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Micrometeorological methods to measure
and model surface energy fluxes of irrigated
citrus orchards in a semi-arid environment
Rita Papa1*, Simona Consoli1

Abstract: The object of the research activity was to propose and develop innovative theoretical methods for evaluating
mass and energy exchange processes within one of the most relevant crop of the agricultural Sicilian context. The study
was conceived as a long monitoring program of micrometeorological features of the study orange orchard at different
spatial scales (plant, orchard, farm). Different micrometeorological methods, mainly based on Surface Renewal theory,
were studied and tested in order to provide reliable and low cost estimates of sensible heat fluxes within the plantatmosphere system. Micrometeorological techniques were integrated with in situ measurements of transpiration by
up-scaled sap flow heat pulse techniques, physiological plant features and microclimatic characteristics of the study
area. Derived actual crop evapotranspiration fluxes, by means of the resolution of the energy balance equation
opportunely corrected for closure and stomatal resistance, were used to determine crop coefficient values.
Keywords: citrus crops, Surface Renewal, Eddy Covariance, aerodynamic methods, irrigation water management.
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The most recognized methods used for ET
estimation are usually expensive, difficult to
operate and some of them present problems for
measurements in heterogeneous vegetation, i.e.
the Eddy Covariance method. Therefore, the
search for accurate methods to estimate ET
fluxes using low-cost, transportable and robust
instrumentations is a subject of interest
(Castellví et al., 2012; Consoli and Papa, 2012).
When the Eddy Covariance (EC) method is used
to directly provide measurements of sensible and
latent heat flux (or evapotranspiration), a certain
un-closure of the energy balance equation can
be observed (Consoli and Papa, 2013). Many
studies have provided explanations for energy
imbalance (Twine et al., 2000; Oncley et al.,
2007), including suggestions that there are: (I)
sampling errors associated with different
measurement source areas for the energy
components, (II) systematic bias caused by
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1. INTRODUCTION
The understanding of mass (water, carbon dioxide)
and energy (solar radiation) exchanges between
soil, plants and atmosphere (SPA) continuum is
a key component for the characterization of
the mechanisms controlling hydrology, biota
and climate. This understanding requires
the availability of reliable methods for the
quantification of these mass and energy exchanges
encompassing possibly all three major components
of the continuum. In the applied research
addressed to agriculture sector, among these
complex mechanisms and exchanges processes, the
evapotranspiration (ET) is one of the most
important, involving plant activity from root to
foliage and the movement of water from soil to air.

Italian Journal of Agrometeorology - 3/2013

Riassunto: L’obiettivo dello studio è di proporre e sviluppare metodi teorici innovativi per la valutazione dei processi
di scambio di massa ed energia con riferimento ad una delle principali colture del contesto agricolo siciliano. Lo studio
è stato concepito come un programma di monitoraggio continuo delle caratteristiche micrometeorologiche di un
aranceto irriguo a diverse scale spaziali (pianta, frutteto, azienda). Sono stati studiati e testati diversi approcci
micrometeorologici, principalmente basati sul metodo denominato Surface Renewal, per ottenere stime affidabili ed
economiche dei flussi di calore sensibile scambiati nel sistema pianta-atmosfera. Le tecniche micro meteorologiche
adottate nello studio sono state integrate con misure in situ di traspirazione ottenute attraverso la tecnica Sap Flow
dell’impulso di calore e adeguatamente scalate, attraverso le caratteristiche fisiologiche della pianta e gli aspetti
microclimatici dell’area oggetto di studio. I flussi di evapotraspirazione effettiva della coltura, corretti per tener conto
degli eventuali errori di chiusura dell’equazione di bilancio energetico e delle stime del termine di resistenza stomatica,
sono stati utilizzati per la determinazione dei valori del coefficiente colturale.
Parole chiave: colture agrumicole, Surface Renewal, Eddy Covariance, metodi aerodinamici, gestione dell’acqua
irrigua.
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calibration, inherent time response and the
mounted structures of instruments, (III)
neglected energy sinks, (IV) the loss of low
and/or high frequency contributions to turbulent
flux, and (V) neglected advection of scalars.
Other micrometeorological approaches, such as
the Bowen ratio and aerodynamic methods, have
a sound theoretical basis and can be accurate as
EC method for some surfaces under acceptable
conditions.
Micrometeorological
measurements
and
theories identified large organized eddies
embedded in turbulent flow, called “coherent
structures”, as the entities which exchange water
vapour, heat and other scalars between the
atmosphere and plant communities. Based on
these studies, in the year 1991 Paw U and
Brunet have proposed the “Surface Renewal”
(SR) method for estimating the scalar fluxes. SR
theory, in conjunction with the analysis of the
observed ramp-like patterns in the scalar traces,
provides reliable estimates of the surface flux
density of a scalar. The method was tested with
air temperature data recorded over various crop
canopies, in order to provide estimation of the
sensible heat flux. Results of the studies (among
other, Snyder et al., 1996; Spano et al., 1997;
Consoli et al., 2006; Castellví et al., 2008) have
demonstrated good performances of SR in terms
of flux density estimations, fitting well with H
measurements by EC method.
The theoretical and applied research in the
above discussed field of application is very
active, and it is aimed at identifying reliable and
affordable methods for estimating the mass and
energy fluxes exchanges within the SPA
continuum. Within this context of research, the
aim of our study was to investigate, develop and
validate integrated approaches to better
understand and quantify mass (water) and
energy (solar radiation) exchange processes for
one of the main tree crop species of the
Mediterranean environment. Different micrometeorological methods, mainly based on
Surface Renewal theory, were studied and
tested, in order to provide reliable and low
cost estimates of sensible heat fluxes within the
plant-atmosphere system. Micrometeorological
techniques were integrated with in situ
measurements of transpiration by up-scaled sap
flow techniques, physiological plant features
(leaf area index, crop surface resistance, etc.),
and microclimatic characteristics of the study
area to define the evapotranspiration processes

and address irrigation water scheduling towards
water saving measures.
The results of this study may allow the
comprehension of the complex mass and energy
exchange processes within the heterogeneous
agricultural context of Sicily. This could further
facilitate the definition of suitable techniques
and methodologies for the rational management
of water resources under water scarcity
conditions characterizing the area under
investigation.
For our better comprehension, the study herein
presented is divided into two sections,
accordingly to the research program carried out
during a two-year monitoring period (20102011). The first section was theoretical and
mainly based on the improvement of the classic
SR method, by introducing a new approach for
the calibration factor estimation. The second
section was mainly based on determining reliable
estimation of ET fluxes by the resolution of the
corrected energy balance equation. ET estimates
were further corrected to account for the
stomatal resistance term, and then compared
with the up-scaled transpiration data from the
sap flow heat-pulse method.
2. MATERIALS AND METHODS
2.1. Field site description
The experimental activities were carried out
in 2010 and 2011 within a citrus orchard of about
120 ha located in Lentini (Eastern Sicily, Lat.
37° 16’ N, Long. 14° 53’ E), in an area with
a Mediterranean semi-arid climate. The experimental field is extended about 25 ha and it is
planted with 15÷25-year-old orange trees (Citrus
sinensis (L.) Osbeck, cv Tarocco Ippolito). The
site is flat and the orchard spacing is of 4 m
between trunks within rows and 5.5 m between
rows. The soil surface is partially covered (1015%) by natural grass for most of the year. The
mean canopy height was 3.75 m. Leaf Area Index
(LAI) was estimated using a Licor LAI-2000 (LICOR, Biosciences) digital analyser and ranged
from 3.7 to 4.6 m2 m-2; the mean LAI was 4.25 m2
m-2. The foliage is dense from 0.2 m above the
ground to the canopy top, and the canopy is
nearly continuous along the rows, thus the PAR
light interception was 100% in a row and about
50% between rows. 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). The crop was

11:24

Pagina 41

well-watered by drip irrigation supplied every day
during the hot months (May÷October), with 4
online labyrinth drippers per plant, spaced at 0.80
m, with a discharge rate of 4 l/h at a pressure of
100 kPa. Soil texture is loam, with 46.85% of sand,
36.25% of silt and 16.90% of clay. The
experimental site has ideal conditions for canopy
homogeneity, flat slope, size and dominant wind
direction, that make the field suitable for
micrometeorological techniques application. In
summer periods, regional advection for sensible
heat fluxes has been reported, i.e. in diurnal
periods half-hourly H values were lower than zero
(negative) and so opposite in sign to net radiation,
RN (positive).
Numerous instruments were installed at the
experimental site in order to derive continuous
measurements of energy and mass exchanges in
the soil-plant-atmosphere continuum; measurements include: weather features, soil water
content and sap fluxes. The majority of the
equipment is set up on a 10 meter high mast (Fig.
1); low (30 min) and high (10 Hz) frequency data
were recorded by four data loggers: a CR3000
Campbell Sci. and three CR1000 Campbell Sci..
Net radiation (RN) was measured with two net
radiometers: one four components (CNR1,
Kippen&Zonen) and one integrated (NR-Lite,
Kippen&Zonen), deployed above the canopy on
a 6 meter mast and facing South.

Soil heat flux density (G) was measured with three
soil heat flux plates (HFP01, Campbell Sci.)
placed horizontally 0.05 m below the soil surface.
Three different measurements of G have been
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 (sunny area). Data
from the soil heat flux plates were corrected for
heat storage (ΔS) in the soil above the plates,
through three probes (TCAV, Campbell Sci.)
placed 0.01÷0.04 m (z) below the soil surface.
At two heights, 4 and 8 meters, the equipment
for Surface Renewal and Eddy Covariance
measurements was deployed, so that air temperature, three wind speed components and
water vapour were measured. At both levels one
fine wire thermocouple (FW3, Campbell Sci.,
76.2 μm diameter), one 3-D sonic anemometer
(Windmaster Pro, Gill Instruments, at 4 m and
CSAT3, Campbell Sci., at 8 m) and one open-path
gas analyzer (LI-7500, LI-COR Biosciences) were
deployed. Wind components were rotated to
force the mean vertical wind speed to zero and to
align the horizontal wind speed to the mean
streamwise direction; the freely distributed TK2
package (Mauder and Foken, 2004) was used to
determine the first and second order statistical
moments and fluxes in half-hourly basis following
the protocol taken as a reference for comparison
described in Mauder et al. (2007). Air tempe-

Fig. 1 - Micrometeorological tower (on the left) and HPV
probes installed for Sap Flow measurements (on the right).
Fig. 1 - Torre micrometeorologica (a sinistra) e sonde HPV
installate per le misure di Sap Flow (a destra).
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rature and humidity, wind speed and direction
profiles were realized within the orchard
with sensors (HMP45C, Vaisala, and A100, Vector
Instruments, respectively) installed at 4.5, 6.5,
8.0 and 10.0 meter above the soil surface.
Atmospheric pressure (CS106, Campbell Sci.),
rainfall (ARG 100, Waterra) and PAR,
Photosynthetically Active Radiation (SKP215,
Skye Instruments), were measured too.
Moreover, to monitor canopy temperature and
detect stress conditions onset, four infrared
thermometers (IR120, Campbell Sci.) were
installed within the orchard, each one pointing at
a tree from a cardinal point. Volumetric water
content was measured by using the time domain
reflectometry theory (TDR) with several probes
(CS 616, Campbell Sci.) installed at two different
depths below the soil surface.
Heat Pulse Velocity probes (2 in each of the
monitored trees, in the North and South faces of
the trunk, respectively) 50 mm long, with sensing
parts at 5, 15, 25, 45 mm (HP4TC, TranzFlo, NZ)
and heaters (HTR5, TranzFlo, NZ) were installed
on three orange trees to measure transpiration by
the Sap Flow method (Fig. 1).
2.2. An innovative method based
on Surface Renewal analysis to estimate
sensible heat flux
The SR method is based on the analysis of the
observed high frequency scalar (air temperature)
traces to extract their mean ramp dimensions,
amplitude (A) and time period (τ), allowing to estimate
the sensible heat flux (H) as (Paw U et al., 1995)
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where ρ and Cp are, respectively, the density and
specific heat of air at constant pressure, z, is the
measurement height of the air temperature trace
(i.e. 4 meter in our case) which represents the
volume, V, per unit area, S, of the parcel (i.e.,
z=V/S); the parameter α is included to correct the
volume (V) for the unequal heating within the air
parcel, and A and τ are, respectively, the mean
amplitude and period of the ramp pattern
observed in the temperature trace. The Eq. 1
describes the classical SR method, herein referred
as SR1. In SR1 α is determined through calibration
against the EC measurement of H; in particular, α
is the slope of the linear regression equation,
between the dependent H from SR1 and the
independent H from EC, passing through the

origin. A method referred as SR2 was developed
to modify α half-hourly estimation:
(2)
where κ = 0.4 is the Von Kármán constant, d is the
zero plane displacement height estimated as a
portion of canopy height as d=0.75hc, u* is the
friction velocity which can be estimated as
u*=0.5σu, with σu the turbulent standard deviation
of the horizontal wind speed measured at the
canopy top (Kaimal and Finnigan, 1994), ∅h (ζ ) is
the flux-gradient stability function and ζ is a
stability parameter, ζ = (z - d)/Lo, where Lo is the
Obukhov length, Lo = (u*3 / κg(w′Tv′)) (Tv and g are
the air virtual temperature and acceleration due to
gravity, respectively, and w′Tv′ is the kinematic
buoyant sensible heat flux), z* is the roughness
sublayer depth half-hourly estimated as
(3)
where h* is the height from the ground to the
bottom of the canopy, cd is the leaf drag coefficient,
LAI is the leaf area index, and Iu = (σu /u) is the
turbulent intensity, with u the horizontal mean
wind speed at the canopy top. The leaf drag
coefficient was fit by a trial and error procedure to
minimize the root mean square error (RMSE) of
H. Both methods (SR1 and SR2) were referred to
the height of 4 meters (atmospheric layer close to
the canopy top).
Methods SR1 and SR2 were calibrated against the
EC measurements of H at 8 meter, level taken as the
reference as rule of thumb (twice the canopy height).
Linear regression analysis, determination coefficient
(R2) and root mean square error (Rmse) were used to
compare HSR1 and HSR2 versus HEC. Since regression
analysis assumes that HEC (the reference) is free of
random sampling errors, the coefficient D (D =
ΣHSR/ΣHEC) was determined as an integrated
evaluation in daily, weekly, monthly, etc. time scales
by averaging out errors in the half-hourly estimates
(i.e., the bias is (D-1) times the mean of HEC.
2.3. Monitoring evapotranspiration fluxes at
different spatial scale
As referred above, the EC technique, allowing for
direct measures of H and λE at the orchard scale
(i.e. area of footprint), usually leads to an un-closure
of the energy balance equation (Consoli and Papa,
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2013). To solve this issue, assuming that the
measured available energy (RN-G) is reliable, the
Bowen Ratio (BR) method (β = H/λE) can be used
to proportionally redistribute EC underestimation
between sensible (H) and latent (λE) heat fluxes
(Twine et al., 2000). So that λE can be estimated as
(4)
Using the BR-corrected λE 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 crop coefficient values
(Consoli and Papa, 2013).
Modelled evapotranspiration values were then
compared with transpiration rates (TSF) measured
at the tree scale by applying the HPV (heat pulse
velocity) sap flow technique (Green et al., 2003;
Motisi et al., 2012). Transpiration at the tree level
was up-scaled to field scale on the basis of the ratio
between orchard leaf area index (LAI) and tree LAI.
Soil evaporation data were taken into account for
ET correction. Values of crop coefficient (Kc) were
estimated by the FAO-56 mean Kc approach by
using modelled ET data.
3. RESULTS AND DISCUSSION
3.1. Comparison between methods based
on SR theory
Three calibration intervals within a nine-month
period (from February to October 2010) were chosen
for methods SR1 and SR2 to assess α and cd values
(Tab. 1); both unstable and stable atmospheric
conditions were evaluated. The α values for method
SR1 result quite variable, suggesting the need for
continuous calibration through a year. In SR2, the
iterative procedure to determine α, leads to stable cd
values, meaning that just few days seem enough for
calibrating SR2 (through α) against EC method. The
root mean square error (Rmse) values for cd were
smaller than for α under unstable conditions.
Tab. 2 shows the performance of SR1 and SR2
against the EC method in terms of slope (s),
intercept (int.), coefficient of determination (R2),
Rmse and coefficient D.
In general, the method SR2 was closer than SR1 to
the reference (EC), with smaller Rmse values and
higher coefficients of determination. This better
performance is also shown in Fig. 2, where H values
estimated by SR1 and SR2 were correlated in a
linear regression with sensible heat flux measured
by EC technique.

Case
(P: 75÷90)
Unstable
Stable

Rmse

cd

Rmse

0.66
0.32

61
13

0.075
0.2

37
16

(P: 159÷172)
Unstable
Stable
+
Stable

0.58
0.21
0.41

75
17
14

0.075
0.2
0.2

62
16
15

(P: 244÷258)
Unstable
Stable
+
Stable

0.76
0.25
0.38

51
13
9

0.075
0.2
0.2

35
13
11

Tab. 1 - Calibration of α for method SR1 and cd for method
SR2. The Rmse values are in Wm-2; P are the Julian days; +
and – denote (RN-G) positive and negative, respectively.
Tab. 1 - Calibrazione di α per il metodo SR1 e di cd per il
metodo SR2. I valori di Rmse sono espressi in Wm-2; P indica
i giorni Giuliani; + e – indicano rispettivamente (RN-G)
positivo e negativo.

3.2. Results on ET rates and Kc values
A certain un-closure of the energy balance equation
from EC measurement was observed during
the years 2010 and 2011. The percentage of
underestimation of H+λE with respect to the
available energy was in general not higher than 30%.
HSR1
s int. R2 Rmse D

HSR2
s int. R2 Rmse D

0.92 -11 0.78 56 0.83
0.42 -8 0.51 19 0.79

0.93 -4 0.87 39 0.90
0.60 -7 0.72 15 0.90

P: 121÷212
Unstable
0.90 -15 0.64 73 0.81
Stable
0.19 -11 0.23 20 0.96
+
Stable
0.20 -10 0.09 21 0.67

1.01 -3 0.77 52 1.00
0.41 -19 0.29 23 1.60
0.45 -12 0.13 22 1.05

P: 213÷288
Unstable
1.11 -24 0.70 56 0.92
0.27 -12 0.21 16 1.62
Stable
+
Stable
0.58 -5 0.42 12 0.91

1.04 -3 0.79 41 1.01
0.44 -17 0.21 22 2.15
0.66 -7 0.50 11 1.09

Case
P: 47÷120
Unstable
Stable

Tab. 2 - Performance of HSR1 and HSR2 versus HEC for each
three months period. The Rmse and the int. values are in W
m-2; P are the Julian days; + and – denote (RN-G) positive
and negative, respectively.
Tab. 2 - Andamento dei valori di HSR1 e HSR2 rispetto HEC per
ciascun periodo di tre mesi. I valori di Rmse e di int. sono
espressi in W m-2; P indica i giorni Giuliani; + e – indicano
rispettivamente (RN-G) positivo e negativo.
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The BR-based corrections consist on H and λE
increase by about 9 and 3%, respectively.
ET values, obtained by dividing the corrected λE by
the latent heat of vaporization, were daily aggregated
and compared with the up-scaled transpiration (T)
data from the HPV Sap Flow method (Fig. 3). The
analysis of a mean daily trend in summer months
showed a divergence between the two quantities (ET
and T) from about 9 a.m. (LST). ET followed the
atmospheric water demand, with a peak in the
maximum sunny hours, while transpiration fluxes were
almost steady with a recovery of flux during the
afternoon; the latter can be attributed to tree
capacitance. In general, evapotranspiration rates
exceeded transpiration of 10%, and this was attributed
to the evaporation fraction from the soil.
Fig. 4 reports the crop coefficient calculated daily
for the orange orchard under study. Data on Kc
from FAO 56 (Allen et al., 1998) refer to 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, Kc varies
between 0.20 and 1.10, with a mean value of 0.68.
4. CONCLUSIONS
The analysis of the proposed innovative Surface
Renewal method showed that SR2 was superior
than SR1, both in term of calibration time and
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Fig. 2 - H estimates from SR1 and SR2 methods versus H
measured by EC.
Fig. 2 - Confronto tra le stime di H ottenute dai metodi SR1
e SR2 e le misure di H da EC.

Fig. 3 - Comparison between ET and up-scaled T by Sap Flow.
Fig. 3 - Confronto tra ET e i valori scalati di T da Sap Flow.
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