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Abstract In this paper, based on the analysis of a long-
term energy balance monitoring programme, a Bowen
ratio-based method (BR) was proposed to resolve the lack
of closure of the eddy covariance technique to obtain
reliable sensible (H) and latent heat fluxes (AE). Evapo-
transpiration (ET) values determined from the BR method
(ET¢corr) Were compared with the upscaled transpiration
data determined by the sap flow heat pulse (HP) technique,
evidencing the degree of correspondence between instan-
taneous transpirational flux at tree level and the micro-
meteorological measurement of ET at orchard level. Using
the BR-corrected AE fluxes, a crop ET model implementing
the Penman—Monteith approach, where the canopy surface
resistance was determined from standard microclimatic
variables, was applied to determine the crop coefficient
values. The performance of the model was evaluated by
comparing it with the sap flow HP data. The results of the
comparison were satisfactory, and therefore, the proposed
methodology may be considered valid for characterizing
the ET process for orange orchards grown in a Mediter-
ranean climate. By contrast to reports in the FAO 56 paper,
the crop growth coefficient of the orange orchard being
studied was not constant throughout the growing season.
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Introduction

Analyses carried out on water use in the Mediterranean
region have shown that on average 72 % of available water
is used for irrigation purposes (Hamdy 1999) and about
99 % of water uptake from the soil by plants is lost as
evapotranspiration (ET). Therefore, accurately estimating
ET rates is crucial in water resource management in arid
and semi-arid environments where irrigation is necessary
and water is quite scarce and expensive.

At present, different methods are available for deter-
mining ET. Some methods are more suitable than others
because of their accuracy or cost, or because they are
particularly suitable for the given space and time scales.
Often it is necessary to predict ET, so it must be modelled.
Among the indirect methods of measuring ET rates, the
most accurate techniques are the micrometeorological ones
(i.e. Bowen ratio, eddy covariance, aerodynamic methods,
radiation temperature methods, etc.) (Heilman et al. 1996;
Villalobos et al. 2000; Wullschleger et al. 2000), and thus,
from an energy point of view, ET may be considered as
equivalent to the energy used to transport water from the
inner cells of the leaves and plant organs and from the soil
to the atmosphere. In this case, it is ‘latent heat’ (AE, with 1
latent heat of vaporization equal to 2.45 x 10° J kg™ ' at
20 °C) and expressed as energy flux density (W m™?).
When ET is considered as latent heat flux density, it is
worth considering all the energy components acting above
a vegetated surface, that is, the energy balance may be
written as:

Ra=H+JE+G (1)

where all the terms are in W m ™2, R, is the net radiation
from balancing all the radiations above the crop and is
directly measurable, G is the soil heat flux, also directly
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measurable, and H is the sensible heat flux, which can be
directly measured and/or estimated by micrometeorologi-
cal techniques. R, — G is commonly termed available
energy, and the surface heat storage at daily or longer time
scales is negligible. The energy available at the land sur-
face used for photosynthesis (typically less than 1 % of net
radiation) can be neglected. The fluxes may be considered
conservative, that is, when they are only vertical and
expected to remain constant, independent of their height,
over a horizontal homogeneous surface.

Since the mid-1990s, the Fluxnet network has provided
long-term high-quality observations of heat and mass
exchanges between the land surface and atmosphere, for a
wide range of ecosystems. The methods which measure
land surface—atmosphere exchanges of heat and mass are
numerous and have been summarized in a number of
publications (Twine et al. 2000; Baldocchi 2003; Finnigan
2004). Eddy covariance (EC) is the most widely used
technique at flux-tower sites worldwide. However, an
analysis by Wilson et al. (2002) of surface flux measure-
ments at 27 EC sites distributed across North America and
Western Europe showed that energy budget closure (Eq. 1)
evaluations were absent for all the investigated sites.
Aubinet et al. (2000) reported a similar finding based on
analyses of EC data collected at European sites where
typically, annual energy closure ranges between 5 and
30 % (Guo et al. 2009). Many studies have provided
explanations for energy imbalance (Twine et al. 2000;
Oncley et al. 2007), including suggestions that there are:
(1) sampling errors associated with different measurement
source areas for the energy components, (2) systematic bias
caused by calibration, inherent time response and the
mounted structures of instruments, (3) neglected energy
sinks, (4) the loss of low- and/or high-frequency contri-
butions to turbulent flux, and (5) neglected advection of
scalars. Consequently, the sensible heat and latent heat
associated with turbulent movement are systematically
underestimated. The current inability of EC data to close
the energy budget is a well-known issue, which has led
several authors to emphasize the necessity of finding a way
to deal with it (Mahrt 1998; Wilson et al. 2002; Baldocchi
2003; Liu et al. 2006). In order to improve the usefulness of
eddy covariance measurements, Twine et al. (2000) sug-
gested adjusting sensible and latent heat to force the energy
equilibrium. However, some researchers have pointed out
the difficulty of applying and evaluating ecosystem models
using flux measurements which lack energy closure (Kus-
tas et al. 1999; El Maayar et al. 2008) and the imperative
need for resolving observed energy budget imbalances in
measured data prior to their use in test models. Despite all
these recommendations, researchers are still testing land
surface models in which the energy budget is assumed to
be closed, using EC data which do not generally satisfy the
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conservation of energy (Zhang et al. 2005; Ju et al. 2006;
Kucharik et al. 2006).

Therefore, micrometeorological approaches are often
difficult to apply, both from theoretical and technical points
of view. They also require large flat fields and constant
technical assistance. Nevertheless, micrometeorological
methods are currently indispensable for the calibration of
other methods.

A variety of methods are available to measure, or esti-
mate, plant water use in the field. Sap flow, for example, is
a suitable and relatively simple method for measuring plant
transpiration (Cohen et al. 1993; Trambouze et al. 1998;
Rana et al. 2005; Motisi et al. 2012). Sap flow measure-
ments can be taken both in herbaceous and woody plants
and in any conductive organ, including roots. Depending
on the method, measurements are taken in the part of the
conductive organ where the sensors are located, or in the
whole perimeter of the conductive organ. Some methods
are suitable for stems of small diameters, while others can
be used in large trees. Calibration is convenient in all cases,
being compulsory for the invasive methods, since the
insertion of the probes alters the xylem characteristics.

The heat pulse velocity (HPV) system presented by
Green and Clothier (1988) is based on the compensation
heat pulse (CHP) method (Swanson and Whitfield 1981).
The method allows to monitor tree transpiration and
explores the short-term water-use dynamics of trees (Green
et al. 1989; Moreno et al. 1996).

However, since sap flow is measured at the branch or
trunk scale, transpiration measurements should be scaled
up to the whole stand (Zhang et al. 1997). Scaling-up
procedures may vary according to the characteristics of the
stand (Smith and Allen 1996).

The crop coefficient (K.) approach of estimating
evapotranspiration in well-watered conditions is the most
practical and recommended method (Allen et al. 1998).
The concept of K. was introduced by Jensen (1968) and
further developed by the other researchers (Doorenbos and
Pruitt 1975, 1977; Burman et al. 1980; Allen et al. 1998).
The crop coefficient is the ratio of the actual crop evapo-
transpiration (ET.) to reference crop evapotranspiration
(ETy), and it integrates the effects of characteristics that
distinguish field crops from grass, like ground cover, can-
opy properties and aerodynamic resistance. For irrigation
scheduling purposes, daily values of crop ET. can be
estimated from crop coefficient curves, which reflect the
changing rates of crop water use over the growing season,
if the values of daily ET, are available. FAO paper 56
(Allen et al. 1998) presents a procedure to calculate ET,
using three K. values that are appropriate for four general
growth stages (in days) for a large number of crops.

To make the use of K. operational, research and
experiments have been carried out worldwide, and they
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have led to the determination of the average value that K,
may take in the course of the season over the years. It is
worth highlighting that the K is affected by all the factors
that influence soil water status, for instance, the irrigation
method and frequency (Doorenbos and Pruitt 1977; Wright
1982; Consoli et al. 2006), the weather factors, the soil
characteristics and the agronomic techniques that affect
crop growth (Stanghellini et al. 1990). Consequently, the
crop coefficient values reported in the literature can vary
even significantly from the actual ones if growing condi-
tions differ from those where the mentioned coefficients
were experimentally obtained (Tarantino and Onofrii
1991).

Therefore, the general objective of this study was to
identify a useful procedure for correcting the energy budget
measurements of sensible and latent heat fluxes to measure
and model the evapotranspiration (ET) of irrigated orange
orchards in semi-arid Mediterranean conditions. The key
points of the paper may be outlined as follows:

e The evaluation of the Bowen ratio (BR) correction
method to solve the unclosed surface energy balance at
the study site.

e The evaluation of the performance of the sap flow
method (Tsg) to measure actual evapotranspiration by
comparison with the micrometeorological method
(corrected eddy covariance data).

e The development of a model of orange orchard
evapotranspiration applying a Penman—Monteith
approach, using standard meteorological variables as
input to determine canopy resistance.

e The evaluation of the crop coefficient method (K.)
effectiveness to determine the water requirements of
the orange orchard and to verify the suitability of the K.
value proposed for a generic citrus crop.

Materials and methods
Site information and field measurements

The trial was carried out during the monitoring period
2010-2011 within an orange orchard located in Sicily,
Southern TItaly (Lentini, lat. 37°16'N, long. 14°53’E). This
area has a semi-arid Mediterranean climate (annual mean
air temperature 17 °C and rainfall less than 600 mm in the
period 1990-2011). The experimental field (of about
20 ha) was planted with 15-25-year-old orange trees
(Citrus sinensis (L.) Osbeck, cv. Tarocco Ippolito), grown
in an orchard of about 120 ha. The site is flat and the
orchard has trees with similar spatial distribution of about
4 m between trunks within rows and 5.5 m between rows.
The soil surface is partially covered (10-15 %) by natural

grass for most of the year. The mean canopy height was
3.75 m. Leaf area index (LAI, m’ mfz) was estimated
using a Licor LAI-2000 (LI-COR® Biosciences) digital
analyser and was found to be in the range of 4.0-4.7. For
the dominant wind direction (mainly W and NW), the fetch
was larger than 550 m. For the other sectors, the minimum
fetch was 400 m (SE) (Castellvi et al. 2012).

The crop was well-watered by irrigation supplied every
day during the hot months (May—October). Water was
supplied by drip irrigation, with 4 online labyrinth drippers
per plant, spaced at 0.80 m, with a discharge rate of 4 1/h at
a pressure of 100 kPa. Total irrigation, during the two
seasons, amounted to about 5,500 m> ha™'.

Continuous energy balance measurements were made
from January 2010 to December 2011. Net radiation (R,
W m~?) was measured with two CNR 1 Kipp&Zonen
(Campbell Scientific Ltd) net radiometers at a height of
8 m. Soil heat flux density (G, W m_z) was measured with
three soil heat flux plates (HFPO1, Campbell Scientific Ltd)
placed horizontally 0.05 m below the soil surface. Three
different measurements of G were selected: in the trunk
row (shaded area), at 1/3 of the distance to the adjacent
row, and at 2/3 of the distance to the adjacent row. The soil
heat flux was measured as the mean output of three soil
heat flux plates. Data from the soil heat flux plates were
corrected for heat storage in the soil above the plates. The
heat storage (AS) was quantified in the upper layer by
measuring the rate of temperature change. The net storage
of energy (AS) in the soil column was determined from the
temperature profile taken above each soil heat flux plate.
Three probes (TCAV, Campbell Scientific Ltd) were
placed in the soil to sample soil temperature. The sensors
were placed 0.01-0.04 m (z) below the surface; the volu-
metric heat capacity of the soil C, was estimated from the
volumetric fractions of minerals (V,;,), organic matter (V)
and volumetric water content (0). Therefore, G at the sur-
face was estimated by measuring G’ at a depth of 0.05 m
and the change in temperature over time of the soil layer
above the heat flux plates to determine AS.

The air temperature and the three wind speed compo-
nents were measured at two heights, 4 and 8 m, using fine
wire thermocouples (76 pm diameter) and sonic ane-
mometers (Windmaster Pro, Gill Instruments Ltd, at 4 m,
and a CSAT, Campbell Sci., at 8 m). A gas analyser
(CSAT, Campbell Sci.) operating at 10 Hz was deployed at
8 m. The raw data were recorded at a frequency of 10 Hz
using two synchronized data loggers (CR3000, Campbell
Sci.).

Low-frequency measurements were taken for air tem-
perature and humidity (HMP45C, Vaisala), wind speed and
direction (05103 RM Young), and atmospheric pressure
(CS106, Campbell Scientific Ltd) at 4 and 8 m. Rainfall
(AGR 100 Waterra, UK) was measured nearby.
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The freely distributed TK2 package (Mauder and Foken
2004) was used to determine the first- and second-order
statistical moments and fluxes on a half-hourly basis fol-
lowing the protocol used as a comparison reference
described in Mauder et al. (2007). This software corrects
for the errors in the wind speed vertical components, sensor
separation and path-length averaging and eliminates spu-
rious flux values.

The micrometeorological data set used for comparison
included samples (of high- and low-frequency data) that
passed the Foken’s quality control test up to level 7
(Mauder and Foken 2004). The test checks the assumptions
of steady flow and developed turbulence invoked in the EC
method. Then, variances and covariances are discriminated
in levels of reliability. Up to level 7 (i.e. from 1 to 7), the
data set includes high-quality flux measurements recom-
mended for research purposes (up to level 3) and mea-
surements that can be considered useful for routine
applications and gap filling (from 4 to 7). The range
—20 Wm™?2 < Hgc <20 Wm 2 was excluded [taken as
the EC measurement error (Foken 2008)].

Energy closure at the orange orchard and correction
of measured sensible and latent heat fluxes

The EC method applied at the study site allows for esti-
mates of H and AE by directly measuring fluctuations in the
vertical wind velocity and scalar concentration (Arya 1988;
Campbell and Norman 1998). By contrast with the Bowen
ratio (BR) method, EC does not force the energy budget to
close though, beneficially, it offers separate estimates of
H and AE.

At this point, the problem, of course, is how best to close
the energy balance for the EC method. As reported by
Twine et al. (2000), there are two approaches. The first
assumes that measurements of H are accurate so that
AE can be calculated merely by subtracting G and H from
R, (Eq. 1). This approach is known in the literature as the
residual method. However, because no compelling evi-
dence exists to confirm that the EC method only underes-
timates AE (Katul et al. 1999; Twine et al. 2000), a second
approach uses the Bowen ratio to close the energy budget.

The BR approach assumes that for relatively homoge-
neous vegetated surfaces, R, — G measurements may be
considered reliable and representative of the EC flux
footprint. That is, any errors in R, — G measurements are
necessarily much smaller than the energy imbalance
determined from simultaneous EC measurements.

The BR approach then assumes that the EC technique
provides correct estimates of the Bowen ratio (f = H/AE)
even though it underestimates H and AE, as some studies
tend to confirm (Barr et al. 1994; Blanken et al. 1997; El
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Maayar et al. 2008). Thus, rearrangement of Eq. 1 yields
the following:
R,—G

JE = T (2)

Then corrected estimates of AE are assumed to be given
by Eq. 2, after which H can also be inferred from:

H=R,—JE—G (3)

Equations (2) and (3) effectively redistribute the imbalance
to H and AE according to their relative measured
proportions.

In the following, the corrected latent and sensible heat
fluxes refer to AE., and H,,,, as calculated from data using
Egs. (2) and (3).

Crop evapotranspiration (ET. ;) was calculated by
transforming AE., into millimetres of water. Calculating
ET.corr On a daily time scale was performed by adding
hourly values for 24-h period.

Sap flow and soil evaporation measurements

Measurements of water consumption at tree level were
performed by using the HPV (heat pulse velocity) tech-
nique. For HPV measurements, two 4-cm sap flow probes
with 4 embedded thermocouples (Tranzflo NZ Ltd, Pal-
merston North, NZ) were inserted into the trunks of three
trees. The probes were positioned at the north and south
sides of the trunk at 50 cm from the ground and wired to a
data logger (CR1000, Campbell Sci.) for heat pulse control
and measurement; the sampling interval was 30 min. Data
from the two probes were processed according to Green
et al. (2003) to integrate sap flow velocity over sapwood
area and calculate transpiration. So, the sapwood fraction
of water was determined both on sample trees during the
experiment and directly on the trees with the sap flow
probes, at the end of the observation period. Wound-effect
correction (Green et al. 2003) was performed on a per tree
basis.

Scaling up the sap flow from a single tree to the field
scale requires analysing plant size variability, to determine
the mean of those monitored. This was obtained by ana-
lysing the spatial variability of plant leaf area (Jara et al.
1998). Thus, scaling was performed only on the basis of the
ratio between orchard LAI and tree leaf area.

During each irrigation season, daily soil evaporation was
observed over a 7-day period in spring/summer (June—
July), summer (August—September) and autumn (October)
with microlysimeter measurements for a total of 42
observations. Small undisturbed soil samples were located
in rings of limited height which were closed at the bottom,
weighed and reinstalled in the field. Measurements of
soil evaporation E; were obtained using sets of four



Irrig Sci (2013) 31:1159-1171

1163

microlysimeters replicated three times for a total of 12.
Microlysimeters, made from 3-mm-thick aluminium pipe,
were 12.5 cm long with a diameter of 11.5 cm. A portable
electronic balance was used to weigh the microlysimeters
daily between 07.30 and 09.30 h solar time (Han and Felker
1997). Two microlysimeters were placed in dry soil and two
in the saturated zone near the wet spots of the emitters.

Modelling crop evapotranspiration

Orange orchard crop evapotranspiration (ET;meq) Was
analysed using the Penman—Monteith model. ET ,,q Was
calculated hourly using:

_ AA + (PCpD/ra)
B A+V(1+rc/ra)

» (4)
where A=R, — G (Wm™2), p is the air density in
kg m~3, A is the slope of the saturation pressure deficit
versus temperature function in kPa °C™', y is the psy-
chrometric constant in kPa°C™ ', C, is the specific heat of
moist air in J kg~ '°C™", D is the vapour pressure deficit of
the air in kPa, r, is the bulk canopy resistance in s mfl, and
r, is the aerodynamic resistance in s m™'.

As highlighted by Rana et al. (2005), r. is not constant
for irrigated crops, but varies depending on the available
energy and vapour pressure deficit. Katerji and Perrier
(1983) proposed calculating r. as:
re rt
—=a—+b (5)
Ia Ta
where a and b are empirical calibration coefficients that
require experimental determination; 7 (s m™") is given as
(Monteith 1965):

_A—i—y_pCpD
Ay A

*

(6)

In our study, the canopy resistance was calculated with
Eq. 4, by introducing the AE.,, values calculated with
Eq. 2, together with the measured values of D and A, and
the estimated values of r,:

n(e—d)/(he — d)
fa = ku* @)

where z is the reference point above the canopy, d (m), the
zero plane displacement is estimated as a portion of the
canopy height where an intermediate scaling is d = 0.75 k.
(Brutsaert 1988), h. is the mean height of the orchard
(3.75 m), k = 0.4 is the von Karman constant, and u* is the
friction velocity (m s~ ') measured by the EC method.

The obtained values of r, were combined with Eq. 5 to
estimate parameters a and b.

This model is particularly suited to canopy crops cov-
ering orchard soils, as suggested by Villalobos et al.
(2000), Wullschleger et al. (2000) and Rana et al. (2005).

0.40 1
¥y = 0.364x + 0.0422
R*=0.6287

0.30

0.00 T T T T T T 1
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70

r¥r,

Fig. 1 Linear relationship between r./r, and r*/r, during June—
August 2010; r., r, and r* are canopy, aerodynamic and climatic
resistance, respectively

The model was calibrated using 3 months of data (June—
August) during the 2010 irrigation season. The results are
shown in Fig. 1, where the r./r, ratio is related to the r*/r,
ratio. A linear curve fit resulted in a = 0.364 and
b = 0.0422 (coefficient of determination R> = 0.6287).

The final expression of the model on an hourly time
scale is:

AA + (pCypD/ra)

Aot = A 0422 + 0.364(r % /7)) o

The calculation of the orange orchard ET. ;04 On a daily
time scale was obtained by adding hourly values of AE,q
(from Eq. 8), after dividing by A.

Determining the crop coefficient Kc

Crop evapotranspiration (ET.,0q4) on a daily time scale
was calculated with Eq. 8. Generally, crop coefficients are
determined by calculating the ratio K. = ET. ,0a/ET,,
where ET. 04 1S the evapotranspiration of a well-watered
crop, and ETj is the reference evapotranspiration calcu-
lated by the Penman—Montetih method (Allen et al. 1998).
The variables used for ET, determination were measured in
an agrometeorological station of the Sicilian Agrometeo-
rological Service (SIAS) located 3.0 km away from the
experimental field. The station was equipped with instru-
ments for measuring standard meteorological variables
(solar radiation, wind speed and direction, air temperature,
relative humidity).

Results and discussion

Weather conditions

Figure 2 shows the daily weather variables during the two
study periods. Air temperature (7,) reached a maximum in

July, approximately 30 °C, while the minimum value
occurred during February (about 5 °C). The relative
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Fig. 2 Daily values of weather variables during the study periods in 2010 (a, b) and 2011 (¢, d). 7, mean air temperature (°C), RH mean relative
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humidity (RH) presented the inverse behaviour. The
maximum wind speed (u) at 2 m above a standardized
grass field was about 4.5 m s' during January—June and
October—November. Most precipitation (P) was during
January—February and October—November; the irrigation
seasons (May—September) were almost dry. The accumu-
lated rainfall during 2010 was 588 mm, whereas for 2011 it
was only 300 mm. Reference evapotranspiration (ET,)
followed the oscillation of solar radiation (data not shown)
with a maximum of about 9 mm day ™' during July and a
mean value of about 4.2 mm day .

BR-correction of measured sensible and latent heat
fluxes

The lack of closure in the energy budget is commonly
quantified by the relative difference between (R, — G) and
(H 4+ AE), expressed as a percentage: 100 x [((R, — G)/
(H 4+ AE)) — 1]. Figure 3 shows the average variation of
monthly observed energy imbalance at the selected site.
Assuming that R, and G measurements are rather accurate
(Twine et al. 2000; Wilson et al. 2002) during both mon-
itored years (H 4+ AFE) is underestimated at the site. This
may arise from an underestimation of H or AE, or both. The
mean annual energy imbalance is 29.3 % during 2010 and
31.1 % in 2011, showing peaks during winter and a vari-
ation of about 30 %.

Despite eddy covariance (EC) being among the most
advanced in situ measurement techniques which directly
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Y, ET, reference evapotranspiration (mm day—l)

provides AE, the lack of closure of the EC-based energy
balance is widely known (Wilson et al. 2002; Testi et al.
2006; de Teixeira et al. 2008). The AE data quality from the
orange orchard was verified by studying the energy balance
closure; fluxes (H 4+ AE) and available energy (R, — G) were
compared for the entire period (years 2010 and 2011) of
measurement on an hourly time scale. The energy balance
ratio, that is, the ratio of turbulent energy fluxes to available
energy, was 0.89 in 2010 and 0.86 in 2011. The RMSE (root
mean square error) for 1 h values of turbulent fluxes was 0.13
and 0.12 MJ m > h™', during 2010 and 2011 highlighting
how good the data set was.

The diurnal flux trend of individual components of the
energy balance for the orange orchard showed that the
latent heat flux (AE) was always in excess of the sensible
heat flux (H) during daylight hours and the H was higher
than the soil heat flux (G). At night, the eddy covariance
results showed H and LE approaching zero.

Daily averages of energy balance fluxes are given in
Table 1. Unstable atmospheric conditions predominated
above the orchard, with the sensible heat flux
(H) accounting for about 30 % of R, during both the
monitoring periods. The significant leaf area index (LAI) of
the orange crop (LAI of about 4-4.7 m* m~?) caused little
solar radiation to penetrate the canopy. As a consequence,
the soil heat flux (G) on a daily scale was small and neg-
ative, with daily average values less than 1 % of R,.
Negative values for G could be the result of both large LAI
and frequent drip irrigation which keeps the soil thermal
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Fig. 3 Average monthly energy 100
imbalance in measured data —a—2010

during 2010 and 2011
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Table 1 Daily average of the
energy balance components for
orange orchard during the

Month/ R,
year (MJ m~2 day™")

GMIm2day ™) AEMIm2day™") HMIm ?day ") Ep(-)

2010-2011 monitoring periods; Jan/2010 4.83
net radiation (R,), soil heat flux

(G), latent heat flux (LE), Feb/2010  5.61
sensible heat flux (H) and Mar/2010 8.86
evaporative fraction (Eg) Apr/2010 9.64

May/2010  13.67
June/2010  15.65
July/2010  17.01
Aug/2010  15.01
Sept/2010  9.58
Oct/2010 6.14
Nov/2010 4.07
Dec/2010 3.25
Mean 9.45
Jan/2011 3.24
Feb/2011 5.79
Mar/2011 8.42
Apr/2011  10.87
May/2011  13.27
June/2011  17.15
July/2011  16.96
Aug/2011  15.35
Sept/2011  10.98
Oct/2011 6.47
Nov/2011 3.83
Dec/2011 1.67
Mean 9.50

—0.04 3.39 0.27 0.70
0.02 4.93 1.10 0.88
—0.11 5.10 3.29 0.57
0.06 4.99 4.19 0.52
0.27 7.76 5.59 0.58
0.25 9.23 6.19 0.60
0.43 10.1 6.44 0.61
0.26 9.98 5.67 0.68
—-0.25 8.27 2.18 0.84
—0.38 5.59 0.89 0.86
—0.43 4.28 0.69 0.95
—0.56 2.37 0.34 0.61
—0.04 6.33 3.07 0.70
—-0.38 1.49 1.43 0.41
—-0.33 2.51 1.79 0.41
0.06 1.48 3.48 0.33
0.12 522 5.76 0.49
0.13 7.39 6.08 0.56
0.26 9.29 7.66 0.55
0.48 9.86 7.21 0.60
0.43 8.84 6.16 0.59
0.00 7.89 3.57 0.72
—0.37 5.24 1.58 0.77
—0.41 2.89 0.77 0.68
—0.55 2.16 —-0.41 0.97
-0.05 5.46 3.43 0.60

conductivity high. The largest part of R, was used as latent
heat flux (AE), representing on average 67 % of R, during
2010 and 57 % of R, during 2011. The corresponding
evaporative fractions (Eg = AE/(R, — G)) were 0.70 and
0.60.

Monthly data show (Fig. 4) that after forcing (the BR
approach) the measured energy balance data to close, the
discrepancy between the available energy (R, — G) and
turbulent fluxes (H.orr + AEco) tends to be neglected. In
particular, H, increased by 8.6 and 10 % in 2010 and
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Fig. 4 BR-corrected and uncorrected measurements from EC of monthly total sensible heat flux (H) and latent heat flux (AE) during 2010

(a) and 2011 (b) monitoring periods

2011 with respect to EC measurements of H; AE tends to
increase by 2 and 3.7 % in 2010 and 2011.

Comparison between BR-corrected eddy covariance
and sap flow measurements of evapotranspiration

Scatter plots of Tsg versus ET, .., hourly values showed
general dependence with a saturation-type response, a good
degree of linearity at low ET .o values and a lack of
increase in Tsp at high ET, ., flux values (Fig. 5). For
orange trees, fairly good linearity was observed both in the
morning and afternoon values, whereas the midday values
showed a weak relationship, with a small slope value,
denoting lower xylem flux (SF values) in comparison with
canopy transpiration as estimated by BR-corrected EC.

Analysis of the daily variation of average ET. ., and
Tsr fluxes (Fig. 6) shows that Tsg divergence from ET, cox
begins at about 09:00 local time. Midday Tsg fluxes were
almost steady for most of the period, while ET, . ones
followed the daily trend of atmospheric evapotranspiration
demand. Midday differences between Tsg and ET. o
denote a depletion of plant water content in relation to the
imbalance between tree crown water loss by transpiration,
as estimated by EC, and water transport from the tree’s root
mass as estimated by SF. This imbalance is recovered in
the afternoon and nocturnal hours, with higher Tsg than
ET. corr fluxes.

Most of the differences here in water-use dynamics
could be interpreted by tree capacitance. The imbalance
between canopy transpiration and tree water uptake is
revealed by a large hysteresis (data not shown), with higher
afternoon SF values. It is interesting to note that the hys-
teresis loop appears specularly reflected, with a larger
hysteresis in the morning-midday hours (Motisi et al.
2012).

Furthermore, as orchards in general are well coupled to
the atmosphere, their transpiration is mainly regulated by
the resistance that water vapour encounters in its
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movement from inside the leaf to the atmosphere (Vill-
alobos et al. 2000). Canopy conductance (g.) is, therefore,
an essential parameter for understanding the mechanisms
of plant evaporation in orchards, but it is very difficult to
measure at the correct scale.

Villalobos et al. (2009), analysing the canopy conduc-
tance of mandarin, found that it always peaked in the
morning, followed by a lower plateau, and (sometimes)
another small peak in the afternoon. This pattern of g., with
an early maximum later depressed in the hotter midday, is
typical for water-stressed plants. A similar diurnal course
of g. was also found in unstressed olives, another Medi-
terranean sclerophyllous tree crop, both at orchard (Vill-
alobos et al. 2000) and leaf level (Moriana et al. 2002).
Leaves, which reach low water potential during hot dry
afternoons, accumulate water during the night. In the
morning, the guard cells of the stomata are turgid and can
open quickly. Later, when vapour pressure deficit (VPD)
increases, the transpiration rate surpasses uptake. The leaf
water potential drops and the stomata close, thus reducing
g. and transpiration. This process goes on until water
uptake can sustain the transpiration rate again and a new
dynamic equilibrium is reached. This feedback system
increases transpiration efficiency because the stomata are
well open only during the coolest hours of the day (when
the evaporative demand of the atmosphere is lower) and
carbon can be assimilated at a lower cost in terms of water.
The sensitivity of the feedback indicates adaptation to dry
climates.

In this study, the difference between total values of Tsg
and ET,. .,y during 2010 and 2011 was about 10 % which
may be attributed to soil evaporation and which is not taken
into account by the sap flow method.

The distribution of the evapotranspiration rate between
soil evaporation (E;) and transpiration is difficult to com-
pare to other studies, because of the small number of E
measurements available in our study and the difficulties of
extrapolating them from different ground cover fractions.
In this experiment, evaporation from the soil was 11 and

8.00

© ETc,mod (a)
0 TSF °
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12 % of the total ET o in 2010 and 2011. From the data
of Moreshet et al. (1983), obtained in an orange orchard
with the same percentage of ground cover by vegetation
(about 80 %) as in this study, it is possible to calculate that
their E, varied between 0.24 and 0.61 mm day~'. The
lower values of Ej are related to the lower energy available
to evaporate water at the soil level due to the high canopy
ground cover.

Crop evapotranspiration by a Penman—Monteith-type
model

The comparison between daily crop evapotranspiration
(ET¢ moa) simulated by the model in Eq. 8 and Tsg mea-
sured by the sap flow method is shown in Fig. 7. In par-
ticular, the empirical calibration coefficients of Eq. 5 were
used to model ET, in 2011 too. For the available data set,
the daily values of T measured by sap flow and modelled
ET are fairly close during the crop cycle. The total values
of the entire experimental periods are 913 and 883 mm for
the sap flow measurements of transpiration during 2010
and 2011, and 1,008 and 984 mm for the modelled ET,
during the 2 years with small differences, no higher than
3 %. The average daily values of ET, ,0qa and Tsg are 3.9
and 3.4 mm day ', during May—October 2010 and 3.7 and
3.2 mm day ™' in 2011.

The values of ET 04 followed atmospheric demand in
both growing seasons, being higher during May—October
(from flowering to fruit maturation), with peaks of 6.7 and
6.0 mm day ' during 2010 and 2011. The minimum values
were around 1.2 mm day .

With regard to similar studies found in the literature,
which used a calibrated heat pulse method, Cohen (1991)
found average transpiration of about 3.0 mm day ™' in a
high-density grapefruit orchard. Consoli et al. (2006) and
Snyder and O’Connell (2007) reported daily ET peaks near
6.0 mm day ™' for clean-cultivated mature orange orchards
in California using energy balance techniques. Rana et al.
(2005) wusing EC measurement systems in citrus
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Fig. 7 Comparison between the transpiration values measured by the sap flow method (7sg) and evapotranspiration rates calculated by the

model of Eq. 8 (ET, moq) during 2010 (a) and 2011 (b)

@ Springer



1168

Irrig Sci (2013) 31:1159-1171

(Clementine) orchard in Mediterranean conditions (South-
ern Italy) found ET rates ranging from 2.0 to
7.0 mm day ™. Paco et al. (2006), using the same method
in a peach orchard in Portugal, found ET values ranging
from 1.4 to 4.0 mm day_l. de Teixeira et al. (2008),
evaluating ET rates using micrometeorological measure-
ments, showed average daily values of mango orchard ET
ranging from 1 to 6.3 mm day~'. Sammis et al. (2004)
used EC measurements to determine ET rates of flood-
irrigated pecans in the USA; they found an average total
ET of about 1,100 mm yearfl.

Therefore, the methodology proposed in this work may
be valid for characterizing the evapotranspiration process
on a field scale.

Analysis of crop coefficient values

Figure 8 compares the crop coefficient calculated daily
with the K value given by Allen et al. (1998) for a generic
citrus crop. These authors report a constant value of the
crop coefficient between 0.45 and 0.65 (it is 0.65 in our
experimental conditions), depending on the percentage of
crop cover throughout the growth cycle. In this study, K.
varies between 0.20 and 1.10, with a mean value of 0.68.

During rainy periods, mainly at the start of the year,
ET. moa rates exceeded ET,, producing daily K. values
exceeding 1. As reported by Rana et al. (2005), the higher
values of K, in the period January—June could be due to the
following reasons: (1) the period coincides with pheno-
logical stages, the ‘flowering’ and ‘swelling of buds’ of
active growth, when stoma conductance is usually high
(Bethenod et al. 2000); (2) the period corresponds to days
with high wind speed (Fig. 2) and vapour pressure deficit,
which can cause high tree ET rates which are much greater
than ET.,.

Similar results were reported by Azevedo et al. (2003),
who find higher K. values for mango orchard with peaks
around 0.71 during the crop stages.

1.20

0.90

0.00

T T T T T T T T T T T
Jan  Feb March Apr May June July Aug Sept Oct Nov Dec
Monitoring period

Many studies highlight greater accuracy when the crop
coefficient curves are plotted with variables more closely
related to crop development: LAI, canopy percentage
shading the ground or thermal-based variables. This
approach is considered an improvement over the FAO
guidelines which suggest estimating K values as a function
of the length of the four phenological stages into which
crop development is divided.

Linear relationships are reported between K. and LAI
values for green bean and melon (Orgaz et al. 2006),
grapevine (Williams et al. 2003), young olive orchard
(Testi et al. 2004), and orange orchard (Consoli et al.
2006). In particular, Testi et al. (2004) find that the K.
values determined in late autumn, winter and spring are
usually high, variable and relatively independent of LAI or
ground cover; during the summer, soil evaporation
decreases and K. is lower, far less variable and LAI-
dependent. These K. values are linearly correlated with
LAI or ground cover: the authors proposed a linear model
to predict it. This model has shown great robustness despite
its empirical nature. Ayars et al. (2003) found that K, was a
linear function of the amount of light intercepted by peach
(Prunus persica L.) trees. Consoli et al. (2006) found nearly
linear relationships between the normalized ratio for
orange trees (K. over peak K.) and LAI, ground cover
percentage (C,) and PAR light interception (LI). For
comparable C, values of 20, 50 and 70 %, the observed K.
values were 27, 31 and 43 % higher in the experiment than
the K. values reported in FAO 56 (Allen et al. 1998).

Conclusions

Accurate knowledge of the partitioning of available energy
between sensible and latent heat is needed to develop
reliable tools for the study of short-term or long-term
processes within agricultural crop ecosystems, which are
particularly fragile when water availability is limited. This
accurate knowledge requires the best possible data

1.20

v :
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Fig. 8 Comparison between the calculated daily crop coefficient (K.) and the value (constant) given by FAO 56 for the whole experimental

period
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measurement and requires that the problem of closing
measured energy budgets be resolved using rigorous pro-
cedures which respect the principle of energy conservation.

In our study, a long-term energy balance monitoring
programme, integrated with sap flow measurements and
biophysical ancillary data, was used to obtain reliable
evapotranspiration estimates of irrigated orange orchards.
In the implemented procedure, the Bowen ratio method
was used to correct the eddy covariance measurements of
sensible and latent heat fluxes for energy closure proving
efficacious for orange orchards. In particular, after forcing
the measured energy balance data to close, sensible heat
flux increased by an average of about 9 % with respect to
EC measurements of H; latent heat flux tends to increase by
about 3 % during the monitoring period.

The BR-corrected crop evapotranspiration (ET.) rates
were compared with upscaled transpirational data by sap
flow heat pulse (Tsg) method, showing a saturation-type
response, with a good degree of linearity at low ET copr
values and a lack of increases of Tsg at high ET, .o flux
values. The difference between total values of Tgp and
ET. corr during the monitoring period was about 10 %,
which may be attributed to soil evaporation and which is
not taken into account by the sap flow method.

By using the BR-corrected latent heat flux values, crop
evapotranspiration rates (ET.,,q) were analysed and
modelled, starting from a simple formulation based on the
Penman—Monteith model, where canopy resistance was
determined as a function of standard microclimatic vari-
ables. The calibration coefficients of the proposed model
depend only on the crop and are valid for the study site.
Modelled ET, helped calculate the crop coefficient (K.) of
orange orchards during the growing seasons; this was
compared with the FAO 56 approach based on a constant
K. over the different growth stages.

Modelled ET. values were compared with daily tran-
spiration (7sg) data measured by the sap flow method, with
fairly good results. Simultaneous use of ET. moq and Tsg
measurements provides an interesting experimental insight
into the biophysical behaviour of tree crops.
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