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ABSTRACT 
 

The quantification of evapotranspiration and transpiration and corresponding crop 

coefficients is crucial for appropriate irrigation scheduling of drip-irrigated crops. 

Practical approaches to manage the real-time irrigation scheduling are preferred as 

the consumptive water use affects quality, quantity, and availability of water and 

its rate of flow. It results to be of major importance to accurately estimate the crop 

water requirements under different conditions in irrigation zones that are already 

in use or in planning phase. Surface renewal (SR) analysis is an interesting 

alternative to eddy covariance (EC) flux measurements, especially for 

evapotranspiration (ET) measurements over agricultural surfaces. Two recent SR 

approaches, with different theoretical background, that from Castellví (2004), SRCas, 

and that from Shapland et al. (2012a; 2012b), SRShap, have been evaluated for both  

sensible (H) and latent (LE) heat flux determination over sparse crop surfaces. For 

this, two EC equipments, including a sonic anemometer CSAT3 and a krypton 

hygrometer KH20, were located in two zones of drip-irrigated orchards of late- and 

early-maturing peaches. The measurement period was June–September 2009. The 

SRCas is based on similarity concepts for independent estimation of the calibration 

factor (α). The SRShap is based on analysis of different ramp dimensions, separating 

the ones that are flux-bearing from the others that are isotropic. According to the 

results obtained here, there was a high agreement between the 30-min turbulent 

fluxes independently derived by EC and SRCas. The SRShap agreement with EC was 

slightly lower. According to the energy balance closure, the SRCas method was as 

reliable as the EC in estimating the turbulent fluxes related to irrigated agriculture 

and watershed distribution management, even when applied in sparse cropping 

systems. After ascertaining SRCas application over the data for year 2009, the 

experiment was extended to two additional years of early-maturing peach ET 

measurements (2010 and 2011). Results were used for crop coefficient (Kc) 

estimation and modeling. The proposed model accounts for the fraction of thermal 

units (FTU) and weather data. Kcexp for 2010 and 2011, which ranged between 0.4 

and 0.9, were used to develop a Kc model using a backward stepwise regression 

approach. The selected model included a 3rd-degree polynomial of FTU, the natural 

logarithm of minimum relative humidity and the cumulative precipitation for the 5 

previous days and was able to explain up to 73 % of the Kcexp variability. The model 

was validated using measurements obtained in 2009. The results showed a good 

agreement between modeled and experimental values of evapotranspiration (root 

mean square error of 0.45 mm day-1, and refined index of agreement of 0.77) even 
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the crop was under mild water stress during the validation year. There is also the 

announcing need for setting values for the new growing practices such as cropping 

under netting. Thus, in other experiment, measurements of unstressed table grape 

transpiration have been performed. Subsequently, basal Kc values under netting 

(Kcbadj) were obtained. Experimental vineyards of two seedless cultivars (Crimson 

and Autumn Royal) were trained on an overhead trellis system which permitted the 

ground cover to reach values up to 90 %. Two campaigns of mid-season 

measurements were performed using one of the heat pulse techniques available (that 

known as the Tmax approach). Weekly averages of Kcbadj, from mid-May to end-

September, ranged from 0.5 to 0.9. A similar procedure applied for modeling early-

maturing peach Kc was again used over table grape Kcbadj data. A polynomial 

equation was fit to Kcbadj as a function of FTU. This variable explained up to 69 % 

of the Kcbadj variability. After further validation for other cultivars with different 

cumulative thermal requirements, the equations developed in this thesis could be 

considered helpful for farmers as a practical estimation procedure of Kc or Kcbadj. 

All variables needed for the models are easily accessible from networks of standard 

weather stations. 
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RESUMEN 
 

La cuantificación de la evapotranspiración y la transpiración y los coeficientes de 

cultivo correspondientes es fundamental para una programación adecuada del 

riego de los cultivos regados por goteo. Para el manejo de esta programación a 

tiempo real, las soluciones prácticas son preferibles ya que el uso consuntivo del 

agua afecta a la calidad, cantidad y disponibilidad del agua. Resulta de la mayor 

importancia la estimación de las necesidades hídricas de los cultivos con la mayor 

precisión posible en las distintas zonas de riego ya en uso o en proyección. El 

método de surface renewal (SR) surge como una alternativa interesante frente al 

método de covarianza de torbellinos (EC) para medir flujos turbulentos, 

especialmente para medir la evapotranspiración (ET) en superficies agrícolas. Se 

han evaluado dos alternativas recientes, con distintas bases teóricas, que 

representan un avance del método clásico de SR, la de Castellví (2004), SRCas, y la 

de Shapland et al. (2012a; 2012b), SRShap, para medir los flujos de calor sensible 

(H) y latente (LE) de plantaciones frutales regadas por goteo. Las correspondientes 

medidas se han realizado de mayo a septiembre de 2009 con dos equipos de EC, 

que incluyen un anemómetro sónico CSAT3 y un higrómetro de kriptón KH20, 

uno ubicado sobre melocotonero temprano y el otro sobre melocotonero tardío. El 

método SRCas se basa en conceptos de la teoría de similaridad  para estimar el factor 

de calibración (α), mientras que el método SRShap se basa en el análisis de las 

distintas dimensiones de las rampas, distinguiéndose las que realizan el 

intercambio de los flujos de las que son isotrópicas. Los resultados obtenidos 

indican una gran similitud entre los flujos turbulentos (H y LE) obtenidos para 

periodos de 30 min con los métodos de EC y SRCas. La similitud entre los flujos 

turbulentos obtenidos con los métodos de EC y SRShap fue algo menor. De acuerdo 

con el balance de energía, el método de SRCas fue tan fiable como el de EC en la 

estimación de los flujos turbulentos en este tipo de cultivos, con una fracción de 

suelo cubierto moderada. Tras comprobar la fiabilidad del método de SRCas con los 

datos del año 2009, el ensayo se extendió dos años más (2010 y 2011) para medir 

la ET del melocotonero temprano. Los valores experimentales de Kc (Kcexp) para los 

años 2010 y 2011 variaron entre 0.4 y 0.9. Estos valores se emplearon para 

estimar y modelar el coeficiente de cultivo (Kc) a partir de la fracción de integral 

térmica (FTU) y de datos meteorológicos adicionales mediante análisis de 

regresión escalonada hacia atrás. El modelo de Kc finalmente seleccionado incluye 

un polinomio de tercer grado de FTU, el logaritmo natural de la humedad relativa 
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mínima y la precipitación acumulada en los 5 días previos. Este modelo fue capaz 

de explicar un 73 % de la variabilidad del Kcexp. El modelo fue validado usando los 

resultados del año 2009. Se obtuvo una buena similitud entre los valores 

modelados y medidos de la ET aún a pesar del ligero  estrés hídrico observado en el 

cultivo en el año de la validación: raíz cuadrada del error cuadrático medio de 0.45 

mm dia-1 e índice refinado de concordancia de 0.77. Nuevas prácticas de cultivo, 

como el empleo de mallas protectoras, también requieren de medida precisas del 

uso del agua por el cultivo. En consecuencia, se realizó otro ensayo para medir la 

transpiración y el correspondiente coeficiente basal (Kcbadj) de un cultivo de uva de 

mesa bajo malla. El ensayo se realizó en una plantación con dos cultivares 

apirenos (‘Crimson’ y ‘Autumn Royal’) en una conducción en parral de forma que 

la fracción de suelo cubierta por el cultivo alcanzó valores por encima del 90 %. Se 

realizaron medidas de flujo de savia (transpiración) durante dos campañas, 2008 y 

2009, mediante uno de los métodos de pulso de calor, el conocido como Tmax. Las 

medias semanales de Kcbadj, entre mediados de mayo y fin de septiembre, variaron 

entre 0.5 y 0.9. Estos valores se emplearon también para modelar la curva de Kcbadj 

bajo malla en uva de mesa. El modelo seleccionado fue un polinomio de tercer 

grado de FTU. Este modelo explicó hasta el 69% de la variabilidad de Kcbadj. 

Aunque aún deberían validarse en otros cultivos y prácticas de cultivo, los 

modelos desarrollados en esta tesis doctoral se presentan como herramientas útiles 

y sencillas para los agricultores para una estimación práctica de los coeficientes Kc 

o Kcbadj. Todas las variables necesarias para aplicar estos modelos se pueden 

obtener fácilmente de redes de estaciones meteorológicas ya operativas. 
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PARd photosyntetically active radiation at ground level 

PARu photosyntetically active radiation above the canopy 

Pr5 cumulative precipitation for the 5 previous days 

Q water vapor density fluctuations 

R2 coefficient of determination 
R���
�  adjusted coefficient of determination 

RH relative humidity 
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SRCas surface renewal method proposed by Castellví (2004) 

SRShap 
surface renewal method proposed by Shapland et al. 

(2012a; 2012b) 

ST1 
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ST2 
second micrometeorological station in (early-maturing) 
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Ta ambient temperature of the air 
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Tc crop transpiration 

TCAV soil temperature sensor 

tM 
maximum period of time for which zero sap flow is 
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Ts 
sonic air temperature measured by 3-D sonic 
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TTU 
the total cumulative thermal units for the whole 
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u* friction velocity 
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z* height of inertial sublayer 
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ξ stability parameter 
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τq 
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ramp duration in surface renewal analysis 

φ (ξ) stability function for scalar transport 
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Introduction 
 

I.1. Water use in agriculture 
 

Almost 70% of available fresh water is allocated to different sectors in 

agriculture. It is expected that those amounts of water requirements 

increase in the near future with enlarged food production. The greatest 

part of agricultural water requirements is related to irrigation. Evaporated 

and transpired water amounts are considered to be consumed fraction of 

water applied through irrigation. The consumptive water use 

consequences affect quality, quantity, and availability of water and its rate 

of flow. Those natural resources related to soil and water are being 

seriously affected. Emergence of soil erosion, desertification, salinization 

and waterlogging reduce productivity and threaten long-term 

sustainability (Dougherty and Hall, 1995). As nonagricultural demand for 

water is growing, it needs to be taken into account, too. Hence, it is 

important to investigate new solutions for responsible irrigation 

management in cropping production. Therefore, it results to be of major 

importance to accurately estimate the crop water requirements (i.e. 

evapotranspiration) under different conditions in irrigation zones that are 

already in use or in planning phase. 

Due to the water shortage in semiarid areas, the benefits of irrigation are 

larger. It is particularly in these regions where competition for water is 

severe. The knowledge of crop water requirements or crop 

evapotranspiration (ETc) is paramount for responsible and adequate 

irrigation scheduling and management. ETc depends upon environmental 

conditions, crop characteristics (such as trellis system and planting 

density), ground cover fraction, and cultural practices (such as fertilization 

and irrigation management). 

Irrigation is a fundamental part of the Spanish system of agriculture and 

food production. There is about 3.4 Mha of irrigated land. It contributes 

with more than 50 % of the final agricultural production while it occupies 

only 13 % of the land surface that is used for cultivation. On average, 
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irrigation increases about six times the crop production in comparison to 

the rainfed agriculture and it generates four times higher incomes 

(MAGRAMA, 2013). 

 

 

I.2. Scientific background of the thesis 
 

I.2.1. Evapotranspiration and Transpiration 
 

The agricultural activity is inseparable of the process of evapotranspiration 

(ET). This process comprises of transpiration (T) and evaporation (E). 

Those two processes occur simultaneously and it is difficult to quantify 

them separately in natural and cropping environments. 

E is a physical process that happens when there is enough available energy 

(approximately, 2.5 MJ kg-1) for water to pass from liquid to gas phase 

from a variety of surfaces (water surface, soils and wet vegetation). This 

energy comes from global solar radiation and, to a lesser extent, the 

ambient temperature of the air (Ta). 

T is physiologically necessary for the photosynthesis and the plant 

development. It consists of the vaporization of liquid water contained in 

plant tissues and the vapor release to the atmosphere; therefore, it is a 

special case of E. The plant tissue predominately loses their water through 

leaf stomata. Those are leaf openings found typically on the outer leaf skin 

layer. They control the amount of water vapor exchange with the 

atmosphere. In contrast to E from free water surfaces, plants have some 

direct control on the process of T (Allen et al. 1996). The amount of vapor 

released through the stomata depends on the temperature of the leaf, light 

and the amount of water in the leaf, and the vapor pressure gradient 

between the leaf and the atmosphere. 

Distinctions are made between reference crop evapotranspiration (ETo), 

crop ET under standard conditions (ETc) and crop evapotranspiration 

under nonstandard conditions. ETo is a climatic parameter expressing the 
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evaporation power of the atmosphere. ETc refers to the ET from optimally 

managed, large, well-watered fields that achieve full production under 

given climatic conditions. Due to suboptimal crop management and 

environmental constraints that affect crop growth and limit ET, ETc under 

non-standard conditions generally requires a correction to account for the 

potential difference from the standard cases (Allen et al., 1998). These non-

standard conditions are diverse and they not necessarily imply that the 

crops are under stress. For instance, some special cropping systems, such 

as netting and mulching, lead to ET rates lower than ETc without the 

appraisal of any kind of stress. 

 

I.2.2. Overview of available methods for determining 

evapotranspiration and transpiration 
 

There are numerous methods for ET, E and T determination. They differ 

according to the basis of methodology, type of evaporating surface, 

available input data, and time interval for which they can be used. 

Accuracy is important; therefore, the existence and quality of input data in 

the majority of cases are required (Novák, 2012). The methods can be 

distinguished by the type of procedure in obtaining results (Hatfield, 

1990). Following briefly outlines the main features of several of these 

methods. 

The methods based on the soil water balance are useful when 

measurements of the components of the incoming and outgoing water flux 

into the crop root zone or direct water content over some time period are 

possible. The root zone water is recharged by irrigation and precipitation 

and it is evacuated by the surface runoff and deep percolation. Water 

might also be transported upward by capillary rise from a shallow water 

table or even transferred horizontally by subsurface flow in or out of the 

root zone, but this horizontal flow is often negligible in the terrains 

without significant slopes. The soil water balance method deduces ET 

from the change in soil water content over the time period. This method 

gives ET rates over long time periods, of the order of weekly or ten-day 

periods (Allen et al., 1998). The most direct method is lysimeter. It is a tank 
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filled with soil where crop root zone is isolated from its environment with 

the objective of measuring the soil water components of the soil water 

balance. There are weighting and non-weighting lysimeters. The first ones 

measure ET as the change in mass and the second ones determine ET by 

deducting the drainage water from the total water inputs (Allen et al., 

1998). Weighing lysimeters can provide accurate rates of ET for daily or 

even shorter time scales. The main problems following the lysimeter 

application are the difficulty to match the crop and the environmental 

conditions from the surrounding field and its costly construction, special 

requirements for the operation and maintenance care and the low 

mobility. Nevertheless, these measurements are often taken as a reference 

because they lead to the knowledge of all the terms of the soil water 

balance (Guyot, 1998). A major potential source of error in ET determined 

by the soil water balance methods is the uncertainty in drainage from the 

zone sampled or any upward movement of water from a lower wetter 

zone into the zone sampled (Allen et al., 2011). 

The methods based on measurements of gaseous exchange between the 

atmosphere and the evaporating surface include the eddy covariance (EC), 

the surface renewal (SR) and portable chambers. The EC method provides 

a relatively direct means of measuring turbulent fluxes. It requires 

accurate high-frequency measurement of vertical wind speed and water 

vapor density or Ta above the surface. Long term operation of EC sensors 

needs appropriate maintenance and calibration of sensors and data 

acquisition equipment. Eddy flux is that part of the mass, momentum or 

energy transport that is carried by turbulent motions in the planetary 

boundary layer. The turbulent mixing is expected to act as a physical 

averaging operator so that measurements at certain height capture 

exchange from a representative evaporative surface (Lee et al., 2004). EC 

has been the preferred method in recent years for its non-destructive, 

continuous direct sampling of the turbulent boundary layer which can be 

automated (Allen et al., 2011). There is a challenge to correct 

measurements to meet energy balance closure. Namely, errors are still as 

high as 10 – 30 %. The SR method is based on analyzing the dynamics of 

turbulent boundary layer above canopy which was modeled by the mixing 

layer analogy by Raupach et al. (1996). Wind shear in this layer provokes 

sweeps and ejections of air parcels that are expected to drive the canopy-

atmosphere exchange. Until recently, the SR has been used to determine 
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latent heat flux LE (energy equivalent for ET) as the residue of the energy 

balance equation. In this manner, potential errors in measurements were 

all attributed to LE. Nowadays, it can be applied for direct ET 

measurements. Castellví et al. (2008) demonstrated the possibility of 

combining SR with similarity theory for direct measurement of three 

turbulent fluxes, one of them being LE. The same authors demonstrated 

that energy balance closure can be improved when using this new 

approach for the SR as compared to the EC method. Portable chambers are 

transparent containers installed over short time periods to measure 

gaseous fluxes exchanged by a fraction of a plant canopy, a branch or a 

leaf. They may be open or closed type, depending on the gas flow circuit. 

Different sensors are installed inside the chamber to quantify the increase 

of water vapor concentration. Hatfield (1990) reported a certain number of 

experimental results which show that chamber measurements are very 

precise with estimates of water vapor flux approximating those given by 

lysimeters on an hourly basis (Guyot, 1998). 

The methods based on the isotopic signature of water vapor derive from 

the fact that, under natural conditions, two stable hydrogen and three 

stable oxygen isotopes occur yielding nine different possible isotopic water 

molecules (Kool et al., 2014). The lighter isotopes evaporate first, leaving 

the heavier isotopes behind. The isotopic compositions of E and T are 

distinctly different and can be used to partition between the fluxes. This is 

still a quite new approach for ET research, and is nearly non-existent in 

agricultural studies (Kool et al., 2014). 

Climatological methods are used for easier and more practical, routine ET 

estimation by computations from weather data. The objective is to avoid 

complex field measurements which are often expensive, demanding high 

accuracy instruments and can only be fully exploited by well-trained 

research personnel. A large number of empirical or semi-empirical 

equations have been developed for assessing ETc or ETo from 

meteorological data, such as air temperature formulas, radiation formulas 

or formulas based on combination between the energy balance and the 

turbulent transport of water vapor. The Penman-Monteith method is the 

most well-known within the combination equations. It has been defined as 

the standardized procedure for estimation of ETo which is translated to 

ETc by using crop coefficients (Allen et al. 1998, 2005). 
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The energy balance methods indirectly determine ET as the residue of the 

energy balance closure equation. Within this category, the Bowen ratio 

energy balance, the scintillometer and remote sensing are being used 

extensively although there is some uncertainty following their application. 

The energy balance based on sensible heat flux (H) determination using 

EC is based on calculation of LE from the energy balance residue where 

other terms are measured. SR has been employed in the same manner with 

different theoretical background to estimate H as was explained earlier. 

The equipment is much simpler and recent advances reported its potential 

auto-calibration which makes it independent of other direct measurements 

(Castellví, 2004). The Bowen ratio energy balance method for ET 

calculation is based on solving the energy balance equation by measuring 

simple gradients of air temperature and vapor pressure in the near surface 

layer above the evaporating surface. The method works best when soil 

water is not limiting ET, but as water becomes less readily available, the 

Bowen ratio increases, and the relative error in ET increases (Allen et al., 

2011). Scintillometers are working with optical or radio wave transmitter 

and a receiver at both ends of an atmospheric propagation path, 

determining H by measuring the small fluctuations in the refractive index 

of air caused by temperature, humidity, and pressure induced variations 

in density. Scintillometers measure H by relating the structure parameter 

to a temperature structure parameter and the Monin–Obukhov stability 

parameters (Allen et al., 2011). Remote sensing ET estimation methods are 

based on crop canopy temperature measurements. They use data derived 

from remote sensing techniques (surface-radiation-temperature, albedo, 

reflectance, normal difference vegetation index), allowing characterization 

of the spatial variability of an evaporating surface and estimation of 

regional ET (Novák, 2012). 

Estimation of ET with evaporation pans is based on measuring E from an 

open water surface. It provides an index of the integrated effect of 

radiation, Ta, air humidity and wind on ET. They offer reliability for ten-

day ET estimation as long as relative coefficients of pan E to ETo or ETc 

have been previously established. Its installation is simpler and cheaper 

compared to lysimeters. However, special precautions and management 

must be applied (Allen et al., 1998). 
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The sap flow (SF) methods are used for T determination. In these cases, ET 

could be obtained if additional methods for E determination, such as 

microlysimeters, are employed. SF methods are based on indirect 

measurement of the sap flow in plant xylem and they are able to account 

for plant response to water deficit or over-irrigation. They use heat applied 

in the xylem tissue as a tracer for the sap velocity determination. The 

initial idea is coming from the experiments done by Huber (1932) and 

Marshall (1958) that developed the mathematical equations that explain 

the link between the heat behavior and SF velocity. Since then, many 

improvements have been implemented and several approaches have been 

developed. There are three groups of heat systems to be applied as SF 

method: heat pulse, stem heat balance and heat dissipation (González-

Altozano et al., 2008). They are based on the assumption that the heat 

portion given to the sap in xylem is transported by the rate of sap flow, 

and its rate can be measured and translated to transpiration rates. For 

calculation the heat transport rate and xylem properties need to be known 

(Novák, 2012). SF depend on empirical correction factors derived from the 

physiology and anatomy of the species of interest and on the accuracy of 

the scaling methods used to go from branch or tree to plant stand and 

biome estimates of ET (Allen et al., 2011). 

Simulation models are used to predict ET for a range of soils and climate 

types by using advanced calculation methods. Besides real ET, they are 

able to simulate the soil E or plant T separately. They are based principally 

on the knowledge of physical mechanisms and to a lesser extent on 

empirical data. They are, thus, able to provide relatively complete 

description of the interactions between components of the soil-plant-

atmosphere continuum (Guyot, 1998). Numerous models have been 

developed for simulation of water balance in the cropped field for 

scientific purposes. Some of those are: ISAREG model (Teixeira and 

Pereira, 1992), WinISAREG model (Pereira et al., 2003), IRRICEP model 

(Paulo et al., 1993), IMSOP model (Malano et al., 1993), MACRO model 

(Jarvis et al., 1994), CROPWAT model (Smith, 1991), BUDGET model 

(Raes, 2002), SIMDualKc model (Rosa et al., 2011), CropSyst model 

(Stöckle et al., 2003), etc. 
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I.2.3. The surface renewal as an alternative method for 

determining evapotranspiration 
 

Understanding the soil–plant–atmosphere continuum lies in 

measurements and determination procedures of the surface energy 

exchange. Robust instruments are becoming available to precisely measure 

the four main energy flux components: net radiation (Rn), soil heat flux 

(G), H and LE. These instruments usually require complex and delicate 

systems that are expensive to distribute throughout a study area in a 

uniform manner. Instrumental system sets are required for experiments 

within complex measuring sites such as irrigated agriculture fields (French 

et al., 2012). There has been a notable improvement in instrumentation, 

methods and approaches to determine ET. In order to spread scientifically 

approved techniques into commercial practice, simpler approaches are 

preferred. Furthermore, in the absence of possibilities to apply direct 

measurements of turbulent fluxes such as EC or lysimeter measurements 

of ET losses, SR (Paw U et al., 1995) has been proposed as a reliable 

alternative ET determination method. 

The SR has been experimented in the last three decades as a simplified 

alternative to procedures such as of EC in turbulent flux measurements 

(Paw U et al., 1995, 2005; Snyder et al., 1996; Spano et al., 1997). The great 

part of its application has been in agricultural canopies (Spano et al., 2000; 

Zapata and Martínez-Cob, 2001; Castellvi and Martínez-Cob, 2005; 

Castellvi et al., 2006; Castellvi and Snyder, 2009a, 2009b; Castellvi et al., 

2012; French et al., 2012; Rosa et al., 2013; Suvočarev et al., 2014). Because 

of the importance of accurately determining crop water needs, there has 

been a great effort to develop SR methods that will independently measure 

H and LE (Castellvi et al., 2006, 2008; Shapland et al., 2012a; 2012b). LE 

describes the E from the plant and soil surfaces and the T through stomata 

that is possible with the available energy (Perry et al., 2009). 

The energy balance closure is used as a standard procedure to 

independently evaluate scalar flux estimates derived by 

micrometeorological methods (Wilson et al., 2002). Where closure is not 

achieved, flux measurements need to be interpreted to account for 

inconsistency with conservation principles (Kustas et al., 1999). Several 
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reasons for the lack of closure of the surface energy budget in EC 

measurements have been discussed by several authors: (1) lack of 

coincidence of the source areas (leaves, soil surface) among various flux 

components measured very near to a surface; (2) flux divergence arising 

from transport that is not one-dimensional such as insufficient fetch; (3) 

non-stationarity of the measured time series; (4) turbulent dispersive 

fluxes arising from organized planetary-boundary-layer circulations that 

may have preferred locations so that the mean vertical velocities at an 

instrument location may be systematically different from zero, hence 

giving rise to a vertical advective flux; and (5) systematic bias in 

instrumentation (Mahrt, 1998 and Twine et al., 2000, among others). 

When using the SR method, some of the uncertainties related to EC 

instrumentation could be avoided: no orientation limitations, no leveling 

requirement, no shadowing or instrumentation separation issues, etc. 

Likewise, despite Castellví (2012) showed that in practice the fetch 

requirements for SR are similar as for the EC method, Castellví and Snyder 

(2009a) showed that the SR method can be operated at any height 

(roughness or inertial sublayer) and thus the SR is less stringent to the 

fetch requirements when a sonic anemometer is avoided. In other words, 

the SR equipment is more adjustable to the specific conditions of fetch 

(Castellví, 2012). Methodologically, SR is based on canopy layer turbulence 

and the time-space scalar field associated with the dominance of turbulent 

coherent structures. Numerous authors (Paw U et al. 1995; Snyder et al. 

1996; Spano et al. 1997, 2000; Chen et al. 1997a, 1997b; Castellvi and 

Martínez-Cob 2005; Zapata and Martínez-Cob 2001; Zhao et al. 2010) have 

used a simple version of the SR method based on analyzing ramp-like 

patterns in the temperature time series to estimate H. It was proved to be 

applicable in a wide range of natural surfaces. In this case latent heat flux 

was obtained as the residue of the energy balance equation. Detailed 

theory behind the SR analysis basics and early advances are described in 

previous works by Paw U et al. (1995; 2005); Snyder et al. (1996); and 

Spano et al. (1997). 

The main challenge facing the SR method is deriving the calibration factor 

(α), thus making SR dependent on other direct surface exchange 

measurements such as EC. According to some important studies in the 

topic (Paw U et al., 1995; Snyder et al., 1996; Katul et al., 1996; Duce et al., 
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1998; Castellvi, 2004), α for H depends on the measurement height, 

stability conditions, canopy architecture and size and design of the wire if 

thermocouples are used. When it comes to estimating α, different 

explanations and methods have been proposed in order to derive 

repeatable procedures to correct the SR flux results. Namely, Paw U et al. 

(1995) proposed that the need for calibration arises from uneven coherent 

structure heating. Afterwards, Castellvi (2004) proposed combining SR 

analysis with similarity theory to auto-calibrate SR, which requires also 

average wind speed measurements. One study over rice field 

demonstrated the feasibility of applying the Castellvi (SRCas) principles to 

independently derive H and LE (Castellvi et al., 2006). Another study over 

rangeland grass used SRCas to estimate three scalar fluxes, demonstrating 

energy flux densities higher than the ones derived by the EC method: 4%, 

18% and 10% for H, LE and carbon dioxide (Fp) fluxes, respectively 

(Castellvi et al., 2008). Castellvi et al. (2006, 2008) showed that this SRCas 

estimations improved energy balance closure when applied over 

homogeneous crop surfaces.  

Recently, Shapland et al. (2012a, 2012b) proposed a SR method (SRShap) for 

independent flux estimation by distinguishing the larger turbulent 

coherent structures responsible for the flux interchange from the smaller 

non-flux-bearing isotropic turbulence. Shapland et al. (2012b) applied this 

approach exempt from calibration for the H estimation over bare soil, 

sorghum and teff grass fields. Their approach demonstrated that no 

calibration was needed under unstable atmospheric conditions. Under the 

hypothesis that the smallest scale turbulent structures (Scale One) mix the 

larger scale coherent structures (Scale Two), which are responsible for 

direct energy and mass exchange, α values are shown to be about 1.00.  

There have not been previous results reported on the application of the 

SRCas or SRShap approaches for calculating H and LE over sparse canopies, 

such as those in fruit orchards, where the turbulence can be enhanced by 

the presence of an uneven ground cover and the assumptions behind 

similarity theory may not be fulfilled.   
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I.2.4. Effect of netting on crop evapotranspiration 
 

Recently, the use of insect-proof netting has widespread in orchard crops 

to reduce pesticide applications, radiative load during summer and hail 

and bird damage (Figure 1). The netting has a relatively low cost 

compared to total production costs in these orchard crops. Netting might 

have an important effect on microclimate and crop water requirements. 

Some authors have studied the effect of netting on the microclimate of 

different horticultural crops such as sweet pepper (Tanny et al. 2003; 

Möller et al. 2004; Möller and Assouline 2007) and banana (Tanny et al. 

2006; Tanny et al. 2010). For sweet pepper, a 38% decrease of ET due to 

reduced incoming solar radiation and wind speed has been reported 

(Möller and Assouline 2007). In banana screenhouse experiment carried by 

Tanny et al. (2006; 2010) a reduction of radiation between 8-25% was 

reported, depending on cleanness and aging of the polyethylene screen. 

The same authors have shown that the presence of a screen reduces the 

velocity statistics responsible for turbulent transport and the effective 

roughness of the surface. 

 

Figure 1. Example of a vineyard covered by a net in Northern Spain (Moratiel and 

Martínez-Cob, 2012). A, external view. B, internal view. 

 

There is little information about the effect of netting on crop water use in 

table grapes. Rana et al. (2004) studied the effects of different types of 

netting (uncovered, thin net, and thin plastic film) on table grape ET (cv. 

Italia) with a complete ground cover. Their results present calculated mid-

season Kc values for unstressed table grape vineyards of 1.0 for the 

uncovered vineyard, 0.9 for the thin net cover, and 0.86 for the thin plastic 

film. These values must not be considered Kc as defined by Allen et al. 
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(1998) but as ‘adjusted’ Kc (Kcadj) that contain the reduction as the 

consequence of the netting. Moratiel and Martínez-Cob (2012) studied the 

simultaneous effect of the netting and a black-plastic mulching on the Kc 

of Red Globe table grape grown under a gable trellis system. They 

estimated weekly Kc values (adjusted for the effects of the netting and the 

mulching) ranging between 0.64 and 1.2 along the season, while the 

average adjusted Kc values during mid and end-season stages were 0.79 

and 0.98, respectively. Moratiel and Martínez-Cob (2012) estimated a 

netting coefficient (Kne = 0.65) representing the reduction effect of the 

netting on Kc. The works of Rana et al. (2004) and Moratiel and Martínez-

Cob (2012) include all the effects of the netting on the Kc as this coefficient, 

as defined by Allen et al. (1998), should reflect the different characteristics 

of the cropping system.  

The presence of the netting modifies the turbulence and the roughness 

characteristics of the crop in such extent that makes quite difficult to apply 

any micrometeorological method (EC or SR, for instance) to measure ET, 

particularly in those cases where the netting is just over the canopy and 

thus there is almost no space between the canopy top and the netting. 

Frequently, table grape vineyards are trained to an overhead trellis system 

which leads to an almost full ground cover shading. This, and the use of 

netting in drip-irrigated table grapes grown in semiarid regions, cause that 

transpiration represents most of the total ET during mid-season stages due 

to minimum soil E because wetted soil surface areas are shaded (Allen et 

al. 1998), and to the low rainfall that generally occurs during that stage. 

Therefore, the quantification of T becomes crucial for appropriate 

irrigation scheduling of such drip-irrigated crops. To our knowledge, no 

previous works have been reported on the effect of the netting on table 

grape transpiration. 

 

I.2.5. Crop coefficients 
 

When applying climatological methods, the approach commonly used to 

calculate ETc is that described by Allen et al. (1998) also known as the 

FAO-56 procedure. This approach suggests using the FAO Penman-

Monteith equation for calculating ETo, to express the evaporative demand 
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of the atmosphere and it must include meteorological data recorded at a 

standard reference weather station. The effects of characteristics that 

distinguish the cropped surface from the reference surface are reflected in 

the crop coefficient (Kc). ETc is then estimated as the product of ETo and 

Kc: ETc = Kc x ETo (Allen et al. 1998). While ETo reflects the effect of the 

meteorological conditions on the evapotranspiration process, Kc includes 

all features of the cropping systems: species, crop architecture, 

management, etc. (Allen et al., 1998). The Kc is estimated as a function of 

crop growth stage, canopy height, local climate, plant architecture, ground 

cover fraction, and crop management among others. Allen et al. (1998) 

showed procedures to estimate Kc as a single crop coefficient or as a dual 

crop coefficient, i.e. as the sum of two components, Kcb due to T, and 

evaporation coefficient (Ke) due to soil E: Kc = Kcb + Ke. Allen and Pereira 

(2009) applied the procedures described by Allen et al. (1998) to present 

tabulated values of both Kc (single approach) and Kcb (dual approach) as 

a function of several ground cover fractions for different horticultural and 

orchard crops. 

The FAO-56 procedure for Kc calculation requires establishment of four 

crop growth stages. However, for a great number of crops (such as fruit 

orchards), these stages are not based on standard phenology as used by 

farmers and technicians. In addition, for scheduling irrigation, these crop 

growth stages and the corresponding general average meteorological 

conditions must be defined in advance early in the season. Thus the 

application of the FAO-56 procedure for estimation of Kc and Kcb 

generally leads to using fixed Kc and Kcb curves along different years 

without taking into account the year-to-year variability. In addition, some 

authors reported overestimation when FAO-56 procedure is used in 

comparison with different ETc alternative approaches (Dragoni et al., 2004; 

Allen et al., 2000; Paço et al., 2006). Other authors showed that their 

experimental Kc values show significantly more variability than it is 

predicted by fixed FAO-56 curve (Testi et al., 2004; Rana et al., 2005). 

There have been several attempts to find an approach more useful for Kc 

estimation for real-time irrigation scheduling. Some of the solutions are to 

compute Kc as a function of: 1) leaf area index (Kang et al., 2003), 2) 

ground cover fraction (GCF) (Allen and Pereira, 2009), and 3) cumulative 

growing degree days or thermal units (TU) (Sammis et al., 1985; 
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Sepaskhah et al., 2001). These variables are closely related to crop 

development and they help to account for the year-to-year variability 

(Bautista-Capetillo et al., 2013). The close link between Kc and the 

proportion of ground cover has been described, among others, by Allen 

and Pereira (2009) who present a general procedure for different crops, 

Ayars et al. (2003) for late-maturing peaches, Testi et al. (2004) for young 

irrigated olive orchard, and Auzmendi et al. (2011) for apple orchard. 

Ayars et al. (2003) found that factors such as maximum air temperature, 

vapor pressure deficit, wind speed and solar radiation were statistically 

significant in an attempt to explain additional variability in late peach Kc 

apart from that explained by GCF, but only succeeded in an additional 1–

2% of enhancement. In experiments with peach, pear and apple crop, 

Marsal et al. (2014) observed that the correlation between GCF and Kc in 

fruit trees is different between pre-harvest and postharvest periods. They 

conclude that Kc is not a fixed function of GCF. 

Unlike the relatively laborious measurements of the ground cover, TU are 

very convenient because they simply require Ta for calculation and this 

variable is easily available at weather stations. There are already several 

studies that have developed equations to estimate Kc as a function of TU 

or as a function of fraction of TU (FTU) (Bautista-Capetillo et al., 2013; 
Martínez-Cob, 2008; Steele et al. 1996; Nielsen and Hinkle 1996; Amos et al. 

1989; Sammis et al. 1985, Irmak et al., 2013). Sammis et al. (1985) found 

high coefficients of determination when using 3rd-order polynomial 

relating TU and Kc for sorghum, alfalfa, corn and cotton (between 0.70 and 

0.83). Amos et al. (1989) obtained high coefficient of determination (0.88) 

when FTU are used for Kcb curve across corn cultivars requiring different 

TU totals. Martínez-Cob (2008) found that the use of FTU to estimate corn 

Kc in semiarid climate in NE Spain would slightly improve the uncertainty 

of the FAO-56 methodology. These authors have developed a 3rd-order 

polynomial relating measured corn Kc and FTU which was later validated 

in the study by Bautista-Capetillo et al. (2013). They found that by using 

FTU instead FAO-56 approach for corn Kc estimation in Mexico, grain 

yield, economic productivity and water productivity were all improved. 
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I.3. Importance of peach and table grape orchards in 

Spain 
 

Peach orchards (including nectarines) occupy about 83,600 ha in Spain 

with a production of around 1,170,000 Mg (MAGRAMA, 2012). It is the 

second stone fruit crop by surface area in Spain and the second most 

important worldwide. Aragón is the second biggest region-producer in 

Spain with 18,689 ha with a production of about 310,000 Mg. Most of the 

peach orchards are irrigated: 95 % in Spain and more than 97 % in Aragón. 

Drip irrigation (Figure 2) is the most common irrigation system: 85 % in 

Spain and 82 % in Aragón (MAGRAMA, 2012). 

 

 

Figure 2. Drip-irrigated early-maturing peach orchard in NE Spain 

 

Table grape (Vitis vinifera L.) is a profitable crop in semiarid regions of 

Spain achieving great yields and very high fruit quality (Blanco et al. 

2010). Table grape vineyards encompassed 19,500 ha in Spain with a 

production above 264,000 Mg, second in Europe behind Italy (OIV, 2006). 

Most vineyards (82%) are irrigated, mainly by drip irrigation, more than 

88 % of the irrigated area (MAGRAMA, 2012). Introduction of this crop in 

new irrigation areas has been succesful in these regions due to the use of 
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new cultivars, favorable climatic conditions and low incidence of pests and 

diseases. 

 

 

I.4. Objectives 
 

Objective 1. Evaluation of the performance and applicability of the SR 

method following two approaches exempt from calibration over a sparse 

crop surfaces (late and early-maturing peach orchards) when compared to 

values obtained by the EC method: a) that proposed by Castellví et al 

(2006; 2008) and b) that proposed by Shapland et al. (2012a; 2012b). 

Objective 2. Measurement of the ETc and Kc of an early-maturing peach 

orchard by that SR approach found to be more adequate (Objective 1) 

according to the energy balance closure and its applicability in sparse 

crops both under stable and unstable atmospheric conditions. 

Objective 3. Measurement of crop transpiration (Tc) by the sap flow Tmax 

method and determination of the basal crop coefficients of two seedless 

cultivars of table grape grown under the semiarid Mediterranean climate, 

adjusted to special crop management conditions, i.e. the presence of 

netting (Kcbadj). 

Objective 4. Development of early-maturing peach Kc and table grape 

Kcbadj curves as a function of thermal units and additional weather data.
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Material and methods 
 

II.1. Study sites 
 

This work was performed in two commercial orchards located in the 

municipality of Caspe, NE Spain, middle Ebro River Basin (Figure 3). This 

area is characterized by relatively high winds (long-term annual average 

wind speed at 2 m above ground is 3.1 m s-1) and semiarid climate (long-

term annual precipitation and reference evapotranspiration, 315 and 1392 

mm, respectively) (Martínez-Cob and Faci, 2010). 

 

 

Figure 3. Location of the two study sites in the municipality of Caspe (NE Spain). 
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II.1.1. Peach orchard 
 

The study site for the peach orchard crop was located at the commercial 

orchard ‘La Herradura’. The orchard was located next to a meander of the 

Ebro River, near to where the river forms a lake upstream of the 

Mequinenza dam (Figure 3). The topography was rough, with elevation 

ranging from 120 to 200 m above the mean sea level (Figure 4). Peaches 

represented 154 ha out of 227 ha total in the orchard. About 51 and 52 ha 

were cropped to early- and late-maturing peaches, respectively (Figure 4). 

The remaining crops were cherries and apricots. 

 

  

Figure 4. Left, topography of the study peach orchard and measurements´ spots 

location, ST1 and ST2. Shadowed surfaces close to ST1 and ST2 are rough presentation 

of the footprint, with radius equal to minimum fetch requirement (377 m). Right, crop 

distribution in the orchard. 
 

Both late- and early-maturing peach zones included several cultivars with 

similar phenological characteristics. Row orientation was north to south 

and canopy height (hc) was about 2.5 m for both orchards. The tree and 

row spacings were 3.75 m and 5.75 m for the late-maturing peaches, 

respectively, and 3.0 m and 5.0 m for the early-maturing peaches, 

respectively. The soil down to 1.2 m depth was characterized by moderate 

to low average values of readily available water (70 to 110 mm) depending 

on the stoniness of a particular zone within the orchard (Zapata et al., 

2013). Field capacity and wilting point were 0.29 and 0.13 to 0.14, 

respectively. Drip irrigation was applied daily. Two polyethylene 
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irrigation laterals were used to irrigate each row of trees, one lateral at 

each side of the row. Turbulent (non-pressure compensating) emitters 

were used with a design discharge of 4 l h-1. Emitters were extruded in the 

laterals at 1 m intervals. The discharge volume was 24 l h-1 tree-1 for early-

maturing peaches and 30 l h-1 tree-1 for late-maturing peaches. Irrigation 

amounts were set following the farm manager’s criteria. Pruning and 

flower and fruit thinning practices were applied seasonally. Herbicides 

were applied to control weed growth and thus to minimize the presence of 

understory vegetation between the tree rows. 

 

II.1.2. Table grape vineyard under netting 
 

The table grape study experiment was conducted on a commercial table 

grape vineyard at the farm ‘Santa Bárbara’ during 2008 (15 July to 30 

September) and 2009 (15 May to 30 September). The geographical 

coordinates of the farm were 41°16’ N latitude, 0°02’ W longitude; 

elevation was 147 m above the sea level. The 4.0 ha commercial table grape 

vineyard was divided in two experimental subplots, each with a different 

cultivar: A) Crimson; B) Autumn Royal; both cultivars were grafted on 

Richter 110 rootstock (Figure 5). This vineyard was surrounded by other 

table grape vineyards (Blanco et al. 2010; Moratiel and Martínez-Cob 

2012). Row direction was approximately northwest to southeast. The 

vineyard was trained to an overhead trellis system, and was covered with 

a net made of a thread warp of high-density polyethylene (Criado and 

López, Almería, Spain) to protect the vines from hail, birds, and insects 

(Figure 5). This netting was transparent with individual pores of 12 mm2 

(2.2 mm x 5.4 mm) and was placed at a height of 3.0 m above ground level 

just above the canopy level. 

The vineyard had a slope of 1%. The soil at the Crimson subplot was 

sandy except for the upper 0.1 m (sandy loam), and was classified as Xeric 

haplogypsid, sandy, mixed (gypsic), thermic. The soil at the Autumn 

Royal subplot was sandy loam and classified as Xeric calcigypsid, coarse 

loamy, mixed (gypsic), thermic (Soil Survey Staff, 1999, 2006). 

Nevertheless, the uppermost soil layer in-between rows (about 0.1 m) was 

used to create a ridge where the plants were established for both cultivars. 
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The ridge was directly beneath the vines in each row; its dimensions were 

0.5 m in width and 0.4 m in height (Figure 5). Thus the actual texture 

within the root zone was sandy loam in both vineyards. Table 1 lists some 

of the physical and chemical properties of these soils that were determined 

in the laboratory from soil samples taken at two trial-pits opened in the 

vineyard. 

 

  

Figure 5. Left, location of the table grape orchard spot. Right, internal view of the 

Crimson table grape vineyard under netting. 

 

Table 1. Physical and chemical properties of the soils in the studied vineyards. STC, 

USDA soil texture classification; GE, percentage of particles above 2 mm; SBD, soil 

bulk density; FC, field capacity; WP, wilting point; SAT, saturation water content; MO, 

organic matter; ECe, electrical conductivity. 

Cultivar Depth STC GE SBD FC WP SAT MO ECe 

 (m)  % Kg m-3 % a % a % a % dS m-1 

Crimson 0.00 - 0.10 Sandy loam 3 1441.3 37.5 14.4 53.3 2.30 4.06 

 

0.11 - 0.39 Sandy 10 1565.8 26.6 7.8 48.5 0.21 4.86 

 

0.40 - 0.70 Sandy 1 1522.7 7.6 < 1.0 45.7 < 0.01 2.54 

Autumn 0.00 - 0.26 Sandy loam 10 1468.7 39.7 13.2 54.3 2.24 2.94 

Royal 0.27 - 0.76 Sandy loam 10 1564.7 39.1 11.0 53.2 0.70 1.83 
a Expressed as volumetric water content 

 

The vineyard was irrigated with a drip-irrigation system with one lateral 

in each row of vines with integrated self-compensating emitters of a 

discharge of 2.2 L h–1, spaced 0.5 m. A volumetric water meter was placed 

at the inlets of the two experimental vineyard subplots to register the 

irrigation depth applied to each cultivar. Daily drip-irrigation from May to 
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September was applied following the farm manager’s criteria based on 

estimations of ETo (using the FAO Penman-Monteith method) and Kc 

values tabulated by Allen et al. (1998) adjusted to the local conditions. 

Other management practices (herbicide and fertilizer applications and 

pruning) were also conducted according to the farm manager’s criteria. 

Herbicides were periodically applied between rows to control weeds. 

Vines were winter pruned. However, in 2009 an additional summer 

pruning of the shoots in a strip 0.5 m wide between vine rows was 

performed for the cultivar Crimson around veraison, to allow a better 

penetration of light in the canopy to enhance the berries quality and to 

increase color uniformity. 

 

 

II.2. Micrometeorological measurements and data 

processing over peach orchards 
 

Measurements were performed using two micrometeorological stations 

(Figures 3 and 4). The first station (ST1) was set in a late-maturing peach 

zone (41°17’40’’ N latitude, 0°00’24’’ E longitude), and measurements were 

only performed from June to September 2009 (Objective 1). The second 

station (ST2) was set in an early-maturing peach zone (41°18’21’’ N 

latitude, 0°00’26’’ E) and measurements were carried out for three seasons, 

2009, 2010 and 2011 (Objectives 1, 2 and 4). 

 

II.2.1. Eddy covariance method 
 

EC method is frequently used for measuring heat, mass and momentum 

exchanges between a flat, horizontally homogeneous surface and 

atmosphere. The net transport of these quantities is one-dimensional and 

the vertical flux density results to be covariance between turbulent 

fluctuations of the vertical wind speed and the measured quantity of 

interest. Measurements are typically made in surface boundary layer 
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where fluxes are approximately constant with height and atmospheric 

turbulence is the dominant transport mechanism. The measurements must 

be frequent enough to capture the variability due to atmospheric 

turbulence (Aubinet et al., 2012).  

Two EC micrometeorological stations, installed in each one of the peach 

experimental spots, consisted of a sonic anemometer (Campbell Scientific, 

CSAT3), a krypton hygrometer (Campbell Scientific, KH20), a net 

radiometer (Kipp & Zonen, NR-Lite), an air temperature and relative 

humidity probe (Vaisala, HMP45C), four soil heat flux plates (Hukseflux, 

HFP01) and two soil temperature sensors (Campbell Scientific, TCAV). 

Two data loggers (Campbell Scientific, CR3000) were used to monitor 

these different sensors. All instruments except the soil sensors were placed 

on the top of a tower, at z = 6.9 m above the ground (Figure 6). Both 

CSAT3 were placed pointing towards the northwest, about 315° from 

north clockwise in late-maturing peaches and 308° from north clockwise in 

early-maturing peaches, as this is the most predominant wind direction in 

the middle Ebro River area (Martínez-Cob et al., 2010). In addition, a 

previous study of the wind rose recorded at a nearby standard weather 

station for 2004 to 2008 (June to September) showed also a similar 

predominant wind direction. The KH20 were installed at about 16 cm 

horizontal distance from the west side of the CSAT3, slightly shifted 

behind it relative to the prevailing wind direction. The NR-Lite were 

placed oriented towards south. The HFP01 were buried at 0.1 m depth, 

two in between rows and the other two in the row. Each TCAV had four 

thermocouples (chromel-constantan), buried into pairs at 0.03 m and 0.06 

m depth above each soil heat flux plate. 
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Figure 6. Eddy covariance micrometeorological station used in one of the peach 

orchard spots. Left, general view of the micrometeorological tower. Right, detail of the 

main sensors: KH20, Krypton hygrometer; CSAT3, 3-D sonic anemometer; NR-Lite, net 

radiometer; HMP45C, air temperature and relative humidity probe. 

 

The 10 Hz raw data included wind speed at the x (u) and y (v) horizontal 

axes and at the z (w) vertical axis, sonic temperature (Ts), and water vapor 

density fluctuations [Q, recorded as the natural logarithm of the sensor 

voltage output according to the KH20 krypton hygrometer specifications 

(Campbell Scientific, 1996)], as well as air temperature (Ta) and relative 

humidity (RH) recorded from the Vaisala probes. The loggers also 

recorded 10 Hz values of net radiation (Rn), soil heat flux plate values and 

soil temperature, and the corresponding 30-min averages were stored. The 

recorded soil heat flux values were corrected as described by Allen et al. 

(1996) using the soil temperature records to get soil heat flux in the soil 

surface layer. Thus, at each 30-min period, the four soil heat flux values 

obtained were averaged to get a single value of the soil heat flux (G). 
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During the experiment planning stage it was necessary to roughly estimate 

the best position for setting the measurement equipment as the 

topographic variability and the irregular shape of the orchards had to be 

taken into account (Figures 3 and 4). Therefore a rough estimation of fetch 

requirements and the fraction F of scalar fluxes detected from within the 

fetch were performed. Allen et al. (1996) suggested using the theoretical 

considerations of boundary layer development to estimate minimum fetch 

requirements depending on surface roughness as: 
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where xf [m] is the minimum fetch distance required for complete 

boundary layer development, z [m] is the measurement height above the 

ground, do [m] is zero-plane displacement (do = 2/3 hc) and zom [m] is 

momentum roughness height of the surface (zom = 0.123 hc). This equation 

is valid for near-neutral conditions. Under stable conditions the exponent 

1.14 should be increased, while it should be decreased under unstable 

conditions (Allen et al., 1996). Consequently, fetch requirements are 

shorter in case of unstable atmospheric conditions than those from 

Equation [1]. The experimental orchards were surrounded by the same or 

similar species of trees, so the boundary layer development was not 

limited by big changes in the surface roughness (Figures 3 and 4). 

Once the fetch distance was estimated, the fraction F of the scalar fluxes 

coming from within the aimed distance was calculated using the following 

equation from Allen et al. (1996): 
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where F is a fraction of H or LE density at the measurement height coming 

from the fetch distance. The Equation [2] overestimates F under stable 

conditions and underestimates it under unstable conditions. 

Calculations of H and LE fluxes were done over data sets that were 

previously corrected: 1) two-dimensional coordinate rotation of the three 

wind speed components; 2) the lag between the vertical wind speed and 

the temperature data; 3) despiking (discarding values higher or lower than 

4 standard deviations from the mean) the virtual temperature and water 

vapor concentration data. Additionally, LE fluxes were corrected for 1) the 

oxygen concentration as it affects the KH20 and 2) the effect of the density 

variation due to the heating of air parcel and volume changes, i.e. the 

Webb-Pearman-Leuning correction (Webb et al., 1980). Corrected data 

were subsequently led through processing for calculating 30-min EC 

turbulent fluxes, HEC and LEEC (in W m-2)as follows: 

 

 '
PaEC S

Tw'CρH =                                                                                 [3] 

 

 
xKw

Q'w'λ
LEEC =                                                                                       [4] 

 

where the overbar and the apostrophe denote 30-min averages and 

fluctuations around the mean, respectively; ρ
a
 [kg m−3] is mean air density; 

Cp [J kg−1 K] is the specific heat of the air; '
S

Tw'  is the covariance between 

w [m s-1] and Ts [°K]; λ [J g−1] is the latent heat of vaporization; Q'w'  is the 

covariance between w and Q [ln(mV)]; and xKw [ln(mV) m3 g−1] is the 

factory calibration factor of the KH20 (used to obtain water vapor density 

in terms of g m-3). ρ
a
	 , PC  and λ  were the 30-min averages of the 10 Hz 

values of ρ
a
, Cp and λ computed from the raw data of Ta and RH. This 30-

min time frame was used because stationary conditions are met for that 

period of time since net radiation does not generally change significantly 

over such a period (Castellví, 2004). 
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II.2.2. Surface renewal method 
 

The momentum drag created by plant structures, that have relatively 

vertical extent into the atmosphere, slow the air, creating the analogy to a 

plane mixing-layer. When a coherent structure is formed associated with 

the mean shear near the plant canopy top, it consists of a linkage of a 

sweep with at least one ejection (Paw U et al., 2005). The SR analysis is 

based on the assumption that an air parcel from above canopy sweeps to 

the canopy surface and replaces the parcel that has been enriched 

(depleted) of scalar during its contact with the sources (sinks) and ejected 

to atmosphere. These sweeps and ejections are identified as ramp-like 

signatures in the time series of the measured signal. 

By analyzing the scalar time series with multiple orders of structure 

functions, Van Atta (1977) and Antonia and Van Atta (1978) identified the 

relationship between structure functions, turbulence, and ramp patterns. It 

is possible to derive the repetition frequency of coherent structures 

renewing the surface layer, the amplitude of the scalar ramps, and the 

surface exchange estimates (Paw U et al., 1995; Snyder et al., 1996). Figure 

7 shows the graphical presentation of one ramp-like shape with its 

amplitude (A) and inverse ramp frequency or ramp duration (τ).  

 

 

 

τ 

 

 

 

 

Figure 7. Surface renewal ramp trace for temperature signal by Van Atta (1977) 
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The structure function [S(j)] (equation [5]) and the analysis technique 

(equations [6] to [9]), which have been used extensively in turbulence data 

analysis, from Van Atta (1977), are as follows: 

 

 ∑
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where Vi and Vi_j are high-frequency measurements of either Ta or Q 

between two sequential time lags; j is the sample lag interval; m is the 

number of data points in the 30-min time period; i is the summation index; 

and n is the structure function order. Van Atta (1977) showed that the 

modeled A can be obtained by solving for the real roots of the following 

cubic equation: 

 

 qpAAy 3 ++=                                                                                  [6] 

 

where the coefficient for the linear term, p, is determined from the 

structure functions as follows: 

 

 
(j)S
(j)S

(j)S10p 3

5
2 −=                                                                                  [7] 

 

and the coefficient for the offset term, q, is determined solely by the third 

order structure function: 

 

(j)10Sq 3=                                                                                                [8] 
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Finally, τ can be found as: 

 

(j)S
jA

τ 3

3

−=                                                                                             [9] 

 

 

A and τ in scalar turbulence data serve for the scalar flux density 

computation (Paw U et al., 1995). In the next two sections of this chapter 

two SR techniques that are auto-calibrating or exempt from calibration and 

were used in this thesis for H and LE estimation will be briefly presented 

(SRCas and SRShap).  

 

II.2.2.1. Surface renewal auto-calibrating method 
 

The SRCas analysis was performed using the same high frequency data with 

the corrections required for the EC method. Castellvi et al. (2006; 2008) 

have applied structure functions from Van Atta (1977) to determine A, but 

used the Chen et al. (1997b) approach for τ. Here is decided to stick to Van 

Atta (1977) approach for both the A and τ. 

It is possible to derive the SRCas scalar fluxes, sensible (HSRCas) and latent 

heat fluxes (LESRCas), both in W m-2, at measuring height z [m] by using the 

ramp characteristics, A and τ (Paw U et al. 1995; Castellví et al. 2006).  
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Again, z is 6.9 m in our case; α is the calibration factor; indexes T and q are 

to distinguish the ramp dimensions for H and LE, respectively.  

A broad range of the non-dimensional α factor can be found over variety 

of surfaces, instrumentation, experimental design and processing scheme 

(Paw U et al., 1995, 2005; Snyder et al., 1996; Spano et al., 1997, 2000; Chen 

et al., 1997b). Castellví (2004) combined the one-dimensional diffusion 

equation with SR analysis and similarity concepts into the following 

equation for α estimation, valid for the scalars being measured within the 

inertial sublayer: 
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where, k ~ 0.4 is the von Kármán’s constant; u* [m s-1] is the friction 

velocity; φ (ξ) is the stability function for scalar transport; the stability 

parameter ξ is defined as (z-do)/LO, where LO[m] is the Obukhov length. 

Namely, application of stability functions by Castellví et al. (2008) in 

deriving the H and LE resulted in improved energy balance closure. No 

scalar exchange was assumed through the top of the air parcel, therefore, 

vertical and horizontal advection was neglected (Castellví et al., 2006). 

In their review of the SR method and its applications, Paw U et al. (2005) 

argued that the SR method applies in both the roughness and inertial 

sublayer. The equations for α value calculation employed in this work 

were considered for the measurements made in the inertial sublayer. 

Following Sellers et al. (1986), the bottom of the inertial sublayer may be 

estimated as z* = hc + 2(hc - do) ~ 5/3hc when do = 2/3hc. In our case, 

counting with a 2.5 m canopy height, z* was calculated to be ~ 4.2 m above 

ground. Although in some cases under unstable conditions the bottom of 

inertial sublayer was found to be up to 4 times the crop height (Castellví 

and Snyder, 2009b), therefore the measurements at z = 6.9 m were well 

inside the inertial sublayer for most of the recorded data. 

The Obukhov length LO was calculated by: 
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where friction velocity was calculated as the square root of covariance 

between rotated vertical and horizontal wind components (Stull, 1988): 

u´w´u* = . 

The stability functions were assumed to be universal for both scalars. They 

are defined by Foken (2006) and Högström (1988) as: 
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From the invoked assumptions, Equation [12] is valid when measurements 

are made over homogeneous canopies and stationary conditions apply 

during the sampling period, which is typically about half an hour, since 

dominant energy term in the surface energy balance, net radiation, does 

not change significantly for such a short period of time. Therefore, SRCas 

analysis relies on the similarity-based relationships determined for half-

hour samples (Castellvi and Snyder, 2010). It has been shown that the 

equation worked well in homogeneous short plant canopies. Here, the 

same equations have been applied on the sparse orchard grove with peach 

trees to evaluate both HSRCas and LESRCas estimation. 

 

II.2.2.2. Surface renewal Two scale method 
 

The structure functions from Van Atta (1977) imply that the surface layer 

exchange for the stationary period of time is represented with repeating 

number of ramps that are of the same dimension (Figure 7). Shapland at al. 

(2012a; 2012b) warn that it is important to identify ramps of different 

dimension  (Figure 8) to estimate the efficiency of coherent structures in 
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transporting mass and momentum, which is influenced by the detection 

scheme (Antonia et al., 1983; Gao et al., 1989; Collineau and Brunet 1993). 

For this, total ramp duration period, τ, was divided between quiescent 

period (s) and gradual rise period (d) (Figure 9). By expanding structure 

function analysis to identify two ramp scales, the difference between the 

smallest coherent structure with “intermittent” gradual rise ramp period 

and the dominant coherent structure characterized by “persistent” gradual 

rise ramp period is defined (Shapland et al., 2012a; 2012b). The idea is that 

the method should consider only the ramp scales that are responsible for 

the surface-layer exchange (Scale Two) and therefore calculate direct fluxes 

that do not need calibration (Figure 9). The short duration, Scale One 

ramps are treated as instantaneous events of air mixing to uniform air 

parcel heating while residing in the canopy that will later be ejected to 

atmosphere. Shapland et al., (2012a; 2012b) showed that the dominant 

ramp scale is actually bearing the surface layer exchange, when it is 

applied over bare ground and short canopies under unstable conditions.  

 

 

Figure 8. Ramp traces in measured signal for Ts. 
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Figure 9. Expanded model of ramp traces by Shapland et. al (2012a) 

 

The method first uses the Van Atta (1977) procedure, described earlier, to 

obtain the Scale One ramp amplitude, ramp period and gradual rise 

period. Next, the Scale One gradual rise period is compared to the Scale 

One ramp period to classify its magnitude by using the gradual rise 

duration as the criterion. If it is shorter than the half of the ramp period, 

the scale of that event is considered intermittent. In that case, time lag is 

set equal to the Scale One gradual rise period in order to filter it out, and 

Van Atta procedure is further applied to obtain the Scale Two ramp 

characteristics. Otherwise, for the longer gradual rise periods that occupy 

the major part of the ramp period, the ramp is considered as persistent. 

Then, the calculation of the Two Scale ramp characteristics is done by 

setting the time lags to be half of the Scale One ramp period. In this way, 

the Scale One is included in calculation procedure and it is identified as 

the bigger – persistent Scale. By using Two Scale ramp characteristics, the 

expressions for calculating fluxes are similar to the classical surface 

renewal, but without α, as it is considered to be ~1.00. 

 

2TT

T2
paSRShap )s+(d

A
Cρz=H                                                              [15] 

 

 
2qq

q2
SRShap )s+(d

A
λz=LE                                                                      [16] 
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Here, the subscript number 2 is to mark the ramp dimensions of Scale 

Two. Micrometeorological stations were mounted in a way that footprint 

in the prevailing wind direction was within the same peach plots. Because 

of the topography and the irregular shape of the studied plots, only those 

30-min periods for which wind was between ±45° of the angle to which 

sonic anemometers were pointing, 308° for late and 315° early peaches, 

were analyzed (Figure 4). 

Both SRCas and SRShap analyses are employed in drip-irrigated peach 

orchards to estimate independently H and LE flux densities over the data 

collected by EC equipment. Performance and applicability of the SRCas and 

SRShap methods over peach crop were compared to EC values as a 

reference. All calculation procedures were performed using R software (R 

Development Core Team 2012).   

 

 

II.3. Transpiration of table grape orchards: the sap flow 

Tmax method 
 

Table grape T was measured during the mid-season stage of the crop and 

the corresponding Kcbadj were obtained (Objectives 3 and 4). It was aimed 

that these Kcbadj include all effects of the netting on Tc through a Kne so 

that they can allow scheduling irrigations of this cropping system (table 

grape grown under an overhead trellis system and netting): Kcbadj = Kcb x 

Kne. For Crimson, data was recorded in two seasons: a) 2008 (15 July to 30 

September); b) 2009 (15 May to 30 September). For Autumn Royal, 

measurements were taken only in 2009, from 15 May to 21 August. The 

heat pulse method was used (Green et al. 2003). Other authors have also 

applied this method to measure grape T (Yunusa et al. 1997; Yunusa et al. 

2004; Pereira et al. 2006; Fernández et al. 2008; Green 2008; Zhang et al. 

2011). In this experiment, the so-called Tmax approach was chosen due to 

the relatively large xylem vessels of table grapes (Green et al. 2003). Sap 
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flow is computed from measured time delay for a maximum temperature 

difference between the two downstream temperature probes to occur. 

The instrumentation for monitoring the sap flow was provided by 

Tranzflo (Palmerston North, New Zealand). During 2008, two vines of 

Crimson were monitored using one set of probes per vine. During 2009, 

three vines of each cultivar, Crimson and Autumn Royal, were monitored 

using two sets of probes per vine. Each set of probes consisted of a line 

heater and two temperature probes, all of them of 1.8 mm diameter (Figure 

10). Each set was installed into parallel holes drilled radially into the stem 

at heights of about 0.8-1.0 m above the ground. The temperature probes of 

each set were placed at 10 and 40 mm above the heater (Green et al. 2003). 

Each temperature probe had three thermocouples at 5, 10 and 15 mm 

depths. 

 

 

Figure 10. Installation of the sap flow equipment used in the table grape vineyard. 

 

One datalogger (CR3000 in 2008) or two dataloggers (CR23X in 2009, one 

for each cultivar) Campbell Scientific (Shepshed, UK) were used to activate 

the heater for 2 s each half hour. The pair of temperature sensors was used 

to monitor the subsequent changes in stem temperature at the three 

abovementioned depths. These changes occurred as the heat pulse 

propagated through the sapwood. The dataloggers interpreted the 

temperature signals after each heat pulse and determined the time until a 

peak temperature difference (tM) was observed for each depth. Thus, for 

each set of probes and depth, a series of half-hour values of tM were 

collected by the datalogger for further analyses. 
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The analyses, over the recorded tM values, followed the procedure 

described by Green et al. (2003). Thus, corrected heat pulse velocity, Vc 

(cm h-1) was calculated as: 

 

 2
M2M10C VaVaaV ++=                                                                         [17] 

 

where: a0, a1, and a2 are correction factors to take into account the effect of 

the installation wound width chosen from tabulated values considering 

that wound width was 3.2 mm (Green et al. 2003); VM, uncorrected heat 

pulse velocity (cm h-1): MMd
2
DM t/tK4x3600V -=  ; xD is downstream 

distance from line heater, 1.0 cm; Kd is the thermal diffusivity of the 

sapwood estimated as 8.33 x 10-4 cm2 s-1 at times when zero sap flow occurs 

(Green et al. 2003); in this study, it was assumed that zero sap flow occurs 

if tM = 300 s as this was the highest value recorded during the 

measurement period. 

Next, the sap flow, Js (cm h-1) at each depth (5, 10 and 15 mm) was obtained 

as: 

 

( ) CLMTs VFFkJ +=                                                                            [18] 

 

where: FM and FL are the volume fractions of wood and water, respectively, 

and kT = 0.441 is a factor related to the thermal properties of the woody 

matrix (Green et al. 2003). FM and FL were determined experimentally from 

wood samples taken from the monitored vines: three times during 2008 (1 

August, 29 August and 3 October) and four times during 2009 (14 May, 2 

July, 12 August and 21 October) (Table 2). The fresh weight of each wood 

sample was determined just right after taking it out. The dimensions (base 

radius and height) of the sample were also measured to determine the 

wood sample volume (VT). Later, the sample was oven-dried to determine 

the mass of dry wood (mM) and the mass of water (mL) contained in the 

fresh sample. Then FM and FL were computed as: 
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TM

M
M Vρ

m
F =                                                                                       [19] 

 

TL

L
L Vρ

m
F =                                                                                         [20] 

 

where: ρ
M

, is dry wood density taken as 1530 kg m-3 (Green, 1998) and ρ
L
is 

water density taken as 1000 kg m-3. 
 
Table 2. Volume fractions of wood (FM) and water (FL) (averages and standard 

deviations), and radius at the cambium, determined for each cultivar, vine and year. 

 

Fraction Year Vine 1 Vine 2 Vine 3 

Crimson     

FM 
2008  0.274 ± 0.016 0.276 ± 0.032 

2009 0.305 ± 0.017 0.301 ± 0.022 0.293 ± 0.013 

FL 
2008  0.461 ± 0.127 0.467 ± 0.050 

2009 0.516 ± 0.039 0.521 ± 0.031 0.539 ± 0.030 

Radius (cm) 
2008  3.58 3.55 

2009 3.06 3.70 3.43 

Autumn Royal    

FM 2009 0.332 ± 0.026 0.336 ± 0.028 0.338 ± 0.009 

FL 2009 0.527 ± 0.047 0.501 ± 0.045 0.514 ± 0.022 

Radius (cm) 2009 2.66 2.68 3.46 

 
 

Finally, the half-hour volume sap flux, FSF (L h-1) was determined 

integrating the Js values at the three depths following the procedure 

described by Hatton et al. (1990) for which the radius of each vine at the 

cambium was required (Table 2). Daily transpiration values (mm day-1) 

were obtained summing up the half-hour values and dividing by the 

surface area allocated for each vine (3.5 m x 2.5 m). During 2009, the FSF 
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values of the two set of probes at each vine were averaged to get a single 

half-hour FSF value for that vine. 

An assessment of the reliability of the experimentally derived Tc data was 

performed by comparing them with the table grape (cv. Red Globe) ET 

values recorded by the SR method at a plot next to that of this study 

(Moratiel and Martínez-Cob, 2012). These ET values were almost equal to 

Tc particularly during summer (Moratiel and Martínez-Cob, 2012) as soil E 

was highly reduced by a black plastic mulching. Moratiel and Martínez-

Cob (2012) provide a detailed description of the SR measurements. This 

assessment was only performed for year 2008 as the Red Globe ET data 

was collected for 2007 and 2008. 

 

II.4. Crop coefficient modeling 
 

The measured ETc (peach orchard) and Tc (table grape orchard) values 

were used to develop curves of single crop coefficient (peach) and basal 

crop coefficient under the netting (table grape) as a function of FTU and 

additional weather variables. The main goal was to get a practical method 

for modeling crop coefficients by using variables readily available to the 

farmers in order to facilitate real-time irrigation scheduling and improve 

the accuracy in ETc and Tc calculation for irrigation and hydrological 

studies. 

 

II.4.1. Early-maturing peach experiment 
 

Micrometeorological data were recorded for the spring-summer-autumn 

season during the three years of the study, 2009 to 2011 at the station ST2 

(objectives 2 and 4). The SRCas approach was applied to get HSRCas and 

LESRCas fluxes as explained previously. Fetch requirements were assured 

for the experiment to avoid the fluxes coming out of the early-maturing 

peach zone, as explained earlier. The special attention was given to the 

irregular plot shapes and hilly zones found in mild terrain complexity 

(Suvočarev et al., 2014). Periods with mis-functioning of instruments due 
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to rain drops standing over the sensor heads were also excluded. 

Therefore, it was necessary to perform a gap filling to obtain complete 30-

min datasets from which daily values were obtained. Different approaches 

were applied according to the time and size of the gaps: a) average of 

previous and following value when only few 30-min gaps occurred at 

periods where ET variability is small (i.e. nocturnal, stable cases) and b) 

residue of the energy balance closure when few neighboring 30-min LESRCas 

values were missing but HSRCas values were available. Values of total 30-

min early-maturing peach ET (ETcexp, mm) were obtained from the 30-min 

average LESRCas (W m-2) values derived from the SRCas approach, using the 

following expression: ETcexp = 1.8 LESRCas / λ, where 1.8 is a unit conversion 

factor, and λ is the latent heat of vaporization; for each half-hour, λ was 

estimated using the expression: λ = 2501 - 2.361 Ta, where Ta (°C) was the 

mean air temperature measured from the HMP45C temperature probe. 

Finally, ETcexp daily values were obtained by summing up the 

corresponding 48 half-hour values. 

Kcexp values were calculated as: Kcexp = ETcexp/ETo (Allen et al., 1998). The 

ETo was estimated from the daily weather data (wind speed, solar 

radiation, and air temperature and relative humidity) recorded at a 

neighboring standard weather station over grass (thereafter the ‘grass 

station’) using the FAO Penman-Monteith equation (Allen et al., 1998). 

This station belongs to a network named SIAR installed and managed by 

the Spanish Ministry of Agriculture, Food and Environment 

(http://eportal.magrama.gob.es/websiar/Inicio.aspx). 

 

II.4.1.1. Development of a crop coefficient curve model 
 

Crop coefficients depend on the crop characteristics, species and 

phenology as well as on the climatic conditions the plants are exposed to. 

The SigmaPlot v. 12.5 (Systat Software Inc, http://www.sigmaplot.com/) 

was used to fit a Kcexp curve for the early-maturing peach orchard as a 

function of FTU and several meteorological data using values recorded 

during the 2010 and 2011 seasons. A backward stepwise regression 

analysis was used to select the appropriate variables to be included in the 

curve fit model. Based on preliminary visual inspection of the Kcexp curve, 
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the following variables (all of them recorded at the ‘grass station’ or 

derived from data recorded there) were tentatively used in the model: 

FTU, minimum relative humidity (RHn), wind speed (U2), and cumulative 

precipitation for the i-previous days (i ranging from 7 to 1); transforms of 

these variables were also used such as FTU2, FTU3 and natural logarithm 

of RHn. Computation of FTU is described in a later paragraph. The 

backward stepwise regression automatically detected which variables 

were significantly explaining the variability of the Kcexp dataset. The 

procedure automatically discarded out those variables for which the 

significance (P-value) of the F statistics computed for the corresponding 

analysis of variance was higher than 0.05. In this way, the appropriate 

regression model was selected. The adjusted coefficient of determination 

(Radj
2 ) and the standard error of estimation (SEE) were also used as criteria 

for selection of the fit model. 

To calculate FTU expressions by Ritchie and NeSmith (1991) have been 

used. Ta is needed to compute TU for the growing season:  

 

bai1ii TTTUTU −+= −  if bai TT >                             [21] 

 

1ii TUTU −=  if bai TT ≤                             [22] 

 

where TUi is the cumulative thermal units for the day i (°C), TUi-1 is the 

cumulative thermal units (°C) up to the day i, Tai (°C) is the air 

temperature on the day i and Tb (°C) is the base temperature for the 

studied crop growth. For the early-maturing peach crop Tb = 4 °C have 

been used, according to Mounzer et al. (2008). Later, fraction of thermal 

units for day i (FTUi) was obtained as FTUi = TUi / TTU, where TTU is the 

total cumulative thermal units for the whole vegetative season, i.e. from 

blooming to leaf fall. 

The fit Kc model was validated for the 2009 season. Thus the fit model was 

used to estimate the Kc curve for 2009 from which estimated ETc values 
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(ETcest) were derived. Comparison of estimated and measured values was 

performed as explained in section II.5. 

 

II.4.1.2. Complementary measurements 
 

Mid-day stem water potential (Ψstem) was measured around solar noon 

once or twice per month, depending on the weather conditions, over the 

growing season on 32 samples (four trees and four leaves per tree in two 

representative zones of the orchard) with a pressure chamber (model 3005 

Soil Moisture Equipment Corporation, Santa Barbara, CA, USA). The 

sampled leaves were introduced in non-transparent paper and sealed in 

foil laminate bags for at least 30 min to prevent overheating by the sun and 

to allow leaf water potential to equilibrate to that of the stem. After that, 

sampled leaves were excised and the corresponding Ψstem measurements 

were taken within few seconds.  

Intercepted light was measured around solar noon by using a SunScan 

Canopy Analysis System (ceptometer) and a Beam Fraction Sunshine 

Recorder (Delta-T Devices, Cambridge, UK) on a weekly basis until full 

ground cover was reached. Later on, measurements were taken every 2-3 

weeks. Two zones were monitored as representative of the whole study 

site. For each zone, the ceptometer was used to read photosyntetically 

active radiation at ground level (PARdj) in 66 spots, within a rectangle 

covering 6 peach trees. For these readings, the ceptometer was pointing to 

the south parallel to the tree rows. Simultaneously, the beam fraction 

sunshine recorder was placed in a spot out of the orchard to avoid shading 

other than the clouds. This instrument thus recorded PAR above the 

canopy (PARuj) at the same frequency as the ceptometer. Thus for each 

measurement, j, ground cover fraction (GCFi) was computed as GCFj = 1 - 

PARdj / PARuj. GCF for day i was finally determined as the average of the 

132 GCFj readings.  

 

 



Material and methods 

45 
 

II.4.2. Table grape experiment  
 

Experimental basal crop coefficients (Kcbadj) under the netting (Objectives 

3 and 4) were obtained as: Kcbadj = Tc / ETo, where Tc is the daily T and 

ETo is the daily reference ET, computed using the FAO Penman-Monteith 

method (Allen et al. 1998), at the same ‘grass station’ that was used for the 

early-maturing peach. It should be noted that these Kcbadj take into account 

the effect of the netting. It was assumed that this management practice 

would reduce the vineyard Tc and the Kcb compared to a similar vineyard 

managed without that management practice. Thus, these Kcbadj values 

would represent the optimum (potential) Tc of the crop under the netting. 

TU were calculated as explained for the peach orchard but using Tb = 10 °C 

from budbreak up to harvest (Mc Intyre et al., 1987; Oliveira, 1998; Lebon 

et al., 2004; Scarpare et al.,  2012). 

Again, the SigmaPlot v. 12.5 (Systat Software Inc, 

http://www.sigmaplot.com/) was used to fit a Kcbadj (i. e. including the 

netting effect) curve for the table grape as a function of FTU and additional 

meteorological data using values recorded during the 2008 and 2009 mid-

seasons. 

 

II.4.2.1. Additional measurements 
 

A standard meteorological station was installed at the Crimson 

experimental subplot (in-situ station). It consisted of a pyranometer (Kipp 

& Zonen, CM3), a switching anemometer (Vector instruments, A100R), 

and an air temperature and relative humidity probe (Vaisala, model 

HMP45C). All sensors were installed above the canopy, just below the 

netting. The measurements of the in-situ station were compared to those 

recorded at the ‘grass station’. The average ratios of each variable at both 

stations were used to estimate the netting effect on ETo following the 

procedure described in detail in Moratiel and Martínez-Cob (2012).  

Soil volumetric water content was measured at 0.1, 0.2 and 0.3 m depth 

with two frequency domain reflectometry (FDR) probes (Enviroscan, 
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Sentek, Pty Ltd. South Australia). Each sensor of the probe has its own 

factory calibration and following the manufacturer`s user manual, these 

probes were normalized at the laboratory before installation. With the 

probe inside the access tube, readings of the sensors were performed in the 

air and in a normalization chamber filled with water. The readings of each 

sensor in the air and in the water chamber were input in the datalogger for 

the configuration of the commercial calibration equation of each sensor to 

convert the readings into volumetric soil water content. The probes were 

installed within the crop row at 0.5 and 1.25 m from a central vine, to 

obtain values of the soil water content in the area wetted by the emitters. 

Soil water content readings were continuously taken each hour. The 

relatively important percent of gravel (Table 1) precluded the 

measurement of soil water content deeper than 0.5 m. Nevertheless, most 

of rooting activity of crops under drip irrigation is commonly found 

within the upper 0.4-0.5 m soil layer (Steven and Douglas, 1994; Fernández 

and Moreno, 1999; Soar and Loveys, 2007; Searles et al., 2009). As a 

consequence, readings deeper than 0.3 m were not taken. More details 

about these readings can be found in Blanco et al. (2010). 

Phenological stages by visual observation, canopy cover evolution by 

digital photography, and yield at harvest were also recorded. Pictures of 

ground cover were taken with a digital camera (Olympus, model μ810, 

China). The camera was set on the ground and focused upwards to 

capture a quarter of the space that belongs to a vine (1.25 × 1.75 m). The 

images were processed with the GIMP program (available at 

www.gimp.org). The program transforms the picture into black pixels that 

represent leaves and branches while the white ones reflect clear screen. 

After calculating the black and white pixels and presenting them on 

histogram, a value of the percentage of the black pixels which represents 

the shaded ground cover was derived (Blanco et al. 2010). 

Finally, stem water potential was measured at solar noon in 3-5 exposed 

leaves per vine for each cultivar during three different dates in 2009. The 

exposed leaves were sealed in foil laminate bags to prevent overheating by 

the sun and to allow leaf water potential to equilibrate to that of the stem. 

Measurements were made using a Scholander pressure chamber (M3115, 

ICT, Armidale, Australia). 
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II.5. Statistical analysis 
 

The performance and the energy balance closure of the three studied 

micrometeorological methods, EC, SRCas, and SRShap, were evaluated using 

linear regression analysis and root square mean error, RSME (Jamieson et 

al., 1998). 
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where N is the number of available data for comparison, yi is for the 

evaluated values, while xi were the reference values for comparison. 

Furthermore, the ratio D = Σy/Σx was computed to easily express under- 

or over-estimation of the energy balance or simply to compare scalar 

fluxes derived by the different methods (Castellví and Snyder, 2010). 

Comparison between early- maturing peach ETcest and ETcexp values for 

the year 2009 for validating the Kc model was performed by simple linear 

regression, and by calculating RMSE, and the refined index of agreement 

(dr) (Willmott et al., 2012): 
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Results and discussion 
 

III.1. Comparison between two surface renewal 

methodologies exempt from calibration and the 

eddy covariance method 
 

Table 3 lists the monthly irrigation amounts during the measurement 

period June to September 2009 for both maturing-type peach orchards. 

Due to their distinct phenological development (Table 4), late-maturing 

peaches received more irrigation water from June to September compared 

to the early-maturing peaches. 

 

Table 3. Monthly irrigation and precipitation amounts during the measurement 

periods. 

 
Maturing 

type 
June July August September Total 

Irrigation 

(mm) 

Late 88.8 116.8 87.1 88.6 494.3 

Early 147.3 94.9 57.0 29.9 442.1 

Precipitation (mm) 10.6 4.0 25.6 31.0 71.2 

 

Table 4. Phenology of the two maturing types of the peach orchard for 2009. 

Maturity type Blooming Pit hard Harvest begins Harvest ends Leaf fall 

Late 13-mar 14-jun 13-sep 06-oct 15-nov 

Early 03-mar 06-may 18-jun 27-jun 30-oct 

 

The general meteorological conditions for the measurement period June to 

September 2009, measured at the two peach orchard spots with the EC 

equipment, are listed in Table 5. Little difference was noticed for those two 

spots. Mean monthly Ta were higher in July and August. Precipitation was 

small during the experiment and the most important rain events occurred 

in September (Table 3). Vapor pressure deficit was higher for the hotter 

and drier months. This is a windy area with recorded mean monthly wind  
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velocities, for the experimental season, between 1.8 and 2.5 m s-1. The wind 

roses for the year 2009 at ST1 and ST2 showed slightly different wind 

direction distribution between both micrometeorological sites probably 

due to difference in the measuring site elevations and therefore ST1 being 

more exposed to winds; less calm winds were observed at ST1 (21.7%) 

than at ST2 (26.1%). Predominant wind directions were west or east (ST1) 

or west or east to southeast (ST2). East to southeast winds were considered 

as ‘bad wind direction data’ as discussed previously and its relatively high 

frequency  (Figure 11) led to the removal of more data (about half of total 

data recorded) than expected according to the general wind direction 

distributions in the middle Ebro river (Martínez-Cob et al., 2010) and the 

wind rose for the nearby weather station. 

 

Table 5. General mean monthly meteorological conditions within the experimental 

period recorded at the two measurement spots, late-maturing (ST1) and early-

maturing (ST2) peaches: Ta, air temperature; VPD, air vapor pressure deficit; U2, wind 

velocity. 

 Ta [°C] VPD [kPa] U2  [m s-1] 
 ST1 ST2 ST1 ST2 ST1 ST2 

June 24.08 24.24 1.18 1.16 2.08 1.98 
July 25.79 26.21 1.21 1.26 2.49 2.36 

August 25.90 26.25 1.09 1.12 2.01 1.85 
September 21.76    21.55 0.70 0.73 1.77 1.73 
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Figure 11. Wind roses determined using five years of data (June to September) 

recorded at a nearby standard meteorological station (´grass station´) and 4-month 

experimental (June to September) data for the year 2009 at the two 

micrometeorological stations: late-maturing peach orchard (ST1) and early-maturing 

peach orchard (ST2). 

 

In the case of the SRCas method, the autocalibration factor α was estimated 

with respect to the stability function for four cases (αT and αq for both 

stations, ST1 and ST2) and it is represented in Figure 12. Most of the values 

were found between 0.25 and 1.5; those for unstable conditions were 

higher (0.5 to 1.5) than those obtained for stable conditions (0.25 to 1.0). 

The values for unstable conditions had greater variability than those for 

stable atmospheric conditions, which tend to have more uniform value 

under very stable conditions (α < 0.25). The uniformity for the stable cases 

may be because both scalar fluxes were low, so the calibration value was 

lower and it tended to a constant value. It can be assumed that stationary 

characteristics for the summer nocturnal conditions in this area also 

contribute to that small variation in α values. As Equation [12] indicates, α 

value is directly dependent on the ramp duration and friction velocity and 

it is inversely proportional to φ (ξ). Therefore, it was expected to obtain 

higher and more variable α values for the unstable conditions when more 

variability is usual for the daytime parameters. Similar values for αT and αq 

at both sites (0.40 – 0.47) were obtained when all values for the stable 

periods during the measuring season were averaged. For unstable periods 

similar values were found at each site, 0.70 and 0.72 for αT and 0.53 and 

0.56 for αq. Nevertheless, the implications of α value are still not well 

understood, especially under the stable atmospheric conditions (Castellvi, 

2004). 
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Figure 12. Surface renewal Castellví approach calibration factor (α) for both latent (LE) 

and sensible (H) heat flux estimation with respect to the stability function (φ(ξ)). ST1, 

station located at late-maturing peaches; ST2, station located at early-maturing 

peaches. 

 

The SRShap method is not using calibration factors as it is considered to be 

able to recognize flux interchange from canopy to atmosphere directly. 

The hypothesis is that while ramp gradual rise periods of Scale One are 

much shorter than those of Scale Two, ramp amplitudes of Scales One and 

Two are approximately the same (Figure 9). Therefore, it is expected that α 

is less than 1.00 when the Scale One is used in calculation procedure and 

calibration is necessary, which was seen in the classical SR application. 

Following the new two Scale model, only the flux-bearing Scale Two 

structure functions are considered and therefore it is expected that 

calibration is avoided (Figure 8). Shapland et al. (2012b) argued that the 

method is not performing satisfactory when some of the assumptions 

behind the method´s theory are violated and then calibration might be 

needed. Namely, the most probable misleading assumption is the 

existence of only Two Scales of ramps (Figure 8). Besides, Shapland et al. 

(2012b) also state that for the intervals during which the Scale One ramp 

period is more than 0.5 of the Scale Two ramp period the expanded Van 

Atta (1977) procedure is not as effective at resolving the ramp 
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characteristics of Scale Two, making the Scale Two surface renewal H 

estimations less accurate. 

According to Equation [1], the minimum fetch requirements for near-

neutral conditions in this experiment should be xf = 377 m for complete 

boundary layer development. For that distance the estimated fraction of 

the H and LE fluxes coming from the targeted canopy, according to 

Equation [2], would be F = 85%. Relaxed fetch requirements have been 

stated for the SR method. As discussed earlier, it can be used at variable 

heights with respect to canopy, i.e. inside the roughness or inertial layer 

(Paw U et al., 1995, Castellvi and Snyder, 2009a). Also, SR sensors can be 

mounted at lower heights than EC instruments to allow the footprint to be 

well inside the area of interest and to maximize the data collection amount 

and quality. Nevertheless, in this particular work, the same fetch 

requirements rules apply for both EC and SR when CSAT3 is used and 

measurements for both methods are taken at the same level inside the 

inertial sublayer, which was explained by Castellví (2012).  

Due to the similarity assumptions in the SRCas method, the monthly 

averages of the half-hour values of SRCas ramp duration (τ) obtained for 

both H and LE at both sites were compared (Figure 13). For each particular 

month, these mean values represent the average evolution of τ along a 24-

h period for each month. There was an agreement found between τ values 

obtained for both scalar fluxes, HSRCas and LESRCas, under both stable and 

unstable conditions. At the ST1, worse agreement in τ for both scalars was 

obtained for August when some values of τ differed by 100-200 seconds or 

more. The ST2 datasets for τ had more noise but were also in agreement 

when the highest peaks are disregarded. The SR theory is based on the 

contact time of air coherent structure with plant canopy and 

corresponding dispersive processes of temperature (or other scalar) 

exchange (Paw U et al., 1995). Under stable atmospheric conditions, a few 

minutes can be considered the lifespan of a coherent structure (Gao et al., 

1989). Thus, when few minutes is the difference between the ramp 

durations associated with each scalar, the similarity between heat and 

water vapor transport by the turbulent air flow may not apply. Some of 

the higher peaks can be considered as noise, although there had been an 

attempt to filter out the data in order to avoid uncertainty introduced by 

the results obtained under unfavorable conditions with low levels of 
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turbulence. It can be seen from the Figure 13 that the disagreement 

between τ calculated for the HSRCas and LESRCas may occur during both 

stable and unstable atmospheric conditions.  

Performance of SRCas and SRShap methods in estimating H and LE is 

presented in Table 6. Under unstable atmospheric conditions (-2 < ξ < 0) 

some overestimation was observed, as SR analysis resulted in higher D 

values in almost all cases. Namely, values for HSRCas were 6 (late-maturing 

peaches) and 9 % (early-maturing peaches) higher than HEC values, while 

values for HSRShap were 6 % higher (late-maturing peaches) and 4% lower 

(early-maturing peaches) than HEC values. LESRCas values were 11 (late-

maturing peaches) and 12% (early-maturing peaches) and LESRShap 10 (late-

maturing peaches) and 11% (early-maturing peaches) higher than the LEEC 

values. R2 under the same conditions was very high for HSRCas (0.83 and 

0.88) and less for HSRShap (0.66 and 0.60); also for LESRCas (0.76 and 0.86) and 

less for LESRShap (0.46 and 0.49). 
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Figure 13. Monthly averages of the 30-min values of ramp duration (τ) for the sensible 

(solid line) and latent (dotted line) heat fluxes during the experimental measurement 

period.  Station 1 at late-maturing peach spot; Station 2 at early-maturing peach spot. 
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Table 6. Comparison between eddy covariance sensible and latent heat fluxes (HEC and 

LEEC) and the corresponding fluxes derived by the surface renewal method in two 

peach maturing types: a) following Castellvi et al., (2006, 2008) (HSRCas and LESRCas); b) 

following Shapland et al. (2012a, b) (HSRShap and LESRShap). HEC and LEEC were considered 

as independent variable (x) for regression analysis. b1, regression slope; b0, regression 

intercept; R2, coefficient of determination; RMSE, root mean square error; D, ratio of 

total sums (Σy/Σx); N, number of values available; Var., variable. 

Peach Var. x Var. y Stability b1 
b0 

[W m-2] 
R2 

RMSE 

[W m-2] 
D N 

Late 

HEC HSRCas 

Stable 0.76 -13.67 0.32 19.93 1.39 984 
Unstable 1.04 1.16 0.83 25.85 1.06 1062 

All 0.93 0.04 1.00 23.19 0.93 2046 

HEC HSRShap 

Stable 1.02 -18.44 0.28 40.07 1.96 412 

Unstable 1.16 -8.26 0.66 45.96 1.06 436 

All 1.20 -12.97 0.79 42.27 0.80 848 

LEEC LESRCas 

Stable 0.61 17.67 0.48 45.60 1.11 958 

Unstable 0.94 29.35 0.76 51.47 1.11 1047 

All 0.96 16.10 0.82 48.75 1.11 2005 

LEEC LESRShap 

Stable 1.26 4.58 0.60 53.05 1.40 636 

Unstable 0.93 31.21 0.46 93.32 1.10 418 

All 1.04 12.06 0.68 71.78 1.17 1054 

Early 

HEC HSRCas 

Stable 0.99 -5.28 0.45 19.75 1.18 1016 
Unstable 1.07 1.91 0.88 21.70 1.09 789 

All 1.10 -1.47 0.92 20.62 1.01 1805 

HEC HSRShap 

Stable 1.67 -10.78 0.35 49.88 2.04 262 

Unstable 0.99 -1.85 0.60 39.15 0.96 334 

All 1.19 -20.88 0.79 44.19 0.53 596 

LEEC LESRCas 

Stable 0.90 7.47 0.63 43.00 1.11 964 

Unstable 1.04 16.66 0.86 49.34 1.12 717 

All 1.05 6.70 0.88 45.81 1.12 1681 

LEEC LESRShap 

Stable 1.19 4.19 0.67 44.24 1.31 522 

Unstable 1.08 6.44 0.49 111.74 1.11 284 

All 1.09 6.30 0.73 75.28 1.16 806 

 

Relatively poor performance of both SRShap and SRCas methods was 

observed for estimation of H and LE under stable atmospheric conditions 

(Table 6). Thus, the computed R2 values for stable (0 < ξ < 1) H data 

comparisons between EC and surface renewal methods, SRCas and SRShap, 

were relatively low, 0.32 and 0.28 (late peaches) and 0.45 and 0.35 (early 

peaches), respectively. For the LE data under the same atmospheric 

conditions, the comparison between EC and SRCas and SRShap, reported 
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higher R2 values, 0.48 and 0.60 (late peaches) and 0.63 and 0.67 (early 

peaches), respectively. In terms of the D statistics, the SR methods gave 

higher values than EC fluxes. HSRCas were about 39% (late-maturing 

peaches) and 18% (early-maturing peaches) higher and HSRShap were about 

96% (late-maturing peaches) and 104% (early-maturing peaches) higher for 

stable atmospheric conditions. For LESRCas that overestimation was lower, 

about 11% for both late- and early-maturing peaches and for LESRShap they 

were around 40% and 31%, respectively. 

When H and LE data were compared between the EC and SRCas results for 

all atmospheric conditions, agreement was very high as the regression 

slopes were close to 1.0 (but significantly different from 1.0, level of 

significance of 0.05) and the intercepts and RMSE were small (Table 6). The 

different statistics used indicate that SRCas performed better in estimating 

the H than LE fluxes. There are no clear reasons why SRCas performed 

different in estimating H and LE values. The explanation given by 

Castellvi et al. (2008) that one possible source of error may lie in correction 

implemented for unaccounted density variations in incompressible flow 

seems reasonable. Namely, the WPL correction is sensitive to the 

propagation of errors stemming from scalar covariance estimation. 

Nevertheless, when calculating SRCas fluxes without applying WPL, the 

results only changed by few percent (data not shown). 

The SRShap method showed differences in estimating H and LE fluxes but 

there was not a clear pattern. It seems that in this case, the major data gaps 

were responsible for inconsistency in the statistics. Scale Two surface 

renewal data were omitted if the values were unreasonable. The 

unreasonable values likely arise from poor resolution of the Scale Two 

ramp characteristics, which occurs when the assumptions behind the 

expanded Van Atta (1977) method described in Shapland et al. (2012a) are 

violated. Namely, the variability in the number of datasets obtained for 

stable or unstable atmospheric conditions possibly influences the statistics 

to give different measures of agreement.  

Energy balance closure results for stable, unstable and all atmospheric 

stability conditions for EC, SRCas and SRShap are listed in Table 7. As 

expected for SRCas better performance is noticed for unstable conditions 

than for stable conditions. SRCas analysis resulted in similar or even slightly 



Results and discussion 

60 
 

better energy balance closure than EC, according to the statistical 

parameters listed. Statistics from Table 7 for all stability conditions for 

SRShap performance are indicating that there was high correlation (with R2 

of 0.81 and 0.80 for early- and late-maturing peaches, respectively) 

between Rn-G and SRShap flux results although it was lower than the one 

observed in EC and SRCas analysis. RMSEs showed also poorer 

performance, especially considering the number of data points analyzed. 

These results for the SRShap should be taken with caution due to the limited 

amount of data points yielded.  

Table 7. Energy balance closure performance for the a) eddy covariance (subscrpits 

´EC´), b) surface renewal following Castellvi et al., (2006, 2008) (subscripts ´SRCas´) 

and c) surface renewal following Shapland et al. (2012a, b) (subscripts ´SRShap´) 

estimated fluxes at two different peach maturing type spots. Available energy (Rn-G) 

was considered as independent variable (x) to be compared to the sum of turbulent 

fluxes (H+LE) variable (y) in regression analysis. b1, regression slope; b0, regression 

intercept; R2, coefficient of determination; RMSE, root mean square error; D, ratio of 

total sums (Σy/Σx); N, number of values available; Var., variable. 

Peach Var. x Var. y Stability b1 
b0 

W m-2 
R2 

RMSE 

W m-2 
D N 

Late 

(Rn-G)EC (H+LE)EC  Stable 0.66 18.94 0.50 53.65 -1.31 983 

  Unstable 0.74 19.63 0.76 95.74 0.81 1059 

  All 0.74 20.33 0.87 78.35 0.87 2042 

(Rn-G)SRCas  (H+LE)SRCas   Stable 0.61 14.77 0.50 51.17 -0.94 957 

  Unstable 0.72 51.80 0.61 104.05 0.89 1046 

  All 0.78 24.27 0.82 83.09 0.94 2003 

(Rn-G)SRShap  (H+LE)SRShap   Stable 1.07 11.77 0.71 53.16 -2.85 326 

  Unstable 0.84 4.30 0.51 121.09 0.86 269 

  All 0.85 7.94 0.80 90.91 0.90 595 

Early 

(Rn-G)EC (H+LE)EC  Stable 0.76 8.76 0.87 30.81 -2.54 958 

  Unstable 0.84 -0.91 0.88 72.74 0.84 714 

  All 0.81 8.41 0.96 52.95 0.88 1672 

(Rn-G)SRCas  (H+LE)SRCas   Stable 0.77 7.64 0.69 43.82 -2.10 959 

  Unstable 0.91 9.50 0.84 64.12 0.94 709 

  All 0.90 9.92 0.93 53.40 0.98 1668 

(Rn-G)SRShap  (H+LE)SRShap   Stable 1.04 -9.00 0.63 61.62 2.84 202 

  Unstable 0.90 -1.80 0.50 123.21 0.90 196 

  All 0.93 -10.17 0.80 96.97 0.87 398 
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For the case inclusive of all atmospheric stability conditions, the statistics 

D indicates that only 6% (late-maturing peaches) and 2% (early-maturing 

peaches) of energy was underestimated by turbulent fluxes derived by the 

SRCas approach on the seasonal level (Table 7). Slightly poorer performance 

was observed in case of SRShap approach with 10 and 13% of lack of energy 

balance closure. The EC results showed 13% (ST1) and 12% (ST2) of flux 

lost in the energy balance for all data of the season. The lack of the energy 

balance closure of 12 and 13% is within earlier reported results for EC 

measurements over different plant canopies (Wilson et al., 2002). The 

figures of 6 and 2% energy imbalance for the SRCas method are in 

agreement with previous SRCas results reported in publications by Castellvi 

et al. (2006; 2008). Thus, SRCas and SRShap results can be considered as 

reasonably reliable, although SRShap dataset was limited by the size of the 

experimental set. The parameter D should be taken cautiously as it might 

compensate errors for the sums it uses in calculation. Also, it may lead to 

confusion when the periods under stable atmospheric conditions are 

evaluated as the difference Rn-G and the sum LE+H are often different in 

sign which have resulted in few negative D values (Table 7). The dew 

formation may also disturb the sign of data as it is followed by negative 

LE. Other statistical parameters listed in Table 7 are useful for broader 

comparison between the reference method (EC) and the new methods 

(SRCas and SRShap). For example, the slopes were closer to unity in all cases 

for SR, but the intercepts were slightly worse when the energy balance is 

estimated. Two more considerations should be mentioned. Firstly, RSME 

in HEC comparison for different brands of EC systems obtained in ideal 

conditions over short, dense and homogeneous vegetation is found to 

range between 6.1 - 21 W m-1 (Twine et al., 2000; Mauder et al., 2007). This 

difference is not accounted for in the regression analysis and probably this 

is the reason for having slopes significantly different from 1.0. Secondly, 

the lack of sonic anemometer to “sense” mean vertical wind velocities of 

very small magnitudes (0.001 m s-1) influences EC results to be 

underestimates of actual fluxes. It is unknown how a non-zero mean 

vertical velocity may affect the SR method, but it likely has less impact 

than in the EC method. Namely, a non-zero mean vertical velocity might 

cause an underestimate of the actual flux in SR analysis because it assumes 

that there is no mass or heat loss through the air parcel top, but the mean 

vertical displacement of the scalar, while the air parcel is connected to the 
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surface, is negligible when compared with the air parcel height (~ 6.9 m in 

our case). The corresponding error is on the order of 10-2, which is within 

the instrumental measurement error for the mean vertical displacement of 

the scalar above the ground (Castellví et al., 2008). 

In this study, SRCas approach generally performed well under both stable 

and unstable conditions, given that the energy balance closure and its 

components were in agreement with the EC results (Figure 14). SRShap, 

have shown similar performance for the energy balance closure to EC and 

SRCas, according to values for D statistics, under unstable and all stability 

conditions. R2 are lower than the ones obtained for EC or SRCas. There was 

more scatter in case of the late-maturing peaches (ST1) observed for all 

methods and less scatter in EC results than in SRCas or SRShap for both 

maturing peach types. The energy balance is, in general, overestimated by 

all methods for low available energy (Rn-G) values (Figure 14). For higher 

values of available energy, the turbulent fluxes are, mostly, 

underestimated. The crossing value between under- and overestimation of 

available energy, i.e. where estimated fluxes can close the energy balance 

equation were as follows: 1) 50 W m-2 (EC-ST1); 2) 100 W m-2 (SRCas-ST1); 3) 

100 W m-2 (SRShap-ST1); 4) 0 W m-2 (EC-ST2); 5) 20 W m-2 (SRCas-ST2); 6) only 

underestimation was observed (SRShap-ST2). Those values are characteristic 

for the neutral atmospheric conditions in the early morning or the late 

afternoon. Generally the agreement between H+LE and Rn-G was better 

for early morning than for late afternoon hours although the flux 

underestimation was common phenomenon for the micrometeorological 

methods. Additionally, it was noticed that for great evaporative demand, 

LE values were very high, but H+LE almost never reached energy balance 

closure. As a consequence of all the uncertainties that are related to the EC 

method, the regression analysis resulted in the slopes significantly 

different from 1.0 and the intercepts significantly different from 0.0 (level 

of significance equal to 0.05).  
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Figure 14. Energy balance closure for the ´whole measuring period´ and ´all stability 

atmospheric conditions´: measured available energy (net radiation minus soil heat flux, 

Rn-G) versus estimated scalar fluxes (sensible plus latent heat flux, LE+H) for both 

stations and methods used. ST1, late-maturing peaches; ST2, early-maturing peaches; 

EC, eddy covariance; SRCas and SRShap, surface renewal following the Castellví (Castellvi 

et al., 2006); and the Shapland et al. (2012a) approach, respectively. 
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SRShap, R2 results were not very consistent (Table 6). The conditions for 

micrometeorological measurements seemed to be more favorable at the 
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fetch limit, at 130 m height above mean sea level. There is also a hilly zone 

that is limiting a part of footprint flux contribution at both ST1 and ST2 

which was the reason to decide to stay only with those periods when the 

wind direction was between ±45° of the CSAT3 orientation angle. In the 

ST2 case, sloping down is towards the point where the measurements 

were set, at 120 m above the mean sea level. Gradual rise of the terrain 

occurs in the direction of the fetch limit, at 150 m above the mean sea level. 

It seems that this change in the terrain leveling can influence the EC 

method performance and therefore also the SR. Namely, the CSAT3 is 

sensitive to the complex terrain issues and thus limits the accuracy of the 

methods depending on such measurements. According to Baldocchi et al. 

(2000) advection of mass and energy can occur in circumstances when the 

underlying surface is heterogeneous. The cases where it can be expected 

more often are sites with different roughness or different source/sink 

strength transitions such as between forests and crops, vegetation and 

lakes, and desert and irrigated crops (Rao et al., 1974; Bink, 1996; Sun et al., 

1997). Unfortunately there was not any measurement equipment in the 

measurement set that would describe the possibility of advection. Another 

possible cause of differences between the two sites is the tree plantation 

design. As it is a sparse crop plantation, the larger distances in tree 

plantation both between rows and the tree trunks in the row for the ST1 

might be of importance. More contribution to the scalar fluxes by the 

understory vegetation is expected in orchards with more widely spaced 

trees, further contributing to the surface heterogeneity.  

Here, the simplified energy balance equation was used. For instance, Fp 

was ignored as the available hygrometer only recorded Q. Improving the 

precision in estimating H+LE+Fp according to the appropriate method and 

representative surface with sufficient fetch has a long-term impact on 

analyzing the watershed management for agricultural use, carbon 

sequestration, and climate model validations and calibrations (Oncley et 

al., 2007; Baldocchi et al., 2004). Castellvi et al. (2008) also neglected Fp 

from the energy balance equation, stating that estimation of this variable in 

rangeland grass were negligible (-14 W m-2 < Fp < 5 W m-2). However, Fp 

might explain some part of the flux loss in the sparse, moderately tall 

canopies, although it could be just a few percent. 
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The results described above are confirming that there is no need for 

calibration of SRCas against another method to obtain accurate LE (and ET) 

data even in sparse canopies. SRShap method performed relatively well, 

with α values close to 1.00 for unstable cases, which proves the importance 

of distinguishing between different ramp scales. It may be that even larger 

ramp scales, and not the detected Scale One or Scale Two, are relevant to 

surface-layer fluxes during stable conditions. If this is the case, more 

research is needed to develop methods for determining the number of 

ramp scales in a time series and which scale is important for the flux. 

Following Castellví (2004) there are two options for measurement sets to 

meet the needs for data collection for the presented auto-calibration SR 

method: 1) to have only high frequency temperature measurements and 

mean wind velocity; and 2) to have high frequency measurements of both 

temperature and wind velocity. As EC equipment was deployed, a 

significant amount of data was lost because of the CSAT3 orientation 

needs, fetch requirements for proper EC operation, and the SRCas and SRShap 

calculation procedures itself. Thus it seems that the SRCas and SRShap 

methods did not completely show their potential performance in this work 

because some of the uncertainties and shortcomings of the EC method 

should have affected the SR analyses, too. At least similar results could be 

expected in those experimental layouts where scalar measurements are 

used with cup anemometer, thus reducing minimum fetch limits and 

avoiding some of the above mentioned problems (Castellví, 2012). This 

may lead to more confidence in applying fine-wire thermocouples alone or 

together with high-frequency measurements of water vapor density when 

applying SRCas analysis. In that case cup anemometer would be necessary 

in deriving some parameters such as Obukhov length and friction velocity. 

SRShap method should be validated more to be applied independently for 

ET determination. 

The SRCas calculation requires high frequency scalar measurements and 

mean horizontal wind speed data. For SRShap calculation, only high-

frequency scalar measurements are needed. 
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III.2. Evapotranspiration and crop coefficients of early-

maturing peach orchard 
 

Average weekly weather data during the years 2009, 2010 and 2011 from 

the ‘grass station’ showed that the meteorological conditions were 

relatively similar for all measurement years (Figure 15). Weather 

conditions were more favorable for the crop growth before pit hardening 

in 2009 and 2011 and therefore provoked earlier pit hard than that in 2010 

(Table 8). Average Ta values from 1 March to harvest dates were around 

16°C for 2009 and 2011 and around 15°C for 2010. Average Rsol, U2, and 

ETo were also the highest in 2009 and the lowest in 2010. Consequently, 

the harvest occurred at similar dates for 2009 and 2011 and somewhat later 

for 2010. Average seasonal values from March to October for weather data 

and total seasonal ETo values were pretty similar for the three years. The 

ranges for those average values were narrow: 18.8 – 20.0 °C for Ta, 2.6 – 2.8 

m s-1 for U2, 28.9 – 30.5 % for RHn, 20.6 – 21.6 MJ m-2 day-1 for Rsol, and 5.2 – 

5.4 mm day-1 for ETo. The biggest difference was observed in rain events. 

The accumulated seasonal value for the precipitation in 2009 was the 

lowest, 179 mm; seasonal precipitation for 2010 and 2011 was 223 and 263 

mm, respectively (Table 9). Because of some irrigation water shortage in 

the area early in 2009 (which was pretty dry at the beginning of the 

vegetative season), irrigation amounts in this year from March to October 

were also less (470 mm) than those provided in 2010 and 2011 for the same 

period, 587 and 667 mm, respectively (Table 9). Amount of the total water 

depth received by the crop, as the sum of the irrigation and precipitation, 

was 646 mm for 2009, 810 mm for 2010 and 931 mm for 2011. 
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Figure 15. Average weekly values for the weather data from March to October (299-

2011): air temperature (Ta), minimum relative humidity (RHn), wind velocity (U2), 

Precipitation (Pr), reference evapotranspiration (ETo) and solar radiation (Rsol) 

measured at the nearby standard meteorological station (‘grass station’). 

 

 

Table 8. Phenology of the studied early peach crop for the seasons 2009 to 2011. Values 

within parentheses are the cumulative thermal units for each phenological stage. 

Year Stage 

 Blooming Pit hard Harvest begins 
Harvest 

ends 
Leaf fall 

2009 
3-Mar 

(0) 
6-May 
(548.1) 

18-Jun 
(1329.7) 

27-Jun 
(1509.8) 

25-Oct 
(3834.4) 

2010 
17-Mar 

(0) 
21-May 
(661.7) 

29-June 
(1348.5) 

8-Jul 
(1562.2) 

26-Oct 
(3546.4) 

2011 
10-Mar 

(0) 
11-May 
(704.2) 

17-Jun 
(1312.5) 

01-Jul 
(1600.1) 

28-Oct 
(3836.8) 
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Table 9. Monthly irrigation (I, mm) and precipitation (Pr, mm) amounts for the three 

measurement seasons for the early-maturing peach orchard. 

 

Midday Ψstem readings (Figure 16) suggested that, during both 2010 and 

2011, water supply was adequate, indicating that the peach crop was 

under optimal growing conditions and that the measured ETcexp could 

represent the optimal ETc values as defined by Allen et al. (1998). Shackel 

et al. (1997) found that Ψstem is a reliable indicator of plant water status and 

indicated that its optimal limits in different fruit trees are between -0.5 to -

1.0 MPa. During the years 2010 and 2011, midday Ψstem readings were 

above the threshold of -1.0 MPa and decreased along the irrigation season 

to this limit (Figure 16). This decreasing trend agreed with that reported in 

previous works for similar climatic conditions (Vera et al. 2013). Midday 

Ψstem values suggest that there was a mild water stress during whole 2009 

season due to some water shortages followed by high Ta and ETo. It is also 

the season with the highest ETo accumulated while the crop received the 

lowest amount of water. Even the limit of moderate stress is reached in 

early June but those values recovered towards the harvest dates and 

continued to vary in the limits between mild and moderate stress (Figure 

16). The value of -1.5 MPa was considered as the value of moderate water 

stress in fruit trees that does not influence significantly the yield or its 

quality (Shackel et al., 2000). 

 

 

Year 
 Month 

Sum I+Pr 
Mar Apr May Jun Jul Aug Sep Oct 

2009 
I 32.5 36.8 71.5 147.3 94.9 57.0 29.9 0.0 469.9 

646.1 Pr 19.6 59.8 8.6 10.6 4.0 25.6 31.0 20.0 179.2 

2010 
I 24.0 23.2 71.2 126.4 153.2 111.2 61.6 16.0 586.8 

809.6 Pr 28.4 15.2 35.4 26.6 1.2 16.8 39.8 59.4 222.8 

2011 
I 22.0 68.4 116.8 148.0 105.6 107.2 77.6 21.6 667.2 

930.5 Pr 78.6 74.8 69.8 8.2 13.6 0.4 6.2 12.7 263.3 
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Figure 16. Midday stem water potential (Ψstem) at different days of the year for the 

three experimental years. Dashed horizontal lines mark the limits of mild to moderate 

water stress. 

 

GCF was found to be about 0.2 at the beginning of our measurements. The 

earliest date for GCF measurements was in 2010, at the end of March. The 

full ground cover was reached between two phenological stages, the pit 

hard and the beginning of the harvest, and it was about 0.5 to 0.6 (Figure 

17). The constant ground cover during the three experimental years was 

maintained due to the annual pruning and fruit clearance. 

 

 

Figure 17. Ground cover fraction (GCF) for the three years of the early-maturing peach 

experiment at different days of year. 
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Table 8 shows the dates for different phenological stages and the 

corresponding cumulative TU for these stages. For the beginning of leaf 

fall stage, the total TU from blooming to leaf fall (TTU) is listed. The 

differences between years were small and in accordance with thresholds 

from phenological observations in an extra early-maturing peach orchard 

at a similar semiarid area in southeast Spain (Mounzer et al., 2008). 

Relatively similar Ta conditions led to similar length in days of the 

phenological stages listed in Table 8. When applying Eqs. 21 and 22 for 

calculation of FTU, TTU for each year was used. TTU values were almost 

the same for 2009 and 2011 while for 2010 TTU was somewhat lower. In 

any case, the average of these three TTU values was 3739 °C, with a small 

coefficient of variation of 4.5 %, so similar TTU from blooming to leaf fall 

was observed for the three years.  

The energy balance closure was analyzed by plotting the sum of 30-min 

turbulent fluxes (LESRCas +HSRCas), obtained by the SRCas method, against the 

corresponding 30-min values of available energy (Rn-G) (Figure 18). It 

included all available 30-min values (for the three years 2009 to 2011) after 

SRCas analysis and gap-filling, while the LE data considered for ETcexp were 

only the days with complete 48 half-hour sets. Some loss of the turbulent 

flux data was due to winds coming from the directions different from our 

area of interest (Suvočarev et al., 2014). This energy balance closure was 

slightly better than that commonly reported for EC and it was in 

accordance with the results previously found for the SRCas method in this 

same experimental site for June to September 2009 (Suvočarev et al., 2014) 

and those reported by Castellvi et al. (2006, 2008). Therefore, the ETcexp 

values derived from the micrometeorological measurements and 

application of the SRCas method can be considered accurate.  
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Figure 18. Energy balance closure for three years of experiment. Net radiation (Rn) 

minus soil heat flux (G) represents the available energy, while sensible (H) plus latent 

(LE) heat fluxes is the sum of turbulent fluxes. 

 

III.2.1. Development of the early-maturing crop coefficient curve 

model 
 

The ETo values for the seasons 2010 and 2011 showed maximum values in 

June, July and August. They were 10.1 mm day-1 in 2010 and 9.3 mm day-1 

in 2011 (Figure 19). Average seasonal values were the same, 5.7 mm day-1, 

for the same measurements period in 2010 and 2011. Maximum and 

minimum values for the ETcexp were coinciding with ETo extrema. 

Maximum ETcexp values observed after harvest, around mid-summer, were 

6.5 mm day-1 in 2010 and 6.2 mm day-1 in 2011 and minimum values, 

observed before pit hardening or around leaf fall, were about 2.8 mm day-1 

in 2010 and 2.2 mm day-1 in 2011 (Figure 19). The average ETcexp for both 

years were similar, 4.9 mm day-1 for 2010 and 4.5 mm day-1 for 2011. 

Abrisqueta et al. (2013) reported similar results for early-maturing peach 

ETcexp in south east Spain with maximum values between 6.0 – 7.0 mm 

day-1 and minimum values about 1.5 – 2.5 mm day-1. 
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Figure 19. Early-maturing peach daily evapotranspiration (ETcexp) available for 

different days of the year for experimental years 2010 and 2011. Corresponding 

reference evapotranspiration (ETo) at those days is also shown 

 

Figure 20 displays the values of Kcexp obtained for the 2010 and 2011 

seasons. The Kcexp were minimal for the first days of available data with 

values about 0.60 in 2010 and 0.40 – 0.63 in 2011. Kcexp values were not 

available until a FTU of 0.15-0.2 (early to mid-April, few weeks after 

blooming). A gradual increase of Kcexp up to values around 0.70-0.80 was 

observed for a FTU of 0.3, mid-June, around the beginning of harvest, 

when full canopy was reached. Maxima Kcexp in 2010 were 0.77 around 

harvest and 0.82 – 0.85 in late summer and fall. For 2011, maxima Kcexp 

were 0.81 around harvest and around 0.88 in late summer and fall. An 

interesting feature of our Kcexp values is the slight drop after the harvest 

(Figure 20). This feature was also reported in other works (Ayars et al., 

2003; Johnson et al. 2000, Abrisqueta et al. 2013, Marsal et al., 2014). 
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Figure 20. Experimental crop coefficients (Kcexp) as a function of fraction of thermal 

units (FTU) in 2010 and 2011. Models 1 and 3 listed in Table 10 are also depicted. 

 

Abrisqueta et al. (2013) states as possible explanations for this post-harvest 

drop of Kc the lower light interception for slightly lower GCF due to fruit 

removal and the hormonal changes that follow the harvest. Marsal et al. 

(2014) calls it a transitory reduction as the fruit sink for water intermits. It 

is probably because the tree was transpiring on its maximum rates with 

heavy fruit loads. Soon after harvest, the crop decreased its water 

consumption and therefore ETcexp and Kcexp reduction occur as an 

adjustment in response to the harvest (Ayars et al., 2003). Later, Kcexp 

increased again although ETcexp is decreasing. These higher Kcexp values 

during late summer and fall were due to ETo decaying faster than the 

ETcexp leading to an increase of the Kcexp values late in the season. This has 

also been observed in other experimental studies with fruit trees and 

vineyard ETc measurements in Mediterranean climate (Testi et al., 2004, 

Suvočarev et al., 2013, Marsal et al., 2014). In addition, rainy periods in this 

area occur in September and October, so all the soil surface in the orchard 

is moistened thus increasing the soil E compared to late spring and mid-

summer when soil surface is mostly moistened only around the emitters 

by irrigation. E from intercepted rain by the canopy before leaf fall can 

also contribute to keep the Kc relatively high late in the season. Abrisqueta 

et al. (2013) reported that the soil E in an early-maturing peach orchard is 

mainly caused by the heavy rainfall which accounted for 19-35 % of the 

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1

Kc exp Model 3 Model 1

FTU

K
c e

xp



Results and discussion 

74 
 

annual precipitation. Another study in a Mediterranean climate by 

Villalobos et al. (2013) also showed high values of coefficient of 

transpiration due to rain events in fall which clearly prevent the Kc 

decrease. They showed that coefficient of transpiration finally decreased 

around or after the leaf fall dates which is expected according to FAO-56 

approach (Allen et al., 1998). Unfortunately, the experiment measurements 

in this study were interrupted around the beginning of leaf fall and this 

final Kcexp decrease has not been captured. The late-season increase of Kcexp 

could be also due to the occurrence of some vegetative growth late in the 

season due to epicormic shoots which is common for peach crops (DeJong 

et al. 2012). Therefore, the joined effect of increased soil E, intercepted 

canopy water E and this late vegetative growth all contributed to the slight 

increase in Kcexp late in the season. Average values for the available Kcexp 

for 2010 and 2011 season were 0.48 for development, 0.70 for mid-season 

and 0.72 for the end-season. Average values for whole season were 0.71 

for year 2010 and 0.66 for year 2011. Those values are lower than the FAO-

56 recommended values even when adjusted for GCF (Allen and Pereira 

2009). Kcexp values were only slightly lower than those reported for early-

maturing peach in south east Spain on shallow soils (Abrisqueta et al. 

2013) likely due to the higher GCF reached by that orchard (about 0.80). 

Ayars et al. (2003) reported average crop coefficients of 1.06 for late-peach 

orchard grown in San Joaquin Valley, California (under similar climate 

with hot summers and clear skies), due to denser crop plantation (70% 

more trees per hectare than in our study).  

The backward stepwise regression led to three models of Kc as a function 

of FTU and meteorological variables that could be considered as adequate 

to fit the experimental values (Table 10). All three models showed 

relatively high adjusted coefficients of determination (Radj
2 ) values and low 

standard error of estimation (SEE) values. Using only FTU (Model 1) could 

explain about 59 % of the variability observed for Kcexp with SEE = 0.06. 

Including additional variables in the analysis increased the amount of 

variability explained by the regression equation. The backward stepwise 

regression did not find significant the contribution of U2 and for this 

reason this variable was excluded from the models. In addition, RHn 

showed a more significant contribution when used as natural logarithm of 

that variable, ln(RHn). Cumulative precipitation for different numbers of 
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days was also analyzed but only the contribution of cumulative 

precipitation for the 5 previous days (Pr5) was found significant (Model 3, 

Table 10). The contribution of Pr5 to the variability of Kcexp was 6%. Based 

on the values of Radj
2  and SEE, the model that included FTU (a 3rd-degree 

polynomial), natural logarithm of RHn and Pr5, i.e. Model 3 (Table 10), 

was finally selected. Model 3 was able to explain up to 73 % of the 

variability of Kcexp and SEE was only 0.05. In this work, the contribution of 

meteorological variables other than FTU was found significant and 

contributed around 14 % of total variability of Kcexp explained by the 

model (Figure 20). This contribution was much higher than that reported 

by Ayars et al. (2003) who developed Kc as a function of GCF and 

reported only 1-2 % of contribution of additional meteorological variables. 
 

 

Table 10. Models for estimation of crop coefficient (Kc, dependent variable y) as a 

function of different meteorological variables derived from a backward stepwise 

regression analyses. The three more adequate models are listed. x1, fraction of thermal 

units; x2, natural logarithm of minimum relative humidity; x3, cumulative precipitation 

for the 5 previous days; R2,  coefficient of determination; R2adj, adjusted coefficient of 

determination; and SEE, standard error of estimation 

 

 

III.2.2. Validation of the early-maturing peach crop coefficient 

model 
 

Kcexp and ETcexp data from the 2009 experimental season were used for 

validation of the selected Model 3 (Table 10). Estimates of Kc (Kcest) were 

obtained for the 2009 season as well as estimates of ETc (ETcest) by 

multiplying the ETo estimates (from the ‘grass station’) and the 

corresponding Kcest. The lower variability observed in Kcexp values for 2009 

Model R2 Radj
2  SEE 

Model 1: y=2.829 x1-4.947 x1
2+2.629 x1

3+0.242 0.621 0.590 0.0653 

Model 2: y=3.187 x1-5.584 x1
2+2.963 x1

3+0.116 x2-0.185 0.703 0.669 0.0586 

Model 3:y=3.193 x1-5.722 x1
2+3.044 x1

3+0.0832 x2+0.00478 x3-0.0764 0.765 0.731 0.0529 
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suggested some impact of the mild to moderate water stress (Figure 16) 

around mid-season.  

Figure 21 shows a similar trend for ETcexp and ETcest in 2009. The ETcest 

curve was able to match well the experimental values. The magnitude of 

ETo values moderates the differences noticed between Kcexp and Kcest 

improving the agreement between model and observed values of ET. 

Simple linear regression analysis of these two ET datasets (Figure 21) 

showed that the intercept was not significantly different from 0 and that 

the slope was not significantly different from 1 (significance level of 0.05). 

RMSE was 0.45 mm day-1 and dr was 0.77. The slight overestimation 

depicted in Figure 21 for the higher values of ETcexp, although not 

significant, may reflect in part the mid-season period of limited water 

availability (Figure 16). Nevertheless, the good agreement between 

modeled and observed ETcexp shows that FTU together with ln(RHn) and 

Pr5 can be used to predict early-maturing peach ET for real-time irrigation 

under the semiarid climate, ground cover fraction, canopy architecture 

and irrigation system observed in this study. It is even adequate for 

conditions of some water shortages.  

 

 

Figure 21. Simple linear regression analysis between daily experimental (ETcexp) and 

estimated (ETcest, using model 3, Table 10) evapotranspiration. 
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For practical application purposes, TTU value needs to be defined at the 

beginning of the season. In this work, average value for three years was 

3739 °C which is above the threshold for leaf fall defined by Mounzer et al. 

(2008). The effect of mild water stress in crop, the small sample size for 

validation and the fact that validation was done for the same site and 

orchard indicates that the obtained model requires further research and 

validation for other different orchards and locations. Nevertheless, these 

results show the feasibility of using easily available meteorological data to 

estimate Kc and ETc without the need of other variables of which 

measurement is not practical in commercial orchards (i.e. GCF, Ψstem, soil 

water content or sap flow) or without the need for a priori knowledge of 

the phenological stages as the FAO-56 procedure requires. 

 

 

III.3. Transpiration and basal crop coefficient of two 

seedless table grape cultivars 
 

III.3.1. Meteorological conditions, phenology and water status 
 

The meteorological conditions were analysed first. Figure 22 shows the 

weekly totals of precipitation and the weekly averages of Ta, VPD and U2 

recorded at the nearby ‘grass station’ from 15 May to 30 September for both 

2008 and 2009 seasons. Precipitation was higher for 2008 (122 mm) than for 

2009 (74 mm). The largest difference between both seasons occurred for the 

period from 15 May to 18 June during which 53.9% of the total seasonal 

precipitation was recorded for 2008 but only 16.6% for 2009. Weekly total 

precipitation exceeded 10 mm only for two weekly periods during 2009 but 

for six weekly periods for 2009. Warmer temperatures for 2009 were 

observed for 17 of the 20 weeks included in the period from 15 May to 30 

September. In general, the largest differences between both seasons 

occurred during the period from 15 May to 18 June. VPD was higher for 

2009, 0.4 kPa in average. The highest differences were observed for the 

period from 15 May to 18 June and for mid-August. The 2009 season was 
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only slightly windier (0.2 m s-1 in average) than the 2008 season. The highest 

differences occurred during May and mid-July. Summarizing, the 2009 

season was drier, warmer and the evaporative demand was higher. Thus 

the total season ETo estimated at the ‘grass station’ for the period from 15 

May to 30 September was 938 mm for 2009 and 842 mm for 2008. 

  

 

Figure 22. Weekly meteorological conditions during 2008 and 2009 (15 May to 30 

September) recorded at the ‘grass station’. A Total precipitation; B mean air 

temperature; C mean vapor pressure deficit; and D mean wind speed at 2.0 m above 

ground 

 

Some differences in the phenology of the studied cultivars were observed 

for both years (Table 11). For Crimson, despite a later budbreak, the 2009 

season was about one month shorter than that for 2008. The season length 

for Autumn Royal from budbreak to harvest during 2009 also was sharply 

shorter (35 days) than that for Crimson. The measurements taken in this 

study started around three weeks before veraison in 2008 and about 1-2 

weeks before flowering in 2009. The different phenology observed for 

Crimson for both seasons was due to the warmer conditions of 2009 for the 

period from 15 May to 30 September (Figure 22). These warmer conditions 

for 2009 led to a higher cumulative TU value for Crimson from budbreak to 

harvest: 2381 °C for 2009 and 2245 °C for 2008. The cumulative TU values 
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before 15 May indicate that early spring was colder for 2009 and this would 

explain the later budbreak for Crimson. But, as the 2009 season was warmer 

since the end of May (Figure 22), the cumulative TU for Crimson exceeded 

that for 2008 and then the development of Crimson fastened compared to 

2008. As a consequence, flowering dates were similar for both years, while 

veraison and harvest dates occurred sooner for 2009. A similar behaviour 

was observed for Autumn Royal (Table 11). Its shorter season length as 

compared to Crimson is also reflected in a lower value of cumulative TU 

value from budbreak to harvest (2140 °C). 

 

Table 11. Phenological stages of the studied table grape cultivars during 2008 and 2009. 

Cultivar Years Budbreak Flowering Veraison Harvest 

Crimson 
2008 

5 March 
(0) 

20 May 
(382) 

7 August 
(1433) 

20 October 
(2245) 

2009 
23 March 

(0) 
20 May 

(333) 
22 July 
(1281) 

5 October 
(2381) 

Autumn Royal 2009 
8 April 

(0) 
28 May 

(377) 
15 July 
(1123) 

16 September 
(2140) 

Values between brackets represent cumulative thermal units since (°C) budbreak 

 

Figure 23 shows the evolution of GCF along both 2008 and 2009 seasons. 

Most of the measurements were taken for a GCF above 70-80%, i.e. during 

the mid-season stage as defined by Allen et al. (1998), except for those 

during May, taken during the last part of the development stage. For both 

cultivars and seasons, GCF started to decline slightly after reaching a 

maximum value of 90% around mid-August (day of the year, DOY, 230) 

(Figure 23). For Crimson during 2009, the decline in GCF was slightly 

higher because the farm’s manager made a leaf clearance at the beginning 

of August in the middle area between rows to improve colour uniformity of 

the berries.  
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Figure 23. Measured values of ground cover fraction for cultivars Crimson (seasons 

2008 and 2009) and Autumn Royal (season 2009) 

 

For the period from 15 May to 30 September, the irrigation amounts 

applied for Crimson for 2009 (532 mm) were higher than for 2008 (446 

mm) as a consequence of the meteorological conditions (warmer and drier 

for 2009) (Table 12). The largest differences were observed for May to July 

when the differences between the meteorological conditions among the 

two seasons were largest. The irrigation amounts applied for Autumn 

Royal for 2009 (581 mm) also were higher than those applied for Crimson 

for the same season (Table 12). The daily irrigation of Autumn Royal was 

generally split in two moments (night and noon) as the farm’s manager 

believed that this procedure would reduce the berry cracking problem that 

may appear with sudden supplies of great amounts of water (Blanco et al. 

2010). 

 

Table 12. Monthly irrigation amounts (mm) applied from 15 May to 30 September for 

each cultivar and season 

Cultivar Year May Jun Jul Aug Sep Total 

Crimson 
2008 20.7 85.0 145.5 122.8 71.7 445.7 

2009 44.6 117.5 181.2 126.1 63.1 532.5 

Autumn 

Royal 
2009 50.5 134.4 192.2 122.9 80.8 580.8 

 

Figure 24 shows the evolution of hourly soil water content along the 

measurement periods during 2008 and 2009 for both cultivars. These 

values must be considered as relative instead of absolute according to the 

manufacturer. There was a strong daily fluctuation in this variable due to 
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the daily drip irrigation. In general, the limits of these fluctuations kept 

around similar values along the season (Figure 24). Just after the irrigation, 

there was a sudden increase of the soil water content reaching the upper 

limits. Later, there was a smoother decrease of that variable as water 

infiltrated into the soil, was absorbed by the crop, and drained out the root 

zone. Some drainage was required to keep the soil salinity within the 

current values (Table 1). These fluctuations were larger at 0.1 m, i.e. near 

soil surface, and shorter at 0.2 and 0.3 m. There was a period (second half 

of June 2009) with a lack of daily fluctuations due to maintenance and 

repairing of the irrigation pump system. Therefore, these values suggest 

that the crop was sufficiently watered and did not suffer water stress, i.e. 

the measured transpiration values correspond to a cropping system under 

optimal conditions. For 2009, Ψstem values recorded at three different dates 

(5 August, 2 September and 2 October for Crimson; 16 July, 26 August and 

2 September for Autumn Royal) ranged from -0.41 to -0.88 MPa for 

Crimson and from -0.49 to -0.61 MPa for Autumn Royal. These values 

were below the threshold values for setting water stress for table grapes 

(Patakas et al., 2005; Williams and Baeza, 2007).  
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Figure 24. Hourly soil water content values recorded at different depths during the 

measurement periods for 2008 (cultivar Crimson) and 2009 (cultivars Crimson and 

Autumn Royal). Values are the averages of two access tubes installed at 0.5 and 1.25 m 

from the central vine. 

 

III.3.2. Transpiration 
 

In average, the ratios of Rsol, U2, Ta and RH at the Crimson subplot to the 

corresponding variables at the ‘grass station’ were 0.865, 0.153, 1.014 and 

1.027, respectively. Using these ratios to ‘correct’ the meteorological values 

recorded at the ‘grass station’, the ratio of the ‘corrected’ ETo to that 

originally computed was 0.67 in average (Figure 25). Therefore it can be 

considered that that value, 0.67, can be used as a rough estimation of the 
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reduction coefficient for ET due to netting (Kne). Moratiel and Martínez-

Cob (2012) got a similar value, 0.65, both nettings were similar at the close 

Red Globe vineyard grown under similar netting. Möller and Assouline 

(2007) reported a 38% reduction (i.e. a reduction coefficient of 0.62) of 

sweet pepper ET due to reduced incoming Rsol and U2 because of the 

netting. It is also interesting to note that the ratio of Rsol at both stations 

indicate that, in average, the netting reduced incoming Rsol by about 13.5 

%, i.e. the netting reflected and absorbed about 13.5 % of the incoming 

Rsol.  

 

Figure 25. Comparison between the reference evapotranspiration (ETo) estimated 

using the meteorological variables recorded at the ‘grass station’ (“ETo without 

netting”) and the ETo estimated by ‘correcting’ those meteorological variables by their 

corresponding ratios to the recorded values at the Crimson station (“ETo with 

netting”). 

 

Thus assuming that Tc is almost equal to ETc in these types of table grape 

vineyards because of the high GCF, it could be possible to state that the 

netting would reduce Tc by about 30 to 35% although this figure requires 

further research due to the rough comparisons discussed in the previous 

paragraph. However the aim of this study was to get appropriate Kcbadj for 

the studied cropping system such that they could be applied following the 

guidelines by Allen et al. (1998). Remind that the ETo must be computed 

from meteorological variables recorded at reference stations. In addition, 

for the particular cropping system studied in this work, ETc = ETo x Kc x 
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Kne. Assuming that soil E is minimal for this cropping system due to the 

high GCF, ETc ≈ Tc and Kc ≈ Kcb. Then the above expression can be 

rewritten as Tc = ETo x (Kcb x Kne) such that Kcbadj = Kcb x Kne 

representing the ‘adjusted’ Kcb due to the netting. Remind that this study 

was done with the GCF of 70 % or higher (Figure 23), i.e. for the mid-

season and late-season crop growing stages. The effect of the netting on 

Kcb during early stages would require further research.  

Table 13 shows several statistics (mean, median, coefficient of variation, 

and percentiles 25 and 75 %) that allow the comparison of the Tc 

measurements within the same plant and between plants of the same 

cultivar. The measurement period actually available for each probe was 

used for these comparisons. These results show some differences between 

the values recorded by the two probes of the same plant; in general, the 

probes facing south recorded higher values.  

There was also variability noted between plants of the same cultivar likely 

due to factors such as differences in trunk diameter and actual ground area 

corresponding to each plant (Table 13). Because of the growing pattern of 

vines that makes almost impossible to adequately distinguish single crop 

canopies, the same ground area was assigned to each vine. For later 

analyses, the values of each plant were averaged to get a single data set for 

each cultivar. In the case of Autumn Royal, only two plants were averaged 

from 20 June to 21 August 2009. Because of electronic failure of the SF 

equipment, Tc values for Autumn Royal since 22 August to the end of the 

measurement period were lost. 
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Table 13. Statistics for the comparison of the transpiration measurements for the table 

grape vineyard within the same plant and between different plants of the same 

cultivar. 
  Crimson 2008(a)     Crimson 2009(b)     AutumnRoyal 2009(d) 

Parameter 

Vine 

 1 

Vine  

2     Vine 1 Vine 2 Vine 3     

Vine  

1 Vine 2 Vine 3 

Mean 4.1 3.9 3.2 5.1 3.8 3.7 3.4 3.6 

Median 3.9 4.0 3.1 5.3 3.9 3.6 3.4 3.5 

CV 14.8 8.3 17.2 18.8 15.1 16.7 15.6 23.0 

Percentile 25 3.6 3.7 2.8 4.3 3.3 3.2 3.0 2.9 

Percentile 75 4.2 4.1 3.6 5.9 4.3 4.0 3.8 4.0 

  Crimson 2009(b) Autumn Royal 2009 

Vine(*) 1 Vine 2 Vine 3 Vine 1 Vine 2 Vine 3 

Parameter N S N S N S N(c) S(c) N(d) S(d) N(c) S(e) 

Mean 2.5 3.8 4.8 5.4 3.8 3.8 4.2 3.5 2.5 4.3 5.6 - 

Median 2.6 3.7 5.0 5.6 3.8 4.0 4.2 3.6 2.4 4.3 5.7 - 

CV 18.2 21.7 20.3 18.4 36.2 16.1 46.9 47.0 43.5 44.0 30.9 - 

Percentile 25 2.1 3.1 3.9 4.7 3.4 3.3 3.9 3.2 2.2 3.7 4.4 - 

Percentile 75 2.9 4.5 5.7 6.1 4.3 4.3 4.6 3.8 2.6 4.9 6.6 - 
(a) 15 Jul to 30 Sep 2008; (b) 15 May to 30 Sep 2009; (c) 15 May to 21 Aug 2009; (d) 15 May to 19 Jun 2009; (e) no 
recordings were available 

 (*) Symbols N and S are used to distinguish measurements taken at north and south side of the same plant. 
 

There was a good agreement between our experimental results (Crimson 

Tc) and the Red Globe ETc values obtained at a neighbor vineyard (within 

the same commercial farm) by Moratiel and Martínez-Cob (2012). Figure 

26 shows the seasonal evolution of the daily values of both variables. 

There was a general agreement particularly during summer when soil E 

was minimized by the black plastic mulch used in the Red Globe vineyard 

and there was a little amount of rain (Figure 22). The difference observed 

at the beginning of the measurement period was due to the precipitation 

occurring on May 2008 increasing the soil E. Figure 27 shows that there 

was a good linear relationship between Crimson Tc and Red Globe ETc 

(coefficient of determination, 0.73). The simple linear regression equation 

depicted on Figure 27 was used to ‘transform’ our Tc values to ETc and 

then to estimate Crimson Kcadj which would represent the adjucted Kc to 

reflect the effect of the netting. The aim of this ETc and Kcadj estimation 

was to show the reliability of Tmax measurements in comparison to 

another method. Table 12 shows the differences between the Kcbadj 

experimental and the Kcadj estimated values for the year 2008 when both 

Crimson Tc and Red Globe ETc were measured. Those differences were 

minimal, around ±3%. These results suggest that our Tc values were 
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reliable and can be considered appropriate to obtain accurate Kcbadj for the 

studied cropping system. 

 

 

Figure 26. Evolution of Crimson daily transpiration (Tr-Cr) and Red Globe daily 

evapotranspiration (ETc-RGlb) during 2008 measuring season. 

 

 

Figure 27. Analysis of regression between Red Globe daily evapotranspiration (ETc-

RGlb) and Crimson daily transpiration (Tr-Cr) values for 2008 measuring season. 
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Table 14. Weekly averages of basal crop coefficients for Crimson during 2008: a) 

experimental values (Kcbadj); and b) adjusted using the linear regression in Figure 27 

(Kcadj). DOY, middle day of the year for each week. 

 

DOY Kcadj Kcbadj Difference 

200 0.59 0.58 0.01 

207 0.58 0.61 -0.03 

214 0.55 0.55 0.00 

221 0.59 0.61 -0.02 

228 0.60 0.60 0.00 

235 0.65 0.66 -0.01 

242 0.64 0.65 -0.01 

249 0.73 0.74 -0.01 

256 0.74 0.71 0.03 

263 0.85 0.82 0.03 

  

Figure 28 shows the evolution of the measured daily table grape Tc values 

and the estimates of ETo calculated from the recorded meteorological 

variables at the nearby ‘grass station’. In general terms, the trends of these 

lines were similar for both years. The highest values of measured Tc and 

estimated ETo were observed during mid-summer (July and August) 

when the evaporative demand was higher due to the general 

meteorological conditions (temperature and VPD). During 2009, the 

measured Tc values of both table grape cultivars were quite similar. For 

the period from 15 May to 21 August 2009, the average measured Tc was 

4.4 mm day-1 for Crimson and 4.3 mm day-1 for Autumn Royal; Tc totals 

for that period were 426 mm and 439 mm, respectively. Nevertheless, 

Autumn Royal showed slightly lower Tc values than Crimson at the 

beginning of the measurement period (Figure 28) due to the later start up 

of the development stages in Autumn Royal (Table 11). Later Autumn 

Royal showed slightly higher Tc values than Crimson because it reached 

slightly higher maximum GCF (Figure 23) and it also received slightly 

higher irrigation dose (Table 12). For Crimson, the differences between 

both seasons, 2008 and 2009, were also small for the period from 15 July to 

30 September: averages were 4.0 mm day-1 for 2008 and 3.9 mm day-1 for 

2009. Despite the different meteorological conditions in 2008 and 2009, the 

differences in Tc for Crimson between both seasons for the period from 15 

July to 30 September were practically negligible because the main 
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differences among meteorological conditions were observed during May 

and June (Figure 22). The maximum weekly averages of the measured Tc 

values were 4.7 mm day-1 (in 2008) and 4.8 mm day-1 (in 2009) for Crimson, 

and 5.3 mm day-1 (in 2009) for Autumn Royal. 

 

 

 

Figure 28. Daily values of measured table grape transpiration under the netting for 

cultivars Crimson (Tr - Cr) (seasons 2008 and 2009) and Autumn Royal (Tr - Au) 

(season 2009) and estimated ETo as a function of cumulative thermal units. 

 

The Tc values measured in this study are not directly comparable to those 

reported in previous works because the variables are different (Tc and 

ETc). In addition, average values for Crimson in 2008 and Autumn Royal 

in 2009 cannot be adequately compared with averages reported in other 

works for much longer measurement periods. Nevertheless, note that most 

Tc measurements in this work were done for a GCF above 80 %. Soil E 

occurs mostly at the wetted and sun exposed fraction of the soil surface 

(Allen et al. 1998), the air ventilation was highly reduced due to the 

netting, and precipitation was low, therefore, reduced soil E should be 

expected. The seasonal average Tc recorded for Crimson (2009 season, 

May to September) in this study was 4.0 mm day-1; discarding the netting 

effect, an average value of 6.0 mm day-1 would have been obtained, quite 

close to the average ET values reported by Netzer et al. (2009) and 

Williams and Ayers (2005). These authors studied the water use of table 

grape vineyards under semiarid climate and similar canopy architecture, 

with high ground cover fraction above 80 %. 
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III.3.3. Basal crop coefficient 
 

The weekly averages of Kcbadj obtained in this study for Crimson (seasons 

2008 and 2009) and Autumn Royal (season 2009) for the mid-season stage 

are presented as a function of FTU (Figure 29). In general, the values of 

Kcbadj for Crimson were similar for both seasons; during the period from 

15 July to 30 September, Kcbadj ranged from 0.55 to 0.82 for 2008 and from 

0.54 to 0.87 for 2009 while the average Kcbadj was 0.65 for both seasons. 

Likewise, values for Crimson and Autumn Royal for 2009 also were 

similar; during the period from 15 May to 21 August, Kcbadj ranged from 

0.54 to 0.67 for Crimson and from 0.47 to 0.75 for Autumn Royal, while the 

respective average Kcbadj values were 0.59 and 0.60. In average, 

considering together the three cultivar-season data sets, these values 

showed a gradual increase from about 0.50 at the beginning of the 

measurement period to about 0.60 at mid-June when a FTU value of about 

0.35 was reached (Figure 29). From mid-June to mid-August, values of 

Kcbadj were fairly stable, around 0.60. Later, an additional increase of the 

Kcbadj values was observed up to the end of the measurement period, 

reaching values of about 0.90. This later increase of Kcbadj was only 

observed for Crimson as no data were available for Autumn Royal after 

mid-August. 

This later increase of Kcbadj after mid-August does not mean that Crimson 

transpiration increased as it can be seen on Figure 29. The lower 

atmospheric evaporative demand after mid-August led to a decrease of 

both Tc and ETo. However, the decrease of Tc was slower than that of ETo 

leading to that increase of Kcbadj. This behavior was likely due to several 

factors. When ETo is low, a small energy supply, for instance from canopy 

or soil, may enable an increase in the crop coefficient (Testi et al. 2006). The 

summer pruning in mid-August increased the amount of leaf area exposed 

to direct sunlight and allowed a better air circulation within the canopy. 

Williams and Ayars (2005) reported that leaf area exposed to direct 

sunlight determines more the water use of a grapevine than the total 

amount of leaf per vine. Finally, the intense metabolic activity occurring 

after veraison may have contributed to make the Tc decrease slower as 

compared to that of ETo after that phenological stage. 



Results and discussion 

90 
 

 

 

Figure 29. Weekly averages of measured basal table grape coefficient under the netting 

for cultivars Crimson (seasons 2008 and 2009) and Autumn Royal (season 2009) as a 

function of fraction of thermal units. 

 

Williams and Ayars (2005) showed a relatively similar pattern for the Kc 

curve of Thompson Seedless table grape under semiarid climate, i.e. a 

gradual increase and a plateau from end-June to end-August. However, 

they did not show a later increase of the Kc curve as no data were 

presented after that date. Williams and Ayars (2005) published an average 

plateau Kc value of about 0.90 for a GCF of 80% although this average Kc 

value increased up to about 1.25 for the short period when the authors 

raised the canopy curtain to increase shaded area. Also for semiarid 

climates, Netzer et al. (2009) showed Kc values continuously increasing up 

to values of about 1.30 for Superior Seedless table grape due to a 

concomitant increase of leaf area index even after harvest (which occurred 

about 1.5-2.0 months before than harvest date observed in this study). The 

Kc values of Netzer et al. (2009) showed even a slightly increase when the 

leaf area index had already started to decline. The Kc values of those two 

works cannot directly be compared to the Kcbadj values obtained here as 

they represent two different variables: ETc and Tc, respectively. 

Nevertheless, the soil E term of ET should be small for table grapes with 

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0.0 0.2 0.4 0.6 0.8 1.0

B
A

S
A

L
 C

R
O

P
 C

O
E

FF
IC

IE
N

T,
 u

ni
tl

es
s

FRACTION OF THERMAL UNITS, unitless

Crimson 2008

Crimson 2009

Autumn 2009

Regression

y = 1.9051x3 - 2.7244x2 + 1.3084x + 0.3896
R²adj = 0.6879



Results and discussion 

91 
 

GCF reaching values of 80% and above. Discarding the reduction 

coefficient due to the netting, the seasonal average Kcbadj obtained in this 

work would have been relatively close to those reported by Netzer et al. 

(2009) and Williams and Ayars (2005). 

On the other hand, Allen and Pereira (2009) listed tabulated mid-season 

values of Kcb = 1.05 for table grapes for a ground cover fraction above 

70%. The average wind speed and RHn recorded during the mid-season at 

the ‘grass station’ were used to correct the tabulated Kcb following Allen 

et al. (1998) and Allen and Pereira (2009). After multiplying by Kne = 0.67, 

the Kcb values for this cropping system (mid-season) estimated using FAO 

procedure were about to 0.73 to 0.76 slightly higher than the Kcbadj 

estimated for the mid-season in this work. Allen and Pereira (2009) did not 

provide any further information (trellis system, distance between vines, 

climatological conditions) that could help to explain such a difference. 

Rana et al. (2004) reported a crop coefficient reduction of only 14% for 

table grape Italia under thin plastic netting. This netting was different to 

that of this study and this could be the reason for this lower reduction 

effect of the netting. 

Obtained Kcbadj during years 2008 and 2009 in Crimson and Autumn 

Royal vineyards are used with the FTU and weather data to analyze the 

relation for the Kcbadj modeling. In this case, only FTU resulted to be 

significant to explain the Kcbadj variability. The coefficient of determination 

(R2adj) of the polynomial fit to the measured Kcbadj values was relatively 

high (about 69%) indicating that a relatively great proportion of the 

variability observed for Kcbadj was explained by FTU (Figure 29). This 

value of R2adj was slightly lower than those reported in previous works 

where curves of crop coefficient versus TU or FTU were obtained (Steele et 

al. 1996; Martínez-Cob 2008).  

It should be expected that FTU cannot completely explain the variability of 

Kcbadj as crop development is highly but not completely affected by 

thermal units; other climatic, plant, soil and management factors should be 

considered to estimate Kcb curves. Other variables, such as GCF and leaf 

area index have also shown to be appropriate to develop crop coefficient 

curves (Allen and Pereira 2009; Netzer et al. 2009; Williams and Ayars 

2005, among others). These variables are easy to measure by scientific 
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groups and to describe quite well crop development. But these variables 

are not readily available to farmers for routinely use in irrigation 

scheduling. Variables such as TU are more suitable for the purpose of 

routinely estimation of crop coefficients by farmers because it can be easily 

obtained from the Ta records of standard weather station networks. Other 

weather data did not show the significant influence on Kcbadj variability 

probably because they were retrieved from the standard weather station 

where the conditions are different from the microclimate created by the 

netting in the vineyards. The polynomial curve displayed on Figure 29 

should be limited to the late development and mid-season stages. In 

addition it is only valid for cropping conditions (particularly netting) 

similar to those of this study. The reduction in Tc and Kcb due to the 

netting would require further studies to determine more appropriate 

reduction coefficients. Likewise, this equation should be still validated for 

other cultivars requiring different cumulative thermal units from 

budbreak to harvest. 

 



 

 

 

 

 

 

 

 

CHAPTER IV 

Conclusions  

  



 

 

 

 



Conclusions 

 95  
 

Conclusions 
 

After comparison between two methods of SR, that do not need 

calibration, based on energy balance closure to find the most adequate one 

for the sparse peach orchard ET measurement (Objective 1), following is 

concluded. When considering all stability conditions together, the energy 

imbalance for SRCas results, expressed in terms of the statistics D, was quite 

good, about 2 to 6 %, while the D statistics for the imbalance for SRShap was 

similar to that for EC, about 13 %. Taking into account together the 

different statistics, D, slope, intercept and RMSE, it can be stated that SRCas 

has shown similar or slightly better energy balance closures. SRShap has 

shown similar tendency like SRCas but the performance was poorer. SRShap 

should be tested in the future because of the limited number of data points 

it yielded for the measurement set in this thesis and for the calculation 

procedure itself. However it has shown that the same principles apply in 

the sparse crops as earlier shown in short homogenous crops or bare soil. 

It also showed potential application in LE and, therefore ET estimation. 

A good correlation between turbulent fluxes obtained by EC and SRCas (‘all 

stability periods’ and ‘unstable periods’ cases) was found with R2 ranging 

between 0.82 and 1.00. Some overestimation in fluxes determined by SRCas 

was noticed in agreement with earlier published works in homogeneous 

canopies. Expressing the RMSE values between LEEC and LESRCas in terms 

of water depth (ET), the average uncertainty of the SRCas method compared 

to the EC method was very small, around 0.07 mm h-1. These results 

confirmed the auto-calibration feature of the SRCas method for all 

atmospheric stability conditions despite that some lack of similarity for 

temperature and water vapor exchange is possible under stable 

atmospheric conditions. 

Turbulent fluxes estimated by EC and SRShap were also highly correlated, 

for the case ‘all stability periods’, with corresponding R2 values ranging 

between 0.68 and 0.79. Better correlation was observed in H fluxes 

comparison. In the absence of a more accurate SRShap application, method 

SRCas seems to be useful as an interesting alternative to the EC for the 

irrigation management in sparse crops for its high performance in the 
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statistical comparison and due to its capability of independently deriving 

α values for each flux calculation. 

When SRCas was applied over three years of data recorded by the EC 

equipment for early-maturing peach crop (Objective 2), the experimental 

daily evapotranspiration (ETcexp) values ranged between 2.8 to 6.5 mm day-

1 in 2010, with an average of 4.9 mm day-1, while they were 2.2 to 6.2 mm 

day-1 in 2011, with an average of 4.5 mm day-1. These values were 

somewhat smaller than those reported in previous works but they were in 

accordance with the low full GCF (around 0.5-0.6) reached by this crop 

because of the typical management practices in the area. 

For 2010 and 2011, Kcexp values were about 0.4 to 0.6 in the crop 

development stage, with an average of 0.48; they increased up to values of 

0.8 around harvest and slightly decreased at about 0.75 after harvest; the 

average Kcexp was about 0.70 during the whole mid-season stage. Finally, 

there was some increase late in the season up to 0.85-0.9 due mainly to the 

soil and canopy intercepted rain water evaporation because of the late-

season rain events. Average Kcexp for the whole end-season stage was 

about 0.72. 

The early-maturing Kcexp values for 2010 and 2011 were used to develop a 

model of crop coefficient as a function of FTU and additional weather 

variables (Objective 4). Cumulative total thermal units from bloom to leaf 

fall were similar for the three years of early-peach orchard. A backward 

stepwise regression analysis was used to analyze the significance of the 

appropriate variables. Using a 3rd-degree polynomial of FTU explained 59 

% of the observed variability in Kcexp. By adding more meteorological 

variables, natural logarithm of minimum relative humidity and 5-days 

cumulative precipitation, the model explained up to 73 % of the Kcexp 

values. All variables needed for the model are easily accessible from 

networks of standard weather stations. 

The fit model was validated using Kcexp and ETcexp values obtained in 2009. 

The results showed a good agreement between modeled and experimental 

values of ET: regression slope was 1.029 (no significantly different than 1.0, 

for level of significance 0.05), R2 = 0.875, RMSE = 0.45 mm day-1, and dr = 

0.77. These results suggest the validity of the fit model (Model 3 in Table 

10) to estimate early-maturing peach ET under the ground cover fraction, 
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shallow soils and semiarid conditions of this study. This model should be 

validated in other orchards to confirm its applicability as there was a 

limitation to validate it using only one season (2009), the same study area 

and the crop was under mild to moderate water stress. 

Application of sap flow Tmax method in vineyard bellow netting showed 

to be adequate to capture the Tc variability (Objective 3). Similar Tc and 

Kcbadj were measured in this experiment for both studied cultivars, 

Crimson for two seasons (2008 and 2009) and Autumn Royal for one 

(2009). Most of the differences in meteorological conditions in both years 

were observed from May to June, and as most of the measurements were 

carried from July to September, only slight differences were observed 

between Tc rates of both cultivars. For the corresponding shared 

measurement periods, average Tc values for Crimson and Autumn Royal 

for 2009 were 4.4 and 4.3 mm day-1, respectively, while average Tc values 

for Crimson for 2008 and 2009 were 4.0 and 3.9 mm day-1, respectively. 

Likewise, for the corresponding shared measurement periods, values of 

Kcbadj for Crimson and Autumn Royal ranged from 0.54 to 0.67 (average 

0.59) and from 0.47 to 0.75 (average 0.60), while values of Kcbadj for 

Crimson for 2008 and 2009 ranged from 0.55 to 0.82 (average 0.65) and 

from 0.54 to 0.87 (average 0.65), respectively. The shorter development 

length and the slightly higher GCF of Autumn Royal would explain the 

small differences among these two cultivars. Additionally, these results 

point out to that the presence of netting system has reduced the Tc rates. 

Further research would be required to obtain more accurate reduction 

coefficients due to netting. 

A polynomial equation was fit to the table grape Kcbadj as a function of 

FTU (Objective 4). A 3rd-degree polynomial of FTU explained 69 % of the 

observed variability in Kcbadj. Other weather variables were not significant 

for the Kcbadj analysis likely because the crop was under the netting and 

the variability in such microclimate conditions was smoothed. The 

obtained equation could help farmers to easily estimate the table grape 

Kcb under the netting. However this equation should be limited to the late 

development and mid-season stages and similar conditions of this study.  

After further validation for other cultivars with different cumulative 

thermal requirements, the equations developed in this thesis could be 

considered helpful for farmers as a practical estimation procedure of Kc or 
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Kcbadj. All variables needed for the models are easily accessible from 

networks of standard weather stations. 
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Conclusiones  
 

Se compararon dos métodos de SR que no necesitan calibración para 

determinar su fiabilidad para medir la ET de una plantación de 

melocotonero (Objetivo 1). Esta comparación se basó principalmente en el 

cierre del balance de energía. En el caso de ‘todas las condiciones de 

estabilidad’, el cierre del balance de energía para el método SRCas, 

expresado en términos del índice estadístico D, fue bastante bueno, entre 2 

y 6 %, mientras el mismo índice para el método SRShap fue más parecido al 

del método EC, 13 %. Teniendo en cuenta conjuntamente distintos 

parámetros estadísticos (D, la pendiente y la ordenada en el origen del 

análisis de regresión y el RMSE) se puede concluir que el método SRCas ha 

mostrado unos resultados parecidos o ligeramente mejores con respecto al 

cierre del balance de energía que el método EC. El método SRShap ha 

mostrado una tendencia parecida al método SRCas, pero con unos 

resultados algo peores. El método SRShap debería experimentarse en el 

futuro por las limitaciones en el número de datos registrados en esta tesis 

doctoral y también por las limitaciones del presente procedimiento del 

cálculo. Sin embargo, se ha mostrado que los mismos principios aplicados 

anteriormente en cultivos homogéneos de porte bajo o en suelo desnudo se 

pueden aplicar asimismo en una plantación frutal, en la que el grado de 

cobertura del suelo es relativamente moderado, para determinar LE y, por 

tanto, la ET. 

La correlación entre los flujos turbulentos obtenidos por los métodos EC y 

SRCas (en los casos de ‘todas las condiciones de estabilidad atmosférica’ y 

‘condiciones inestables’) fue grande, con valores de R2 entre 0.82 y 1.00. 

Los flujos obtenidos con el método SRCas presentaron cierta sobrestimación 

lo que concuerda con los resultados publicados anteriormente para 

cultivos homogéneos de porte bajo. Expresando los valores de RMSE entre 

LEEC y LESRCas en términos de cantidad de agua (ET), la incertidumbre 

promedia del método SRCas en comparación con el método EC, fue 

pequeña, 0.07 mm h-1. Estos resultados confirmaron la posibilidad de auto-

calibración del método SRCas bajo distintas condiciones de estabilidad 

atmosférica a pesar de la posible falta de semejanza en el transporte de 

vapor de agua y temperatura en el caso de ‘condiciones estables’. 
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Asimismo, los flujos turbulentos obtenidos con los métodos EC y SRShap 

también mostraron una buena correlación, con unos valores de R2 entre 

0.68 y 0.79. Esta correlación fue mayor para los valores de H.  

A falta de una aplicación mejor del método SRShap, el método SRCas ha 

mostrado ser una alternativa interesante frente el método EC para 

determinar la ET de plantaciones frutales debido a los buenos resultados 

obtenidos en la comparación estadística y a su capacidad de estimar 

independientemente los valores de α en el cálculo de los flujos turbulentos 

H y LE. 

El método SRCas se aplicó a los datos registrados con un equipo EC durante 

tres años en el melocotonero temprano (2009 a 2011) (Objetivo 2). Los 

valores de ET experimental (ETcexp) variaron entre 2.8 y 6.5 mm dia-1 en 

2010, con un promedio de 4.9 mm día-1, mientras que variaron entre 2.2 y 

6.2 mm día-1 en 2011, con un promedio de 4.5 mm día-1 Estos valores 

fueron algo menores que los publicados en trabajos anteriores, pero se 

ajustaron a los relativamente moderados valores de GCF (0.5-0.6) típicos 

para plantaciones frutales de melocotonero en la zona de estudio. 

En los años 2010 y 2011, los valores de Kcexp variaron entre 0.4 y 0.6 en la 

fase inicial del desarrollo del cultivo, con una media de 0.48; luego 

aumentaron hasta 0.8 durante la cosecha y descendieron ligeramente hasta 

0.75 después de la cosecha; la media de Kcexp para toda la fase fenológica 

de mediados fue 0.70. Finalmente, se observó un incremento al final del 

periodo vegetal hasta valores de 0.85-0.90 debido principalmente a la E del 

agua de suelo y la lluvia interceptada después de las lluvias del otoño. La 

media de los valores de Kcexp para la fase final fue de 0.72. 

Los valores de Kcexp del melocotonero temprano en los años 2010 y 2011 se 

usaron para desarrollar un modelo para estimar coeficientes del cultivo en 

función de la FTU y variables meteorológicas adicionales (Objetivo 4). Los 

valores totales acumulados de la integral térmica desde la floración hasta 

la caída de hojas fueron parecidos para los tres años experimentales de 

melocotonero temprano. Un análisis de regresión escalonada hacia atrás 

fue aplicado para seleccionar las variables independientes más adecuadas. 

El modelo en el que el Kc se estimaba a partir de un polinomio de tercer 

grado de FTU explicó un 59 % de la variabilidad del Kcexp. Añadiendo 

otras variables meteorológicas, el logaritmo natural de la humedad 
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relativa mínima y la precipitación acumulada en los 5 días previos, el 

modelo explicó hasta un 73 % de la variabilidad del Kcexp.  

El ajuste fue validado usando valores de Kcexp y ETcexp obtenidos en el año 

2009. Los resultados mostraron una buena similitud entre los valores de 

ET modelados y medidos: pendiente de la regresión fue 1.029 (no 

significativamente distinta de 1, para un nivel de significación de 0.05), R2 

= 0.875, RMSE = 0.45 mm dia-1, y dr = 0.77. Estos resultados sugieren la 

validez del modelo de ajuste (Modelo 3 en la Tabla 10) para estimar la ET 

del melocotonero temprano en las condiciones de moderada fracción de la 

cubierta vegetal (0.5-0.6), suelos poco profundos y clima semiárido de este 

ensayo. Este modelo debería validarse en otros cultivos para confirmar su 

aplicabilidad debido a las limitaciones de validarlo usando solo un año 

(2009) y al ligero estrés hídrico mostrado en dicho año. 

El método Tmax de flujo de savia mostró ser adecuado para medir la Tc de 

un viñedo bajo malla protectora y en conducción en parra (Objetivo 3). Los 

valores medidos de Tc y Kcbadj han sido en general parecidos para ambos 

cultivares, Crimson (años 2008 y 2009) y Autumn Royal (año 2009) 

probablemente a causa de las pequeñas diferencias observadas en las 

condiciones meteorológicas en el periodo de medidas, julio a septiembre, 

entre ambos años. En los periodos comunes de medidas, las medias de los 

valores de Tc para Crimson y Autumn Royal en el año 2009 fueron 4.4 y 

4.3 mm dia-1, respectivamente, mientras que las medias de los valores de 

Tc de Crimson para los años 2008 y 2009 fueron 4.0 y 3.9 mm dia-1, 

respectivamente. Igualmente, para los correspondientes periodos comunes 

de medidas, los valores de Kcbadj para Crimson y Autumn Royal variaron 

entre 0.54 y 0.67 (0.59 en promedio) y entre 0.47 y 0.75 (0.60 en promedio), 

mientras los valores de Kcbadj para Crimson de los años 2008 y 2009 

variaron entre 0.55 y 0.82 (0.65 en promedio) y entre 0.54 y 0.87 (0.65 en 

promedio), respectivamente. Un periodo inicial de desarrollo más corto y 

una mayor GCF de Autumn Royal podrían explicar la pequeña diferencia 

entre estos dos cultivares. Asimismo, estos resultados destacan que el uso 

de malla redujo las tasas de Tc. Posteriores trabajos podrían permitir afinar 

en la estimación del coeficiente reductor Kne debido a la malla. 

En el caso de uva de mesa bajo malla, se seleccionó un modelo de 

polinomio de tercer grado de la FTU como mejor ajuste a la curva de Kcbadj 

(Objetivo 4). Este modelo explicó un 69% de la variabilidad observada in 
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Kcbadj. La adición de otras variables meteorológicas no fue significativa; 

probablemente la presencia de la malla creó un microclima y suavizó la 

variabilidad meteorológica. 

Aunque aún deberían validarse en otros cultivos y prácticas de cultivo, los 

modelos desarrollados en esta tesis doctoral se presentan como 

herramientas útiles y sencillas para los agricultores para una estimación 

práctica de los coeficientes Kc o Kcbadj. Todas las variables necesarias para 

aplicar estos modelos se pueden obtener fácilmente de redes de estaciones 

meteorológicas ya operativas. 
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Transpiration of table grape (Vitis vinifera L.) trained on an 

overhead trellis system under netting 

 

K. Suvočarev,   O. Blanco,    J. M. Faci,    E. T. Medina,    A. Martínez-Cob, 

2013. Irrigation Science, 31 (6):1289-1302 

 

Abstract 

The quantification of transpiration and corresponding basal crop 

coefficients is crucial for appropriate irrigation scheduling of drip-irrigated 

crops. Besides basal crop coefficients already published, there is the 

announcing need for setting values for the new growing practices such as 

cropping under netting. In this paper, measurements of unstressed table 

grape transpiration and basal crop coefficients under netting have been 

taken. Vineyards of two seedless cultivars (Crimson and Autumn Royal) 

were trained on an overhead trellis system which permitted the ground 

cover to reach values up to 90 %. Two campaigns of mid-season 

measurements were performed using one of the heat pulse techniques 

available (that known as the Tmax approach). Obtained values for average 

seasonal daily transpiration ranged between 3.9 and 4.4 mm day−1, for both 

cultivars, depending on the period considered. Weekly averages of the 

basal crop coefficients, from mid-May to end-September, ranged from 0.47 

to 0.87. A polynomial equation was fit to the measured basal crop 

coefficients as a function of fraction of thermal units. After further 

validation for other cultivars with different cumulative thermal 

requirements, this equation could be considered helpful for farmers as a 

practical estimate of the table grape basal crop coefficient under the netting.  
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Surface renewal performance to independently estimate 

sensible and latent heat fluxes in heterogeneous crop surfaces 

 

K. Suvočarev, T.M. Shapland, R.L. Snyder, A. Martínez-Cob, 2014. Journal 

of Hydrology 509:83–93  

 

Abstract 

Surface renewal (SR) analysis is an interesting alternative to eddy 

covariance (EC) flux measurements. We have applied two recent SR 

approaches, with different theoretical background, that from Castellví 

(2004), SRCas, and that from Shapland et al. (2012a,b), SRShap. We have 

applied both models for sensible (H) and latent (LE) heat flux estimation 

over heterogeneous crop surfaces. For this, EC equipments, including a 

sonic anemometer CSAT3 and a krypton hygrometer KH20, were located 

in two zones of drip irrigated orchards of late and early maturing peaches. 

The measurement period was June–September 2009. The SRCas is based on 

similarity concepts for independent estimation of the calibration factor (α), 

which varies with respect to the atmospheric stability. The SRShap is based 

on analysis of different ramp dimensions, separating the ones that are flux-

bearing from the others that are isotropic. According to the results 

obtained here, there was a high agreement between the 30-min turbulent 

fluxes independently derived by EC and SRCas. The SRShap agreement with 

EC was slightly lower. Estimation of fluxes determined by SRCas resulted in 

higher values (around 11% for LE) with respect to EC, similarly to 

previously published works over homogeneous canopies. In terms of 

evapotranspiration, the root mean square error (RMSE) between EC and 

SR was only 0.07 mm h-1 (for SRCas) and 0.11 mm h-1 (for SRShap) for both 

measuring spots. According to the energy balance closure, the SRCas 

method was as reliable as the EC in estimating the turbulent fluxes related 

to irrigated agriculture and watershed distribution management, even 

when applied in heterogeneous cropping systems. 2013 Published by 

Elsevier B.V. 
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Use of thermal units and weather data for crop coefficient 

modeling of Mediterranean early-maturing peach orchards 
 

Kosana Suvočarev and Antonio Martínez-Cob, 2014. Under review for its 

publication in Agricultural Water Management 

 

Abstract 

Peach orchards are the first stone-fruit crop by surface area in 

Mediterranean areas and its production is highly dependent on irrigation. 

Improving the water use in irrigation would result in a better water 

demand management of a basin. Practical approaches to manage the real-

time irrigation scheduling are preferred. We propose here a model that 

accounts for the fraction of thermal units (FTU) and weather data when 

estimating crop coefficient (Kc) for determining the crop water 

requirements of a drip-irrigated early-maturing peach crop. Experimental 

measurements were carried out during three years, from 2009 to 2011, by 

the surface renewal method as proposed by Castellvi et al. (2006; 2008). 

The measured early-maturing daily evapotranspiration values ranged 

between 2.2 to 6.5 mm day-1 in 2010 and 2011, with seasonal averages of 4.5 

to 4.9 mm day-1. The experimental Kc values (Kcexp) for 2010 and 2011, 

which ranged between 0.4 and 0.9, were used to develop a Kc model. The 

model included a 3rd–degree polynomial of FTU, the natural logarithm of 

minimum relative humidity and the cumulative precipitation for the 5 

previous days and was able to explain up to 73 % of the Kcexp variability. 

The model was validated using measurements obtained in 2009. The 

results showed a good agreement between modeled and experimental 

values of evapotranspiration (root mean square error of 0.45 mm day-1, 

and refined index of agreement of 0.77) even the crop was under mild 

water stress during the validation year. All variables needed for the model 

are easily accessible from networks of standard weather stations.
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