (Katerji and Rana 2011).

This study proposes a model of transpiration, based on one-
step PM approach, applied to three rainfed species (Olea

europaea L., Citrus sinensis L., and Pinus pinea L.) growing
in an old multi-species garden in the downtown city under
semi-arid Mediterranean climate conditions. The objectives are
(i) to establish a criterion for identifying the trees’ water stress
conditions, (ii) tomodel, at hourly scale, the canopy resistance by
a deterministic approach based on the response of rc to the cli-
mate in different trees’ water conditions, (iii) to model at daily
scale the actual trees’ transpiration through site-specific coeffi-
cients, and (iv) to estimate the trees’ water requirements at sea-
sonal scale.

The key idea is to design a canopy resistance model in the
PM equation, already successfully applied to open field crops
and trees (Rana et al. 1994, 1997a, b, c, 2001, 2005), to esti-
mate actual transpiration of rainfed urban trees.

2 Materials and methods

2.1 The site

The investigated trees are part of amulti-species garden (surface
12,780m2) locatedwithin the city ofBari in southern Italy on the
Adriatic Sea (Fig. 1). The garden is owned byCREA-AA, and it
is inside an area that comprises public and home buildings, pub-
lic offices, schools, and theUniversity Campus. TheCREA-AA
building hosts a research institute since more than one century,
being established in 1881; themajority of trees (about 80%)was
planted between the last decades of the nineteenth century and
the first decades of the twentieth century.

The site is in theMediterranean region (EEA2016), submitted
to Bwarm temperatewithhot anddry summer^ climate, following
theKöppen-Geiger climate classification (Kotteket al. 2006).The
mean annual temperature is 16.1 °C with a mean annual precipi-
tation of 567 mm, calculated over the period 1995–2015.
Moreover, using the aridity index defined by Holdridge et al.
(1971), the climate of the region can be currently defined as dry
(Ferrara et al. 2017).

The soil is classified as BLithic Rhodoxeralf^ and is character-
ized by clay texture, stable structure, cracked limestone subsoil,
and fast drainage. The experiment was carried out in 2015 during
the hottest period in the region, i.e., from 14May to 2 August.

About 40% of the total courtyard area is occupied by trees’
projected crown; one half of this surface is occupied by Olea,
Citrus, andPinus trees (10.9%,1.6%,7.5%of surface, respective-
ly,with 38Olea, 42Citrus, and 12Pinus trees) as estimated by the
Google® Planimeter tool; all other surface types in the courtyard
are indicated in Table 1. To estimate the projected crown area, the
crown radii of trees were measured in the four cardinal directions
from the trunk for each tree (e.g., Karlik and McKay 2002). The
management of the garden foresees the pruning of Citrus trees
every 5 years (last pruning on 2013), whileOlea trees are pruned
every 6–8 years (last pruning on 2011); the other trees are never
pruned except for safety issues.
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2.2 The model of transpiration at hourly scale

The investigated area is covered by vegetation and impervious
plus rooftops for about 47% and 46%, respectively (see Fig. 1,
Table 1); consequently, plants’ transpiration consumes much
more water than evaporation from soil (Amoroso et al. 2010;
Sutanto et al. 2012). Moreover, the vegetated surface is well
compacted due to no tillage and no irrigation in the garden,
resulting in very low evaporation rates (Nassar and Horton
1999), only limited to short periods after rain (Symes and
Connellan 2013). Furthermore, since the garden is crossed
by paths and asphalted roads, after rain, the water rapidly
runoff along these preferential ways, by preventing effective
infiltration into the soil (Fini et al. 2017) and limiting surficial
soil evaporation.

Actual crop transpiration was estimated by PM typemodel,
which is considered appropriate also for urban inhomoge-
neous vegetated surfaces (Grimmond and Oke 1991;
Ballinas and Barradas 2015, among others). In this model,

which is theoretically applicable when the thermodynamic
conditions are stationary, i.e., on hourly time scale, the latent
heat flux due to transpiration, λTc (W m−2), of each studied
species is written as follows:

λTc ¼ ΔQþ ρcpD=ra

Δþ γ 1þ rc
ra

� � ð2Þ

Δ is the slope of the saturation pressure deficit versus temper-
ature function in kPa °C−1;Q is the available energy inWm−2;
ρ is the air density in kg m−3; cp is the specific heat of moist air
in J kg−1 °C−1; D is the vapor pressure deficit in kPa; γ is the
psychrometric constant in kPa °C−1; ra is the aerodynamic
resistance in s m−1; rc is the bulk canopy resistance in s m−1;
and λ is the latent heat of evaporation in J kg−1.

ra was calculated between the top of the trees and a refer-
ence point (z) where the measurements of weather variables
were carried out, according to Perrier (1975) as follows:

Table 1 Fraction and characteristics of each surface type in the study
site. Albedo values from Brutsaert (1982); heat capacity values from
Brutsaert (1982) and Offerle et al. (2005); thickness values are estimated

following Offerle et al. (2005). The ai coefficient (i = 1, 2, 3) for the
sensible heat storagemodel (Roberts et al. 2006) are reported with relative
references

Surface type Fraction (%) Albedo Heat capacity
(MJ m−3 °C−1)

Thickness
Δxi (m)

a1 a2 a3 (W m−2) References

Greenspace Grass 7 0.21 3.31 0.8 0.32 0.54 − 27.4 Doll et al. (1985)

Bare soil 7 0.05 3.31 0.8 0.38 0.56 − 24.3 Novak (1981)

Mixed forest and
shrubs

40 0.18 7.61 0.8 0.11 0.11 − 12.3 McCaughey (1985)

Rooftops 19 0.25 5.25 0.12 0.82 0.34 − 55.7 Yoshida et al. (1990–1991)

Impervious Concrete 14 0.25 2.07 0.12 0.85 0.32 − 28.5 Asaeda and Ca (1993)

Asphalt 13 0.12 2.61 0.03 0.82 0.68 − 20.1 Roberts et al. (2006)

O2
O3
O4O1

C4
C3

C1
C2

P1

P3

P2

Fig. 1 The studied garden with
the monitored trees (indicated
with letters and numbers; O Olea,
C Citrus, P Pinus)
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ra zð Þ ¼ ln z−dð Þ= ht−dð Þ½ �
ku*

ð3Þ

where d (m) is the zero-plane displacement and is estimated by
d = 0.67ht; ht (m) is the mean height of the trees of the same
species; k is the von Kármán constant (0.40); and u* is the
friction velocity (m s−1). The wind speed (m s−1) measured at
the reference point z above the canopy was expressed as fol-
lows (e.g., Arya 2001):

u zð Þ ¼ u*

k
ln
z−d
z0

ð4Þ

where z0 (m) is the roughness length estimated by z0 = 0.1ht. z0
is a measure of the aerodynamic surface heterogeneity, in this
case, vegetation (Ballinas and Barradas 2015). Therefore, the
final formula for ra was written as follows:

ra zð Þ ¼ ln z−dð Þ=z0½ �ln z−dð Þ= ht−dð Þ½ �
k2u zð Þ ð5Þ

The use of this relationship for the aerodynamic resistance
introduces two simplifying assumptions on the homogeneity
of the transpirative layer which needs to be evaluated: (i) ra
was assumed to be the same for the whole tree canopy; (ii) ra
was assumed to be the same for all trees of same species. The
first simplification implies that the source/sink of boundary
layer fluxes was at the same height, with no difference among
leaves at different positions in the tree canopy. This assump-
tion is supported by the study of Daudet et al. (1999), who
found that wind velocity profile and direction weakly influ-
enced the transpiration rate along the tree canopy; thus, the
error can be considered negligible. The second assumption on
ra implies that the calculation of d and z0 in Eq. (5) was made
at the same height ht of all trees of the same species. A sensi-
tivity analysis on ra (data not shown) with respect to these
parameters showed that a variation of 50% of their values
determined an error in the range 10–15%when the wind speed
varied between 1 and 5 m s−1.

2.2.1 The canopy resistance parametrization

The PM formula is the combination of two terms: (i) the radiative
term and (ii) the aerodynamic term. To clearly separate these two
terms, Eq. (2) can be written under the following form:

λTc ¼ Δ
Δþ γ

Q
1þ ρcpD

ΔQra

1þ γ

Δþ γ

rc
ra

ð6Þ

From the above relation, it can be argued that there are only
two cases in which λTc is equal to the radiation term (i.e., λTc

independent of the aerodynamic term): (i) when ra > > 0, i.e.,
the surface is very smooth which is unusual in urban situation
(Grimmond and Oke 1999) and/or the wind speed is very low;
(ii) when rc takes the particular value:

rc ¼ Δþ γ
Δγ

ρcpD
Q

¼ r* ð7Þ

This last variable is linked to the Bisothermal resistance^
introduced for the first time by Monteith (1965). It has also
been called Bcritical resistance^ (Daudet and Perrier 1968)
because it represents a threshold between two conditions: (i)
rc < r* and Tc increases with wind speed; (ii) rc > r* and Tc
decreases with wind speed (Rana et al. 1994).

If we substitute Eq. (7) into Eq. (6), the PM formula can be
written in a more symmetric form where the mentioned resis-
tances r*, ra, and rc clearly appear in the aerodynamic term as:

λTc ¼ Δ
Δþ γ

Q
1þ γ= Δþ yð Þ½ � r*=rað Þ
1þ γ= Δþ γð Þ½ � rc=rað Þ ð8Þ

The first term is the equilibrium transpiration (Jarvis
1976; Jarvis and McNaughton 1985), and the second frac-
tion is a dimensionless quantity which provides the aero-
dynamic weighting on the equilibrium transpiration
(McNaughton 1976) and can be seen as a crop-
climatological coefficient: it modulates the part of the
available energy transformed by the soil-canopy-
atmosphere system during transpiration. It was experi-
mentally demonstrated (e.g., Perrier et al. 1980; Rana
et al. 1997b; Shi et al. 2008; Rana et al. 2012) that rc/ra
was a function of r*/ra and this relationship depended on
phenological stage and crop water status. In fact, follow-
ing the fluid mechanics data analysis approach, a relation-
ship between rc/ra and r*/ra can be argued from a dimen-
sional analysis based on the Buckingham theorem (e.g.,
Kreith 1973) as:

rc
ra

¼ f
r*

ra

� �
ð9Þ

Katerji and Perrier (1983) firstly proposed a linear re-
lation for f in Eq. (9); in the next, many authors experi-
mentally demonstrated the validity of such relationship
and the accuracy in the estimation of actual evapotrans-
piration of different crops (see the synthesis in Katerji
and Rana 2013).

The evaluation of the presented model were carried
out through two steps: (i) the calibration, i.e., the search
for the experimental function Bf^ linking the ratios rc/ra
and r*/ra (see Eq. 9), and (ii) the validation with the
comparison between calculated and measured actual
t ransp i ra t ion va lues . In the present case (see

686 G. Rana et al.



Section 3.2), the best fitting function was found to be
logarithmic for all species as:

rc
ra

¼ a ln
r*

ra

� �
þ b ð10Þ

2.2.2 The available energy Q and the measurement
of weather variables

The energy available to the trees (Q) can be expressed, fol-
lowing a common nomenclature for urban energy balances
(Grimmond and Oke 1991; Christen and Vogt 2004), as:

Q ¼ Q* þ QF þ QA þ QS ð11Þ

where Q* is the net all-wave radiation (W m−2), QF is the
anthropogenic heat release (W m−2), QA is the net heat advec-
tion (W m−2), and QS is the sensible heat storage (W m−2). In
this study, (i) Q* was measured by net radiometers; (ii) QF,
including all additional energy inputs produced by human
activities, such as the energy released by combustion of fuels,
electric heating, air conditioning, and traffic, can be consid-
ered negligible since the garden is in a residential area with
many public buildings and the traffic is strongly seasonal and
limited to their opening/closing time (Loridan and Grimmond
2012); (iii) QA can be neglected because the experimental site
is on the coast of Adriatic Sea, beneficiating of the sea breeze
regime (Christen and Vogt 2004; Lemonsu et al. 2004;
Loridan and Grimmond 2012); and (iv) QS was estimated
according to the Bobjective hysteresis model^ of Grimmond
et al. (1991) as upgraded by Roberts et al. (2006):

QS ¼ ∑
n

k¼1
f ka1kð ÞQ* þ ∑

n

k¼1
f ja2k
� � ∂Q*

∂t
þ ∑

n

k¼1
f ka3k ð12aÞ

∂Q*

∂t
≈0:5 Q*

t−1−Q
*
tþ1

� � ð12bÞ

where fk indicates the fractions of space occupied by each
surface type. Namely, 6 types of surface were identified: grass,
bare soil, mixed forest and shrubs, rooftops, impervious con-
crete, and asphalt. The coefficients a1, a2, and a3 were derived
from independent studies on urban surface types and their
values are reported in Table 1. t is the time interval (60 min,
following the time interval of measurements).

A meteorological station (Weather transmitter WXT520,
Vaisala, Helsinki, Finland) was set up on the CREA-AA
building; it measured precipitation, temperature, and relative
humidity of air, wind, speed, and direction. Global radiation
was measured by a pyranometer (CMP3, Kipp & Zonen,
Delft, The Netherlands). Net radiation (Q*, W m−2) was mea-
sured by two net radiometers (Q*6, REBS, USA). All mea-
surements were taken by data loggers (CR800, CR10X,

Campbell Scientific, Utah, USA) every 10 s, and the average
values recorded every 60 min. The sensors of the meteorolog-
ical station were installed on a 1.5-m-high mast mounted on a
little tower (2 m height) on the roof of the building at 12 m
from ground level. Thus, the reference level of all meteoro-
logical variables was set at z = 15.5 m from the ground.

2.3 The model of transpiration at daily and seasonal
scales

To calculate daily Tc, two methods could be used.

(1) Tc is estimated as the sum of hourly data so that:

Tcd ¼ ∑
24

h¼1
Tc;h ð13Þ

with Tc,h is the hourly values expressed by Eq. (2). This meth-
od, theoretically the most correct, is not practical since the
parameters measured on an hourly scale are needed.

(2) The second method is based on a simplification of the
relationship (8), so it can be written as:

Tcd ¼ Kd
1

λ
Δ

Δþ γ

� �
d
Qd ð14Þ

where

Kd ¼ 1þ γ= Δþ yð Þ½ � r*=rað Þd
1þ γ= Δþ γð Þ½ � rc=rað Þd

ð15Þ

The subscript d indicates the daytime average.
It was experimentally demonstrated (Katerji and

Perrier 1983; Katerji et al. 1990; Rana et al. 1997a)
that, for field crops in good water conditions, the Kd

coefficient varies little with the r*/ra ratio and, in a first
approximation, could be considered constant, while Kd

varies considerably with the crop water status (Itier
et al. 1992) and it seems that this last variation is a
plant species characteristic (Rana et al. 1997b, c).

In the present study, in analogy to the hourly time scale, the
coefficient Kd was calculated as function of the ratio (r*/ra)d,
i.e., the daily average of r*/ra; the best fitting function was
found to be logarithmic for all species as (see Section 3.2):

Kd ¼ A ln
r*

ra

� �
d
þ B ð16Þ

Transpiration at season scale was calculated by cumulating
daily values.
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2.4 The trees’ water conditions

The leaf water potential (LWP inMPa) measured with a pressure
chamber has been demonstrated to be the most accurate method
for determining the physiological water stress of plants (for trees,
see, for example, the review by Wullschleger et al. 1998). For
field crops, Rana et al. (1997a, b) demonstrated that the coeffi-
cient Kd can be modeled in function of predawn leaf water po-
tential (PLWP), a good indicator of crop water stress (Katerji and
Hallaire 1984; Tardieu et al. 1990). By common agreement, soil
water shortage has not a significant influence on gas exchanges
and, consequently, on crop growth if PLWP values are above a
critical species-specific threshold. For applicative purpose, the
measurement of PLWP cannot be routinely carried out, while a
good alternative can be to consider the available soil water (AW),
defined as the amount of water in the soil, normalized by the total
water availability (between field capacity and wilting point).
However, the accurate monitoring of soil moisture in urban gar-
dens and parks is quite complicated due to the inhomogeneity of
the areas since, as abovementioned, besides vegetation, different
types of surfaces (bare soil, concrete, asphalt) are present
(Nielsen et al. 2007).

Therefore, methods to detect water stress based on the sur-
face temperature of the crop, like the Crop Water Stress Index
(CWSI), can be a good compromise between accuracy and
feasibility (Stanghellini and De Lorenzi 1994). In this study,

CWSI is calculated in function of actual (Tact) and potential
(Tp) transpiration (e.g., Jackson et al. 1981; Stanghellini and
De Lorenzi 1994):

CWSI ¼ 1−
T act

Tp
ð17Þ

where Tp is calculated by the PM Eq. (2) with canopy resis-
tance assumed equal to the minimum resistance (rmin). In this
case, we used the following values of rmin: 200 s m

−1 forOlea
europaea, 160 s m−1 for Citrus sinensis (Körner et al. 1979),
and 170 s m−1 for Pinus pinea (Kelliher et al. 1995).

The daily CWSI has been calculated adding up hourly tran-
spiration values, considering only daytime ones.

2.4.1 The measured transpiration

The actual tree transpiration is needed to determine the CWSI
values and to validate the proposed applicative transpiration
model.

Tact was determined by sap flow heat dissipation method
(HDM; Granier 1985, 1987). By HDM at first, the sap flow
density Js0 (gH2O m−2 s−1) is determined in the outermost
sapwood area, then Js0 must be extrapolated to all active
water-conducting xylems of the sapwood area (SWA in m2).
SWAwas determined by measuring sapwood depth on a core

Fig. 2 CWSI patterns at daily
scale for all investigated trees
species; precipitations are also
shown
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collected with a 5-mm-diameter increment borer at breast
height in the north side of monitored trees.

The monitored trees were chosen by combining two proce-
dures: (1) the quantile upscaling method (Čermák et al. 2004)
and (2) the analysis of the frequency distribution of stem diam-
eters (Rana et al. 2005): 4Olea, 4 Citrus, and 3 Pinus trees were
monitored as shown in Fig. 1.

To avoid direct solar heating, the sap flow probes (20 mm,
SFS2 Type M, UP, Steinfurt, Germany) were installed at breast
height in the north side of each tree (Lindén et al. 2016), cov-
ered by a reflecting radiation screen, which also protects from
rain. Js0 was continuously monitored every 10 s, and 10-min
averages were stored by data loggers (three CR10X, Campbell
Scientific, UT, USA). Hourly values were obtained by averag-
ing the 10-min data.

To account for radial trends in sap flux density, according to
Pataki et al. (2011b) and Litvak et al. (2012), the sapwood depth
was divided in a set of 2-cm increments and generalized
Gaussian functions were applied to estimate the sap flux density

in each increment. We used two different functions for angio-
sperms and gymnosperms (Pataki et al. 2011b; Litvak et al.
2012) to calculate Jsi, i.e., the sap flux density in each increment i:

Angiosperms : J si ¼ 1:033J s0exp −0:5
x−0:09963
0:4263

� �2
 !

ð18Þ

Gymnosperms : J si ¼ 1:257J s0exp −0:5
xþ 0:3724

0:662

� �2
 !

ð19Þ

where x is the normalized depth of each sapwood increment
(0 ≤ x < 1) and Js0 is calculated using the standard relationship
in HDM:

J s0 ¼ a
ΔTmax−ΔT

ΔT

� �b

ð20Þ

where ΔT (*C) is the temperature difference between the
heated upper probe and the lower reference one and ΔTmax

Fig. 3 Canopy resistance (rc)
patterns at hourly scale during
two sample days
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(°C) is the maximum difference in temperature during night.
The whole tree transpiration of each sample was deter-

mined as:

T act ¼ ∑
m

i¼0
J siSWAi ð21Þ

where Tact is in g s−1, m is the number of 2-cm increments in
sapwood depth, Jsi is the sap flux density (gm

−2 s−1), and SWAi is
the sap wood area at depth i. The tree’s transpiration per day
(kg day−1) was calculated as the sum of hourly values during
the daytime (global radiation, Rg > 20Wm−2). For each species,
the considered transpiration is the mean of Tact of all sampled
trees. The transpiration per unit canopy area was calculated in
kgm−2 (mmof transpiredwater) as the value ofTact of the species
divided by the mean projected canopy area.

2.5 Statistical analysis

Following Legates and McCabe (1999), the analysis of per-
formances (Microsoft Excel® 32 bit) of the described model
at hourly and daily scale included linear regression analysis,

root mean square error (RMSE), mean absolute error (MAE),
model efficiency (EF, range −∞ to + 1, optimum value 1), and
index of agreement (d, range 0 to + 1, optimum value 1).

2.6 Sensitivity analysis of the model

A sensitivity analysis of the model with respect to the calibra-
tion parameters, pi (i.e., the coefficients Ba^ and Bb^ in the
logarithmic functions of Eq. 10), is carried out to investigate
on how an error on these parameters is propagated to the
estimation of tree transpiration.

Following Rana and Katerji (1998), the sensitivity analysis
was carried out by calculating the non-dimensional relative
sensitivity coefficients:

Spi ¼
∂λTc

∂pi
pi
λTc

ð22Þ

which represent that fraction of the change in pi that is
transmitted to change λTc. Thus, at hourly scale, the sen-
sitivity coefficients for a and b are expressed by the fol-
lowing expressions:

Fig. 4 Calibration of the presented model at hourly scale (see text for details)

Table 2 Calibration of the
presented model at hourly scale Olea Citrus (water stress) Pinus

No stress rc/ra = 11.7 ln(r*/ra) + 11.2 rc/ra = 4.11 ln(r*/ra) + 22.0 rc/ra = 46.2 ln(r*/ra) − 12.4
r2 = 0.83 r2 = 0.91

Water stress rc/ra = 14.7 ln(r*/ra) + 18.6 r2 = 0.67 rc/ra = 80.3 ln(r*/ra) − 22.4
r2 = 0.86 r2 = 0.71
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Sa ¼ −a
1−Cð Þln r*

ra

� �

1þ 1−Cð Þ aln
r*

ra

� �
þ b

� 	 ð23Þ

where

C ¼ Δ
Δþ γ

ð24Þ

Sb ¼ −b
1−C

1þ 1−Cð Þ aln
r*

ra

� �
þ b

� 	 ð25Þ

Fig. 5 Comparison between
calculated (λTc) and measured
transpiration (λTact) at hourly
scale; trees’ water conditions are
also indicated for the species
under investigation
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Negative coefficients indicate that a reduction in λTc results
from an increasing of pi. By these coefficients, it is possible to
evaluate the effect, on λTc, due to error on the determination of
the input parameters. In fact, following the definition of rela-
tive error in a function due to relative errors in the input data, it
is possible to write the relative error expression for transpira-
tion as:

ελTc ¼ Saj jεa þ Sbj jεb ð26Þ
with ελTc, εa, and εb relative error on λTc, a, and b,
respectively.

3 Results and discussion

3.1 The weather and the trees’ water conditions
by CWSI

The daily patterns ofRg (between 7.8 and 31.0MJm−2 day−1),Ta
(between 10.4 and 31.2 °C), and D (between 0.6 and 3.1 kPa)
were typical of the region in the investigated season (data not
shown). The precipitation amounts during the study period were
high in the second half of May and, mostly, in mid-June (79 mm
from 15 to 20 June, Fig. 2), which is usually dry in this area.

The CWSI showed, at hourly scale, very variable and spread
values (data not shown) for all species, since it is function of
input variables rapidly and instantaneously changing
(Stanghellini and De Lorenzi 1994; Rana and Katerji 1998).
However, at daily scale, the CWSI trends (Fig. 2) appeared clear-
er and able to suitably detect the water status of the investigated
trees.

Berni et al. (2009) demonstrated that for Olea growing under
Mediterranean climate, significant relationships can be found
among the leaf stem potential, the canopy conductance, and the
CWSI. Ben-Gal et al. (2009) showed that when an olive orchard
in arid environment was irrigated with an amount of water be-
tween 100 and 50% of potential ET, the daily CWSI values were
between 0.2 and 0.4, while when the water supplied was only
25% of potential ET, then theCWSIwas around 0.7. Agam et al.
(2013) showed that the maximum value of CWSI (calculated by
the standard approach as in the present case) achieved by irrigat-
ed olive trees was again around 0.7. Therefore, in this study, we
fixed at 0.7 the value of CWSI above that the Olea trees were in
water stress (see Fig. 2).

Gonzalez-Dugo et al. (2013) in Citrus orchard found that any
clear relationship can be envisaged between LWP andCWSI and
that the CWSI values are always below 0.6–0.7 even if the irri-
gationwas stopped for inducingwater stress. Similar results were
found by Waldo and Schumann (2009) and Ballester et al.
(2013), and these last authors showed a maximum value of
CWSI around 0.5 also when the Citrus trees were induced to
water stress. Gonzalez-Dugo et al. (2014) found that whenTa
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Citrus CWSI values attained 0.85, the crop was under severe
water stress and when CWSI was close to 0, it was in optimal
water conditions. In this case, Citrus trees had CWSI values
almost always between 0.6 and 0.8 (see Fig. 2) without any
significant trend. Furthermore, all studied Citrus trees were af-
fected by a typical disease of this species, Dialeurodes citri
(Homoptera: Aleyrodidae), which causes damage to crop directly
through suck the sap and reducing plant vitality as well as the
excretion of honeydew colonized by sooty mold fungi that re-
duce gas exchanges, which means photosynthesis, respiration,
and transpiration (Rapisarda and Cocuzza 2017; Argov et al.
1999). Therefore, it was supposed that Citrus were under water
stress conditions all time during this study.

For Pinus trees and in general for conifers, the measurement
of water conditions through theCWSIwas very rare. Seidel et al.
(2016) found that the maximumCWSI value achieved by irrigat-
ed scots pine trees was 0.8, which was considered as the thresh-
old value between stress and no-stress condition in this case study
(see Fig. 2).

Hourly values of rc during daytime (i.e., between 7:00 and
18:00), obtained by inverting Eq. (2) with Tc and all inputs mea-
sured, are shown in Fig. 3 for three species under investigation.
Two days is reported as example: 19 June (wet), after 2 days of
huge rain (76 mm in total), and 29 July, 34 days after this huge
precipitation (dry). On 19 June, the daily values of CWSI were
0.46, 0.74, and 0.57 for Olea, Citrus, and Pinus, respectively,
hence below the thresholds previously established for the water
stress conditions for Olea and Pinus, while above water stress
threshold for Citrus: Citrus trees’ seems did not react to the huge
rain in terms of transpiration due to the effect of their pest. On 29
July, the values of CWSI were 0.88, 0.70, and 0.92 for Olea,
Citrus, and Pinus, respectively, hence above the water stress

threshold values for all species. Under well-watered conditions
during wet day, daytime rc were in the range 274–706 and 299–
503 s m−1, with means of 359, and 347 s m−1 forOlea and Pinus
respectively; these values are greater than those published by
other authors for Olea (Berni et al. 2009) under good water
conditions, while the values of rc found for Pinus are in line with
those found in similar environments (Hoshika et al. 2017).

During dry days, under water stress rc was in the range 904–
2995 and 1480–3286 s m−1 with means of 1382, and 2118 s m−1

for Olea and Pinus respectively, in this case, a comparison with
other studies is very difficult because of the large variability in the
relationships between drought conditions and trees’water status.

For Citrus trees, rc ranged between 460 and 1485 s m−1 on
19 June, and between 302 and 2018 s m−1 on 29 July, and the
mean values during wet and dry days were very similar (786
and 893 s m−1, respectively). These high values confirm that
these trees were under water stress conditions, with a typical
pattern of rc for stressed tree species (see Olea and Pinus be-
havior) with closure of stoma during hours of the day with
decreasing values of solar radiation (Ballester et al. 2013;
Gonzalez-Dugo et al. 2014).

Based on these considerations, it was supposed thatOlea and
Pinus trees were in well-watered conditions from the beginning
of the experiments until 8 July, then theywere under water stress;
Citrus trees were under water stress conditions during the whole
experimental period.

3.2 The model at hourly scale

In Fig. 4, the experimental relationships between rc/ra and r*/ra
were shown for the three species under investigation in the dif-
ferent water conditions. Each point represented the mean of all

Fig. 6 Calibration of the model at
daily scale (see text for details)
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available hourly values during daytime (12 values from 7:00 to
18:00) in the 4 days 14–17 May (at the beginning of the exper-
imental period in wet soil conditions) and in the 4 days 9–12 July
(at the beginning of the period when also Olea and Pinus trees
were under water stress conditions). The number of days for the
calibration was suggested by Rana et al. (1997a, b). The loga-
rithmic best fitting relationship between rc/ra and r*/ra are shown
in Table 2: the dependence of rc/ra ratio on r*/ra was very clear
for any water stress condition and for each species and quite
robust (high values of determination coefficient r2). The values
of slopes of the logarithmic relationships were higher when the
trees were under water stress, having higher values of rc than the
well-watered conditions for the same value of ra at givenweather
conditions as expressed by r*.

The comparison between calculated (λTc) and measured
(λTact) hourly transpiration is shown in Fig. 5 for all species

under investigation, excluding calibration days. Water stress
and no-stress conditions are also indicated, but the regression
has been made without considering water conditions, obtaining
good correlation for all species. In the statistical comparison be-
tween measured and calculated values, the t test indicated that, in
all cases, the intercept was significantly not different from zero at
the 95% significance level; therefore, the analysis was done forc-
ing the linear regression model through zero. Considering the
whole experimental period, the cumulated values of estimated
transpiration by the presented model indicated overestimation of
8% and 4% for Olea and Pinus, respectively, and underestima-
tion of − 4% for Citrus with respect to the measured cumulated
values.Other statistical indicators are shown in Table 3 indicating
that themodel had pretty good performances at hourly scale, with
low values of the errors (RMSE andMAE), acceptable values of
EF and high values of d.

Fig. 7 Patterns of calculated and
measured transpiration (Tc) at
daily scale for the species under
investigation during the
experimental period
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3.3 The model at daily and seasonal scales

To calibrate the relationship between Kd and (r*/ra)d (Fig. 6), we
used the daily values of the same days used to calibrate the hourly
model (i.e., 14–17 May and 9–12 July). Like in Fig. 5, water
stress and no-stress conditions are also indicated using different
symbols, but the logarithmic relationships are obtained consider-
ing all data together: the parametrization is quite robust with high
values of determination coefficients also at daily scale. For Olea
and Pinus, the values of Kd were generally lower in water stress

conditions than in well-watered conditions. The coefficient Kd

calculated by these logarithmic functions was used to calculate
the actual transpiration (Eq. 14) at daily scale.

A comparison between daily measured and calculated Tc is
shown in Fig. 7 for the three species under investigation. For
Olea and Pinus, Tc ranged between low values before precip-
itations and high values afterwards, while Citrus seems to
increase its transpiration during dry periods (after 8 July).
During rainy days, transpiration decreased and the model
reproduced these events.

Fig. 8 Comparison between
calculated (Tcd) and measured
transpiration (Tact) at daily scale;
trees’ water conditions are also
indicated for the species under
investigation
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The linear regression statistical analysis between the modeled
and measured Tc is shown in Fig. 8 and both well-watered and
stress conditions are also indicated, but the regression is done
considering all together and excluding the calibration days. In
this case, the comparison showed that the daily model is much
less accurate (low R2) than the model at hourly scale. The other
statistical indicators (see Table 3) indicated that at daily scale, the
model presented worst performances than at the hourly scale,
with pretty high values of RMSE and MAE and low values of
EF, even if the index of agreement d had pretty high values. The
loss of accuracy of the daily model with respect to the hourly one
was due to the lack of stationarity conditions. However, when the
model is evaluated at seasonal scale, by comparing cumulated Tc
(as a sum of the daily values in mm), it shows good perfor-
mances; in fact, it underestimates of − 1% Olea and Pinus tran-
spiration and overestimates of 8% Citrus transpiration.

3.4 Error analysis

The relative error on λTc was calculated by Eq. (26) where the
terms Sa and Sb are the mean of all available values in the exper-
imental period. Error on λTc due to error in the input parameter a
is negligible (data not shown), being between 0 and 1%when the
input parameter a varies between 0 and 100% of the experimen-
tally calculated value. The relative error on λTc due to error in the
input parameter b is illustrated in Fig. 9 for both stress and no-
stress conditions. For Pinus, the error on λTc is always low, less
than 10%; for Olea, the error is > 10% when the error on the
coefficient b is greater than 50%. For Citrus, the error on λTc is
great than 20% when the error on b is greater than 35%.

4 Conclusions

In this study, a transpiration model is presented for three spe-
cies of urban trees at hourly and daily scales, neglecting the
evaporation. The model is based on the PM formula, with the
introduction of a semi-empirical parametrization for the can-
opy resistance. Either at hourly or at daily scale, the canopy
resistance is estimated from (i) climatological data and (ii)
parameters depending on the species following the plant water
status as expressed by the crop water stress index. The
species-specific model parameters need experimental
calibration.

In this model, canopy resistance is a variable parameter,
assuming a specific value at each moment and, consequently,
for each day.

The model has been tested in a site of Mediterranean re-
gion, under semi-arid climate. On an hourly scale, it seems to
work well in contrasting water conditions: when the tree is
well watered and under water stress. The performance of the
model could be improved by the use of more than two water
stress classes; in this case, each interval would be narrow, but
the model loses practical applicability.

On a daily scale, the model was not as accurate as at hourly
scale giving, however, acceptable estimation of transpiration.
It works better at seasonal scale and should be used to deter-
mine the trees’ water requirements or as output term of urban
water balance.

The difficulty in the application of the present model is in
the determination of the trees’ water status, that here is deter-
mined in function of the measured transpiration, which is the

Fig. 9 The relative error on
calculated transpiration due to
error in the input parameter b (see
Eq. (10)) for both stress and no-
stress conditions
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unknown variable. Therefore, further developments are nec-
essary to improve its application especially at daily scale, in
particular using estimates of CWSI based on surface tempera-
ture (Jackson et al. 1981; Stanghellini and De Lorenzi 1994)
instead of measurements of transpiration. In fact, an alterna-
tive applicative definition of CWSI is:

CWSI≡
Ts−Tm

TM−Tm
ð27Þ

with Ts surface temperature measurable for example by infra-
red thermometry, Tm and TM minimum and maximum tree
temperature, respectively, easily calculable by climatological
variables (e.g., Stanghellini and De Lorenzi 1994).

Furthermore, Rana et al. (1997b, 2001) for field crops dem-
onstrated that the presented approach does not need a local
calibration, like other Penman and PM-basedmodels, but only
a Bper crop^ calibration. If the coefficients Ba,^ Bb,^ BA,^ and
BB^ of the presented model are known for different crop water
conditions, the model would be valid at another site. This
hypothesis clearly needs to be verified for trees species in
urban environments with further research.
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