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Mención de Doctorado Internacional 

 

Esta tesis reúne los requisitos establecidos en el artículo 35 de Normativa de Doctorado 

de la Universidad de Córdoba para la obtención del Título de Doctor con Mención 

Internacional: 

 

 Estancia internacional predoctoral de 6 meses (2 Marzo de 2015 – 2 Septiembre 

de 2015) en University of Nebraska Lincoln, School of Natural Resources and 

Civil Engineering (Nebraska, EE.UU). Supervisora: Dra. Ayse Kilic. 

 

La tesis cuenta con el informe previo de dos doctores externos con experiencia 

acreditada pertenecientes a alguna institución de educación superior o instituto de 

investigación distinto de España: 

 

 Dr. Ricardo Trezza. University of Idaho (EE.UU). Department of Water 

Resources. 

 

 Dra. Isabel Poças. University of Porto (Portugal). Department of Geosciences, 

Environment and Spatial Planning. 

 

Un doctor perteneciente a alguna institución de educación superior o centro de 

investigación no español forma parte del tribunal evaluador de la tesis. 

 

 Dr. Giuseppe Ciraolo. Università degli Studi di Palermo (Italia). Dipartimento di 

Ingegneria Civile, Ambientale, Aerospaziale, dei Materiali. 

 

La Tesis se ha redactado en inglés y será presentada en dos idiomas: castellano e inglés. 

 

 

El doctorando 

 

 

Fdo. Juan Miguel Ramírez Cuesta  
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SSCI). 

 

Publicaciones: 
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weather forecast data for irrigation scheduling under semi-arid conditions. Irrigation 

Science, 33: 411–427. https://doi.org/10.1007/s00271-015-0478-0. 

JCR 2015: índice de impacto 1.948; posición 18/83 y 1er cuartil en el área temática 

Agronomy. 

 

II. Ramírez-Cuesta, J. M.; Cruz-Blanco, M.; Santos, C.; Lorite, I. J., 2017. Assessing 

reference evapotranspiration at regional scale based on remote sensing, weather forecast 

and GIS tools. International Journal of Applied Earth Observation and Geoinformation, 
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JCR 2017: índice de impacto 4.003; posición 7/30 y 1er cuartil en el área temática 

Remote Sensing. 

 

III. Ramírez-Cuesta, J. M.; Kilic, A.; Allen, R.; Santos, C.; Lorite, I. J., 2017. 

Evaluating the impact of adjusting surface temperature derived from landsat 7 ETM+ in 
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Journal of Remote Sensing, 38: 4177–4205. 

https://doi.org/10.1080/01431161.2017.1317939. 

JCR 2017: índice de impacto 1.782; posición 11/27 y 2º cuartil en el área temática 

Imaging Science & Photographic Technology. 
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IV. Ramírez-Cuesta, J. M.; Allen, R. G.; Zarco-Tejada, P. J.; Kilic, A.; Santos, C.; 

Lorite, I. J., 2019. Impact of the spatial resolution on the energy balance components on 
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Geoinformation, 74: 88-102. 
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doctorando: 
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investigación en la ingenieria agraria, alimentaria, forestal y del desarrollo rural 

sostenible" (Año 2013/2014). 

 

 Impartición del seminario titulado "Aplicación de técnidas de teledetección a 

diferentes escalas para la mejora de la gestión de los recursos hídricos" en el 

centro IFAPA, Alameda del Obispo, (Año 2013/2014). 

 

 Movilidad en Universidad de Nebraska-Lincoln (Nebraska, USA) bajo la 

supervisión de la Dra. Ayse Kilic (Año 2014/2015). 

 

 Asistencia a la Jornada del día 27 de Noviembre de 2015 correspondiente a la 

actividad "Mejora de la empleabilidad y orientación laboral" impartida por 
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 Asistencia a la Jornada "Retos de la Alimentación Sostenible" correspondiente a 

la actividad "Seminarios de actualidad sobre los retos de la investigación en la 

ingenieria agraria, alimentaria, forestal y del desarrollo rural sostenible" (Año 

2016/2017). 

 

 Visita a la empresa Limagrain Ibérica S.A. como parte de la actividad formativa 

"Visita a centros, grandes instalaciones y laboratorios de investigación del sector 
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base del crecimiento empresarial en el sector Agro. Programa de mejora en la 
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actualidad sobre los retos de la investigación en la ingenieria agraria, alimentaria, 

forestal y de desarrollo rural sostenible" (Año 2016/2017). 

 

 Asistencia a la Jornada "La innovación como base del crecimiento empresarial 

en el sector Agro. Programa de mejora en la empresa EUROSEMILLAS" 

correspondiente a la actividad "Seminarios de actualidad sobre los retos de la 

investigación en la ingenieria agraria, alimentaria, forestal y del desarrollo rural 
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 Notion de Teledetection – Application aux Images Sentinel 1. Toulouse 
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Observation and Geoinformation, 73: 786-799. 

 

 Ramírez-Cuesta, J. M.; Mirás‐Avalos, J. M.; Cancela, J. J.; Intrigliolo, D. S., 

2018. Integración de la ecuación universal de pérdida de suelo (RUSLE) y 

técnicas de teledetección para la determinación de la variabilidad espacial de la 

erosión. En: García-Tomillo, A.; Lado-Linares, M.; Vidal-Vázquez, E.; da Silva-

Dias, R.; Mirás-Avalos, J. M.; Paz-González, A., 2018. VIII Conference on Soil 

Use and Management: Abstract book (I. S. B. N.: 978‐84‐9749‐684‐1). 

 

 Intrigliolo, D. S.; Moreno, M. A.; Jiménez-Bello, M. A.; Ramírez-Cuesta, J. M., 

2018. Aplicaciones de drones y satélites en la gestión de cultivos en climas 

semi-áridos. En: Cancela-Barrio, J. J.; González-Vázquez, X. P., 2018. Actas de 

Horticultura 78: Colección de Actas de Horticultura (I. S. B. N.: 978-84-697-

9314-5). 
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 Ramírez-Cuesta, J. M.; Zarco-Tejada, P. J.; Testi, L.; Lorite, I. J.; Rubio-

Asensio, J. S.; Intrigliolo, D. S.; González-Dugo, V., 2017. Water stress 

quantification for a peach orchard by integrating CWSI with the METRIC 

energy balance model using thermal and hyperspectral images of high spatial 

resolution. En: Ruiz, L. A.; Estornell, J.; Erena, M., 2017. Teledetección: 

Nuevas plataformas y sensores aplicados a la gestión del agua, la agricultura y el 

medio ambiente (I. S. B. N.: 978-84-9048-650-4). 

 

 Ramírez-Cuesta, J. M.; Rodríguez-Santalla, I.; Gracia, F. J.; Sánchez-García, M. 

J.; Barrio-Parra, F., 2016. Application of change detection techniques in 

geomorphological evolution of coastal areas. Example: Mouth of the River Ebro 

(period 1957–2013). Applied Geography, 75: 12-27. 

 

 Cruz-Blanco, M.; Santos, C.; Ramírez-Cuesta, J. M.; Lorite, I. J., 2013. 

Evaluación de variables agrometeorológicas mediante teledetección y su 

aplicación a la optimización del uso del agua. Ambienta, 105: 28-39. 
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Resumen 

 

Actualmente existe un interés creciente por la mejora de la gestión del agua en la 

agricultura mediterránea debido a las previsibles consecuencias del cambio climático y 

a la competencia con otros sectores como el medioambiental. Por este motivo en esta 

tesis se han evaluado diferentes metodologías para incrementar la eficiencia en el uso 

del agua en la agricultura andaluza por medio de la mejora en la estimación de las 

necesidades de riego de los cultivos, empleando diferentes técnicas de teledetección y 

análisis espacial. De este modo, en este trabajo se abordó el estudio de los dos 

principales parámetros involucrados en la determinación de la evapotranspiración de 

cultivo: la evapotranspiración de referencia (Capítulos 1 y 2) y el coeficiente de cultivo 

(Capítulos 3 y 4). 

 

Más específicamente, en el Capítulo 1 se evaluaron diferentes métodos de interpolación 

de información obtenida desde estaciones meteorológicas para determinar cuál de ellos 

proporcionaba unas estimaciones de evapotranspiración de referencia (ETo) más 

precisas. Las estimaciones de ETo obtenidas con dichos métodos de interpolación se 

compararon con los valores de ETo proporcionados por Land Surface Analysis Satellite 

Application Facility (LSA SAF), a partir de la radiación solar diaria derivada de 

Meteosat Second Generation (MSG) y de las prediciones de la temperatura del aire a 2 

m proporcionadas por European Centre for Medium-range Weather Forecasts 

(ECMWF). Adicionalmente, se propusieron técnicas para la mejora en la estimación de 

la ETo en zonas sin estación meteorológica cercana, basadas en el análisis de 

localización espacial de las estaciones meteorológicas y en la evolución temporal de 

ETo en las mismas. 

 

Relacionado también con la estimación de la ETo y su aplicación práctica para la gestión 

del riego, en el Capítulo 2 se presenta una innovadora metodología para la realización 

de calendarios de riego fácilmente utilizable por agricultores y técnicos, utilizando 

predicciones meteorológicas para la estimación de ETo proporcionadas por la Agencia 

Estatal de Meteorología (AEMET) y por el ECMWF. Además, se analizó el efecto de la 

consideración de diferentes métodos para la estimación de la ETo sobre las necesidades 

de riego y sobre el rendimiento del cultivo simulado utilizando el modelo AquaCrop. 
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Una vez determinados valores fiables de ETo mediante las metodologías desarrolladas 

en los Capítulos 1 y 2, para la correcta estimación de las necesidades de riego de los 

cultivos, es preciso obtener valores de coeficiente de cultivo ajustados al estado de los 

mismos. Esta cuestión se trató en el Capítulo 3, donde se aplicaron diferentes 

correcciones atmosféricas sobre imágenes del satélite Landsat 7, con el objetivo de 

eliminar el efecto que la atmósfera causa durante el proceso de adquisición de las 

mismas. De este modo, se consiguió obtener unas medidas de temperatura superficial 

mucho más precisas, para finalmente conocer el efecto de las diferentes correcciones 

atmosféricas sobre la determinación del coeficiente de cultivo del olivar. 

 

Sin embargo, el efecto de la atmósfera en el proceso de adquisición de imágenes de 

satélite analizado en el Capítulo 3 no es el único aspecto a tener en cuenta al emplear 

técnicas de teledetección. Así, la resolución espacial también es un factor clave para la 

correcta aplicación de estas técnicas en la gestión del riego. Es por ello que en el 

Capítulo 4 se evaluó la influencia de la resolución espacial sobre los diferentes 

componentes de balance de energía estimados mediante el modelo de balance de energía 

METRIC, prestando especial atención a la evapotranspiración del cultivo.  
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Summary 

 

Currently there is a growing interest in improving water management in Mediterranean 

agriculture due to the foreseeable results of climate change and to the competition with 

other sectors such as the environmental. For this reason different methodologies have 

been evaluated in this thesis to increase water use efficiency in Andalusian agriculture 

by means of the improvement in the estimation of crop irrigation water requirements, 

using different remote sensing techniques and spatial analysis. In this work the two 

main parameters involved in crop evapotranspiration determination were addressed: 

reference evapotranspiration (Chapters 1 and 2) and crop coefficient (Chapters 3 and 4). 

 

More specifically, in Chapter 1, different interpolation methods were applied to 

meteorological data and results were assessed in order to determine which of them 

provided the most accurate reference evapotranspiration (ETo) estimates. The ETo 

estimates obtained from the interpolation methods were compared with the ETo values 

provided by the Land Surface Analysis Satellite Application Facility (LSA SAF), based 

on the daily solar radiation derived from Meteosat Second Generation (MSG) and air 

temperature at 2 m forecasts provided by European Center for Medium-range Weather 

Forecasts (ECMWF). Additionally, new techniques were proposed for ETo estimation 

improvement in areas without a nearby weather station, which were based on the 

analysis of the spatial location of the weather stations and the temporal evolution of ETo. 

 

Also related to ETo estimation and its practical application for irrigation management, 

Chapter 2 presents an innovative methodology for performing irrigation schedules 

easily usable by farmers and technicians, using weather forecasts provided by the 

National Meteorological Agency (AEMET) and by ECMWF for ETo estimation. In 

addition, the effect that the different methods for ETo estimation has on the crop water 

requirements and on the crop yield simulated using the AquaCrop model was also 

assessed. 

 

Once accurate ETo values were determined by means of the methodologies developed in 

Chapters 1 and 2, it is necessary to determine crop coefficient values for the correct 

estimation of the crop water demands. This issue was addressed in Chapter 3, where 

different atmospheric corrections were applied to Landsat 7 satellite images, with the 
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aim of eliminating the effect that the atmosphere causes during the image acquisition 

process. In this way, it was possible to obtain much more accurate surface temperature 

measurements, in order to assess the effect of the different atmospheric corrections on 

the determination of the olive crop coefficient. 

 

However, the effect that atmosphere has on the satellite images acquisition process 

analyzed in Chapter 3 is not the only issue to be taken into account when using remote 

sensing techniques. Thus, spatial resolution is also a key factor for the application of 

these techniques in irrigation management. Therefore, in Chapter 4 the influence of 

spatial resolution on the different energy balance components estimated by the 

METRIC energy balance model was evaluated, paying special attention to crop 

evapotranspiration. 
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Glossary 

 

ACCESS-G: Australian Community Climate and Earth System Simulator. 

AEMET: Agencia Estatal de METeorología. 

AHS: Airborne Hyperspectral Scanner. 

ALADIN: Aire Limitée Adaptation dynamique Développement InterNational. 

ANOVA: ANalysis Of VAriance. 

ASCE-EWRI: American Society of Civil Engineers - Environmental and Water 

Resources Institute. 

ASTER: Advanced Spaceborne Thermal Emission and Reflection radiometer. 

ATM: Airborne Thematic Mapper. 

ATMCORR: ATMospheric CORRection parameter calculator. 

AVHRR: Advanced Very High Resolution Radiometer. 

CINN: Correction Index based on the closest weather station. 

CITS: Correction Index based on the weather station with the most similar ETo trend. 

Cp: Air specific heat at a constant pressure. 

CV: Coefficient of Variation. 

CWSI: Crop Water Stress Index. 

D0: Same-day forecast. 

D1: 1-dayahead forecast. 

D2: 2-dayahead forecast. 

D3: 3-dayahead forecast. 

D4: 4-dayahead forecast. 

D5: 5-dayahead forecast. 

D6: 6-dayahead forecast. 

DA: Differences in ETo caused by the use of different methodology for ETo assessment. 

DAIS: Digital Airborne Imaging Spectrometer. 

DEM: Digital Elevation Model. 

DN: Quantized calibrated pixel value. 

DOY: Day Of Year. 

dT: Near surface temperature gradient between two near surface heights. 

EC: Eddy Covariance. 

ECMWF: European Centre for Medium-range Weather Forecasts. 

ea: Actual vapour pressure. 
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EROS: Earth Resources Observation and Science. 

es: Saturation vapour pressure. 

(es − ea): Saturation vapour pressure deficit. 

ETM+: Enhanced Thematic Mapper Plus. 

ET: Evapotranspiration. 

ETc: Crop evapotranspiration. 

ETinst: Instantaneous evapotranspiration. 

ETo: Reference evapotranspiration. 

EToLSASAF: Reference evapotranspiration map provided by the LSA SAF. 

EToRIAi: Reference evapotranspiration map generated by each interpolation approach 

with data from 57 RIA weather stations. 

EUMETSAT: EUropean organization for the exploitation of METeorological 

SATellites. 

FAO: Food and Agriculture Organization of the United Nations. 

Fc: Vegetation fraction cover. 

FOV: Field Of View. 

FPA: Focal Plane Array. 

FWHM: Full Width Half Maximum. 

G: Soil heat flux. 

GCP: Ground Control Point. 

GERB: Geostationary Earth Radiation Budget. 

GIS: Geographic Information System. 

GMT: Greenwich Mean Time. 

GRG: Generalized Reduced Gradient. 

H: Sensible heat flux. 

HAR: Hargreaves equation. 

HARMONIE/AROME: HIRLAM ALADIN Research on Meso-scale Operational NWP 

in Europe/ Application of Research to Operations at Mesoscale. 

HC: Regionally Calibrated Hargreaves equation. 

HIRLAM: HIgh Resolution Limited Area Model. 

IDW: Inverse Distance Weighting. 

IE: Errors generated by the interpolation of RIA values. 

IG: Stomatal Conductance Index. 

IMU: Inertial Measuring Unit. 
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IR: Infrared. 

IS-A: Irrigation scheduling A (Table 2.1). 

IS-B: Irrigation scheduling B (Table 2.1). 

IS-C: Irrigation scheduling C (Table 2.1). 

IS-D: Irrigation scheduling D (Table 2.1). 

K1: Constant for Landsat images. 

K2: Constant for Landsat images. 

Kco: Crop coefficient. 

LAI: Leaf Area Index. 

L1T: Landsat Standard Terrain Correction. 

L6: Spectral radiance of band 6 of Landsat 7. 

L7: Landsat 7 ETM+. 

LE: Latent heat flux. 

Lmax,λ: Radiance at sensor that are scaled to Qcalmax. 

Lmin,λ: Radiance at sensor that are scaled to Qcalmin. 

LPSO: Landsat Project Science Office. 

LSA SAF: Land Surface Analysis Satellite Application Facility. 

LST: Land Surface Temperature. 

MAE: Mean Absolute Error. 

MAK-Adv: Advection-revised Makkink equation. 

METRIC: Mapping Evapotranspiration with Internalized Calibration. 

MM5: Fifth-Generation NCAR/Penn State Mesoscale Model. 

MODIS: MODerate resolution Imaging Spectroradiometer. 

MSG: Meteosat Second Generation. 

MVIRI: Meteosat Visible and InfraRed Imager. 

NCEP: National Centers for Environmental Prediction. 

NDVI: Normalized Difference Vegetation Index. 

NN: Closest weather station. 

NOAH-OSU: NOAH-Oregon State University. 

NWP: Numerical Weather Prediction. 

p: p-value, probability value. 

OC: Ordinary Cokriging. 

OCASP: Ordinary Cokriging using aspect as secondary variable. 

OCDEM: Ordinary Cokriging using DEM as secondary variable. 
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OCDSA: Ordinary Cokriging using DEM, slope and aspect as secondary variables. 

OCSLP: Ordinary Cokriging using slope as secondary variable. 

OK: Ordinary Kriging. 

PM-FAO56: Standardised Penman–Monteith equation. 

PSU/NCAR: Pennsylvania State University / National Center for Atmospheric Research. 

Qcalmax: Maximum quantized calibrated pixel values corresponding to Lmax,λ. 

Qcalmin: Minimum quantized calibrated pixel values corresponding to Lmin,λ. 

r: Pearson’s correlation coefficient. 

R2: Coefficient of determination. 

Ra: Water equivalent of the extraterrestrial radiation. 

rah: Aerodynamic resistance to heat transfer. 

RAW: Readily Available soil Water. 

Rc: Corrected thermal radiance from the surface. 

RIA: Agroclimatic Information Network of Andalusia. 

RMSE: Root-Mean-Square Error. 

Rn: Net radiation. 

Rp: Path radiance in the approximately 10.4–12.5 μm band. 

rRMSE: Relative Root-Mean-Square Error. 

RS: Remote Sensing 

Rs: Solar radiation. 

RS↓: Incoming shortwave radiation. 

RL↓: Incoming longwave radiation. 

RL↑: Outgoing longwave radiation. 

Rsky: Narrow band downward thermal radiation from a clear sky. 

SAVI: Soil Adjusted Vegetation Index. 

SD: Standard Deviation. 

SEB: Surface Energy Balance. 

SEBS: Surface Energy Balance System. 

SEBAL: Surface Energy Balance Algorithms for Land. 

SEVIRI: Spinning Enhanced Visible and Infrared Imager. 

SCASP: Simple Cokriging using aspect as secondary variable. 

SCDEM: Simple Cokriging using DEM as secondary variable. 

SCDSA: Simple Cokriging using DEM, slope and aspect as secondary variables. 

SCSLP: Simple Cokriging using slope as secondary variable. 



31 
 

SCK: Simple Cokriging. 

SK: Simple Kriging. 

SMARTS: Simple Model of the Atmospheric Radiative Transfer of Sunshine. 

S-SEBI: Simplified Surface Energy Balance Index. 

SSEBop: Operational Simplified Surface Energy Balance model. 

T2m: Near-surface air temperature. 

Tair: Air temperature. 

TAW: Total Available soil Water. 

Tc: Canopy temperature. 

TD: Total Difference. 

TIRS: Thermal InfraRed Sensor. 

Tm: Mean daily air temperature. 

TM: Thematic Mapper. 

Tmax: Daily maximum temperature. 

Tmin: Daily minimum temperature. 

TPS: Thin Plate Splines. 

Ts: Surface temperature. 

Ts,Airborne: Surface temperature derived from airborne. 

Ts datum: Surface temperature adjusted to a common elevation datum using a digital 

elevation model and a specified lapse rate. 

Ts,Landsat: Surface temperature derived from Landsat 7. 

TS: Most similar weather station. 

TS-ETo: Temporal signatures of reference evapotranspiration. 

u2: Wind speed at a height of 2 m. 

UAV: Unmanned Aerial Vehicle. 

UCSB: University of California, Santa Barbara. 

UK: Universal Kriging. 

USGS: United States Geological Survey. 

VI: Vegetation Index. 

VIS: VISible. 

VNIR: Visible and Near-InfraRed. 

Wb: Weighting coefficients for albedo calculation. 

WRF: Weather Research and Forecasting. 

α: Surface albedo. 
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α: Hargreaves equation empirical coefficient. 

Δ: Slope of saturated vapour–pressure curve. 

ΔT: Average daily range air temperature. 

εNB: Surface behavior for thermal emission in the relatively narrow thermal band of 

Landsat. 

ε0: Surface thermal emissivity. 

λ: Latent heat of vaporization. 

ρ: Air density. 

ρs,b: At-surface reflectance for band b. 

ρw: Water density. 

τNB: Narrow band transmissivity of air. 

γ: Psychrometric constant.  
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General Introduction 
 

In recent years, the interest in improving agricultural water management, especially in 

arid and semi-arid conditions, has grown as consequence of the effects of climate 

change and the increased competition for water resources with other sectors such as the 

environmental. This new scenario has resulted in the development of several actions 

intended for increasing water use efficiency, such as the promotion of irrigation 

advisory services for the accurate assessment of irrigation water requirements (Lorite et 

al., 2012) or the development of deficit irrigation strategies to reduce the volume of 

water applied without affecting production (Fereres and Soriano, 2007). Additionally, 

significant advances in modelling and sensors have also contributed to the improvement 

of water management in many areas around the world (Allen et al., 2007a; Steduto et al., 

2012). Thus, sensors have improved the characterization of the agriculture, and crop 

simulation modelling has increased our understanding of how agricultural systems 

function (Marsal and Stocke, 2012). These advances have allowed to assess optimal 

agronomic practices that increase water productivity and optimize irrigation 

management at both farm (García-Vila and Fereres, 2012) and district level (Lorite et al., 

2007). 

 

In order to increase water use efficiency, crop water demands must be taken into 

account. Consequently, it results critical to accurately estimate crop evapotranspiration 

(ETc), defined as the sum of soil surface evaporation and crop transpiration, and 

reference evapotranspiration (ETo), defined as the evapotranspiration from a 

hypothetical grass reference crop without water stress (Allen et al., 1998). Lysimetry 

under reference conditions is the only way to accurately measure these variables 

(Vaughan et al., 2007). As an alternative, methods based on field measurements of soil 

water balances (Chávez et al., 2009; De Bruin et al., 2010), energy balances (Todd et al., 

2000; Villa-Nova et al., 2007) or micrometeorology techniques (Er-Raki et al., 2009; 

Chávez et al., 2009) have been developed. 

 

Regarding reference evapotranspiration (ETo), there are simple estimation methods 

which use numerical approaches based on measured weather data. Among the wide 

range of available approaches, Allen et al. (1998) established the Penman-Monteith 
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equation as the reference method for ETo assessment to standardize ETo estimation in 

different climates. Several authors have found the Penman-Monteith model as the most 

accurate method under different climatic conditions (Jensen et al., 1990; Allen et al., 

1998; Berengena and Gavilán, 2005; Irmak et al., 2003, 2008; Hargreaves and Allen, 

2003; ASCE-EWRI, 2005; Temesgen et al., 2005; Allen et al., 2006, Jabloun and Sahli, 

2008; Trajkovic and Kolakovic, 2009; Martinez and Thepadia, 2010; Xystrakis and 

Matzarakis, 2011; Azhar and Perera, 2011; Tabari et al., 2011). All these studies 

highlight the crucial role that acquisition of high-quality weather data has. Thus, the 

weather data acquisition must meet strict rules concerning the location and the physical 

conditions of the field where the weather station is located (Temesgen et al., 1999; 

Gavilán et al., 2006) which, together with the high costs of maintenance and data 

collection, have restricted the growth of weather station networks (Exner-Kittridge and 

Rains, 2010; Collins, 2011). As consequence of even nowadays most modern weather 

station networks do not fulfill such requirements, uncertainties and overestimations in 

ETo assessment are reported (Cruz-Blanco et al., 2014a). Additionally, weather station 

data refer to local measures, being representative of only a very limited area which may 

not be valid for even nearby regions. This situation gets worse when the number of 

weather stations composing the network is limited and vast areas are located far from 

well-managed weather stations (Voogt, 2006; Collins, 2011). 

 

In order to face the above mentioned limitations, alternative approaches have been 

developed, highlighting (i) the use of simplified equations with reduced data 

requirements (Allen et al., 1998; Gavilán et al., 2006; Khoob, 2008); (ii) the use of 

interpolation approaches (Alves et al., 2013; Walsh et al., 2013); (iii) the use of weather 

forecast data for ETo estimation for the development of real-time irrigation scheduling 

(Mariño et al., 1993; Cai et al., 2007; Xu et al., 2012); and (iv) the use of remote 

sensing techniques, providing high-quality and fine-resolution weather characterization 

for extensive areas (Cristobal and Anderson, 2012; Cruz-Blanco et al., 2014a, 2015; 

Rahimikhoob and Hosseinzadeh, 2014). 

 

Since climatic parameters are the only factors affecting ETo, the lack of accurate 

weather data is one of the main limitations for the application of Penman-Monteith 

equation (Pereira et al., 2002; Popova et al., 2006; Jabloun and Sahli, 2008). 

Alternatives equations requiring less climatic parameters than the reference established 
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standardized Penman–Monteith equation (Allen et al., 1998) have been developed for 

using where complete weather data are lacking. Among these approaches the most 

worldwide used are those developed by Trabert (1896), Thornthwaite (1948), Makkink 

(1957), Romanenko (1961), Turc (1961) , Schendel (1967),  Mahringer (1970), Hansen 

(1984), Priestley and Taylor (1972), Hargreaves and Samani (1985), Trajkovic (2007), 

Ravazzani et al. (2012), Valiantzas (2013). More recently, some of these equations have 

been adapted for being use in different climates from those they were created for. This 

is the case of the study by Camargo et al. (1999) for Thornthwaite equation 

(Thornthwaite, 1948); the study by Oudin et al. (2005) for the approach described in 

Romanenko (1961); the studies carried out by De Bruin (1987), De Bruin et al. (2012) 

and Cruz-Blanco et al. (2014a) for Makink equation (Makink, 1957); and the developed 

by Gavilán et al. (2006) and Berti et al. (2014) considering the Hargreaves and Samani  

equation (Hargreaves and Samani, 1985). 

 

Despite several authors have demonstrated the good performance of the above 

mentioned improved approaches for different climate conditions (Hargreaves and Allen, 

2003; Utset et al., 2004; Yoder et al., 2005; Gavilán et al., 2006; Sentelhas et al., 2010; 

Espadafor et al., 2011; De Bruin et al., 2012; Fisher and Pringle III, 2013; Raziei and 

Pereira, 2013; Cruz-Blanco et al., 2014a, b; Djaman et al., 2015, 2017) it is 

recommended to avoid the use of alternative ETo calculation procedures when 

inaccurate or missing meteorological data are detected (Allen et al., 1998). Thus, it is 

advisable to estimate first the missing meteorological data and then to calculate ETo 

using the standard FAO Penman-Monteith method. Some procedures have been 

proposed in the Manual FAO56 (Allen et al., 1998) for deriving missing climatic 

parameters based on their relationship with other meteorological variables. These 

procedures focus on estimating missing humidity, radiation and wind speed data; 

whereas air temperature cannot be reliably estimated when it is missing, considering 

this parameter as the minimum data requirement to apply correctly the FAO Penman-

Monteith approach. Such procedures for estimating missing data have been evaluated in 

different countries and climates to test their feasibility (Stöckle et al., 2004; Popova et 

al., 2006; Jabloun and Sahli, 2008). 

 

Alternatively, there are other approaches focused on the estimation of weather data 

based on the values of nearby weather stations, on weather forecast data or in remote 
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sensing techniques. Thus, the second approach for overcoming the limitations of ETo 

estimation can be found in the use of interpolation methods. The interpolation of data 

from weather stations emerges as a promising approach for assessing ETo (Alves et al., 

2013). The use of interpolation methods has increased as result of the technological 

advances made in recent decades, mainly related with the development of Geographic 

Information Systems (GIS) (Irmak et al., 2010).  

 

Many different interpolation methods could be considered, as Inverse Distance 

Weighting, Thin Plate Splines, Kriging or Cokriging approaches. A full description of 

the interpolation approaches can be found in Li and Heap (2008, 2011). However, the 

choice of an interpolation model depends on available weather stations density, spatial 

distribution and surface complexity, the desired degree of accuracy and the available 

technological resources (Lam, 1983). 

 

Most of the interpolation approaches have already been applied to the assessment of 

weather variables with very satisfactory results around the world (Martínez-Cob, 1996; 

Nalder and Wein, 1998; Hart et al., 2009; Li and Heap, 2011), although non consensus 

has been achieved for identifying the most accurate interpolation methods for climatic 

variables estimation (Mardikis et al., 2005; Li and Heap, 2008, 2011; Di Piazza et al., 

2011; Keblouti et al., 2012) possibly caused by the important limitations in the 

procedure of validation of the results provided by the interpolation approaches. 

 

Another approach for assessing crop water demands is the use of weather forecast data 

at short and medium-term. Around the world, public and private institutions provide 

accurate, daily, online weather forecasts, and in most cases these are freely accessible to 

all. These weather forecast services are based on complex numerical models. In Europe, 

the two main consortiums that provide weather forecast data are HIRLAM (HIgh 

Resolution Limited Area Model; Unden et al., 2002) and ALADIN (Aire Limitée 

Adaptation dynamique Développement InterNational; ALADIN, 1997). In 2006, both 

European consortiums collaborated in the development of high-resolution systems with 

a spatial resolution of less than 1 km. The resulting system is called 

HARMONIE/AROME (HIRLAM–ALADIN Research towards Meso-scale Operational 

NWP in Europe/Application of Research to Operations at Mesoscale; Seity et al., 2011) 

and will be the successor to HIRLAM (Gronsleth and Randriamampianina, 2012). In 
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addition to these, the European Centre for Medium-Range Weather Forecasts (ECMWF; 

Persson, 2011) also provides weather forecasting services for Europe and North Africa, 

that are used in conjunction with the HIRLAM system (Navascués et al., 2013). Other 

models such as Weather Research and Forecasting (WRF), MM5 (PSU/NCAR 

mesoscale model) or Australian Community Climate and Earth System Simulator 

(ACCESS-G) provide atmospheric research and operational forecasting for North 

America, South America and Australia (Done et al., 2004; Silva et al., 2010; Perera et 

al., 2014). 

 

Numerous studies have been carried out using weather forecast data for agriculture 

applications. Some studies have evaluated the use of those data for ETo estimation when 

data from weather stations were not available (Er- Raki et al., 2010; Xu et al., 2012; 

Perera et al., 2014; Luo et al., 2014; Tian et al., 2014), while others have focused on the 

impact of real-time weather forecast data, mainly rainfall, on irrigation scheduling 

(Cabelguenne et al., 1997; Gowing and Ejieji, 2001; Wang and Cai, 2009; Bergez and 

Garcia, 2010; Cai et al., 2011; Mishra et al., 2013). Also related to irrigation scheduling, 

numerical weather data have been used for soil water content assessment (Venalainen et 

al., 2005; Cai et al., 2009; Tian and Martinez, 2014) with satisfactory results. Finally, 

the integration of forecasting tools with remote sensing techniques has provided 

spatially distributed weather data information with very satisfactory results (De Bruin et 

al., 2010; Cristobal and Anderson, 2012; Cruz-Blanco et al., 2014a, b). 

 

Remote sensing techniques have contributed significantly to the improvement of water 

management by providing an accurate estimation of crop evapotranspiration 

(Bastiaanssen et al., 1998; Allen et al., 2007a, b; Santos et al., 2008, 2010). Remote 

sensing approach represents an efficient and economic technology that can be employed 

to determine ET since it provides actual ET estimations of large areas, allowing the 

assessment of the spatial ET variability (Norman et al., 1995b; Bastiaanssen et al., 1998; 

Allen et al., 2001; Su, 2002; Anderson et al., 2003; Allen et al., 2007a). 

 

The most common approaches for ET estimation from remotely sensed imagery are the 

vegetation indexes (VI) based models and the surface energy balance (SEB) models. 

VI-based approaches are intended on deriving ET from the fraction of ground cover or 

shaded by vegetation derived from vegetation indexes (for example, the normalized 
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difference vegetation index, NDVI, or the soil-adjusted vegetation index, SAVI). 

However, VI reflect the actual vegetation cover conditions for estimating actual Kcb, but 

requiring an additional approach, normally a water balance model, to estimate Ke (Allen 

et al., 1998, Mateos et al., 2013; Paço et al., 2014), and therefore Kc and ETc. Numerous 

examples of VI-based approaches are reported in literature for both homogeneous and 

heterogeneous crops (Bausch and Neale, 1987; Calera et al., 2005; Hunsaker et al., 2005; 

González-Dugo and Mateos, 2008; Campos et al., 2010; Johnson and Trout, 2012). 

 

Nevertheless, most VI-based methods are unable to observe the impact of soil water 

shortage, salinity or disease on Kc, requiring the use of SEB models for solve this 

limitation, since uniquely they are able to assess Kc under stress conditions. Thus, some 

authors have proposed to compare VI-driven Kc with those derived from SEB models in 

order to estimate reductions caused by water or salinity stress, disease or fertility (Zwart 

and Bastiaanssen, 2007). 

 

Energy balance models (SEB) take advantage of the relationship between surface 

radiances and energy balance components to derive crop evapotranspiration (ET). 

Latent heat flux (LE; W m−2), and therefore ET, is computed as the residual component 

of the SEB at the time of satellite overpass by subtracting the soil heat flux (G; W m−2) 

and sensible heat flux (H; W m−2) from the net radiation (Rn; W m−2) at the surface. Net 

radiation represents the actual radiant energy available at the surface and is computed as 

the difference between incoming and outgoing radiation of both short and long 

wavelength (Allen et al., 2007a). Soil heat flux is the energy storage into the soil and 

vegetation due to conduction, being positive when the soil is warming and negative 

when the soil is cooling. Sensible heat flux accounts the rate of heat loss to the air by 

convection and conduction and is a function of the temperature gradient above the 

surface, surface roughness and wind speed.  

 

In all SEB models, surface temperature data play a critical role in crop water 

requirements estimation. The emergence and improvement of satellites and airborne 

sensors has provided a useful and global way to estimate surface temperature over large 

areas. These sensors provide various scales of application and decreasing spatial 

resolution ranging from kilometers to a few centimeters. Some examples are the 

Advanced Very High Resolution Radiometer (AVHRR; Pozo-Vázquez et al., 1997), 
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Moderate Resolution Imaging Spectroradiometer (MODIS; Sobrino et al., 2003), 

Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER; 

Sepulcre-Cantó et al., 2009), Landsat Thematic Mapper (TM; Sobrino et al., 2004b), 

Landsat Enhanced Thematic Mapper Plus (ETM+; Suga et al., 2003), Landsat Thermal 

Infrared Sensor (TIRS; Jiménez-Muñoz et al., 2014), Airborne Hyperspectral Scanner 

(AHS; Sobrino et al., 2006), Airborne Thematic Mapper (ATM; Callison et al., 1987), 

and Digital Airborne Imaging Spectrometer (DAIS; Sobrino et al., 2004a). The measure 

of the sensors could be impacted by uncertainty in sensor calibration, atmospheric 

attenuation and sourcing, surface emissivity, view angle, and shadowing (Norman, et al., 

1995a; Irmak et al., 2012), generating errors in surface temperature (Ts), ranging in 

some cases from 3 to 5 K (Kalma et al., 2008). Then, the calibration and validation of 

thermal sensor measurements is crucial to the accurate determination of surface 

temperature from remote sensing. 

 

The consideration of the previously described platforms such as Landsat or MODIS 

providing medium-high spatial resolution data, has allowed developing and validating 

models for ET assessment. Satellite-based SEB models include Surface Energy Balance 

Algorithm for Land (SEBAL; Bastiaanssen et al., 1998), Mapping Evapotranspiration at 

high Resolution using Internalized Calibration (METRIC; Allen et al., 2007a, b), 

Surface Energy Balance Index (SEBI; Menenti and Choudhury, 1993), Simplified 

Surface Energy Balance Index (S-SEBI; Roerink et al., 2000), Surface Energy Balance 

System (SEBS; Su, 2002), Two-Source Energy Balance (TSEB; Kustas et al., 2004), 

and Simplified Two Source-Energy Balance model (STSEB; Sánchez et al., 2008), 

among others. The spatial resolution of these approaches varies according to the 

selected sensor. Thus, although the spatial resolution from satellites in the visible and 

near infrared (VNIR) has improved significantly in the last years, the thermal domain 

remains at the same (or even lower) spatial resolution than the one provided by the 

satellites in the early eighties (for example thermal band resolution for Landsat 7 was 60 

m while for the most recent satellite of the Landsat series the resolution has been 

reduced to 100 m). Due to the relevance of spatial resolution in the final results obtained 

by SEB (Su et al., 1999; McCabe and Wood, 2006; Tian et al., 2012; Sharma et al., 

2016), it may be necessary to evaluate these models to other spatial scales different 

from those targeted in their development (Yang et al., 2014; Zipper and Loheide II, 

2014; Bisquert et al., 2016; Ortega-Farias et al., 2016, 2017), as the change in the spatial 



42 
 

resolution could impact on the turbulent heat fluxes calculation, resulting in a spatial 

scale discrepancy (Su et al., 1999). 

 

Several authors have studied the effect of the spatial resolution of input satellite data on 

crop ET estimation. Thus, Su et al. (1999), Hong et al. (2009), Gebremichael et al. 

(2010), Long et al. (2011) and Tang et al. (2013) analyzed spatial resolution effect on 

SEBAL model. McCabe and Wood (2006), Ershadi et al. (2013) and Sharma et al. 

(2016) performed studies with the same objective than the previous ones, but based on 

SEBS model, whereas Tian et al. (2012) focused on the effect on METRIC model. 

Kustas et al. (2004) performed a similar research by using a two-source energy balance 

model (Norman et al., 1995b). All these studies were mainly focused on the range from 

Landsat to MODIS spatial resolutions and found that a good agreement exists between 

ET estimated from these satellites, especially when simple averaging approach is used 

for spatial input aggregation. In addition, these authors also pointed out the critical role 

that extreme pixels selection, which are used to calibrate the sensible heat flux at the 

pixel-level; and land surface heterogeneity play, which can cause significant errors in 

the ET estimation. However, they did not assess the effect of high-resolution image 

pixel sizes (from few meters to Landsat spatial resolutions) on the crop ET estimation, 

especially when non-homogeneous crops are evaluated. 

 

To sum up, although FAO56 approach (Allen et al., 1998) provides a standard 

procedure to determine crop water requirements, this procedure suffers from important 

limitations when climatic and vegetation characteristics differ from the ones considered 

by FAO, promoting the evaluation of alternative approaches. In this work, some of 

these above-mentioned approaches have been deeply addressed and its suitability for 

accurately estimate crop water demands tested. Results and conclusions derived from 

this work based on remote sensing techniques are intended for solving actual 

concerning on agricultural water management in Mediterranean environments. 

 

REFERENCES 

 

ALADIN, 1997. The ALADIN project: mesoscale modelling seen as a basic tool for 

weather forecasting and atmospheric research. WMO Bulletin, 46: 317–324. 

 



43 
 

Allen, R. G.; Pereira, L. S.; Raes, D.; Smith, M., 1998. Crop evapotranspiration: 

guidelines for computing crop water requirements. In: FAO Irrigation and Drainage 

Paper No 56. FAO, Roma. 

 

Allen, R. G.; Bastiaanssen, W.; Tasumi, M.; Morse, A., 2001. Evapotranspiration on the 

watershed scale using the SEBAL model and Landsat images. Proc., 2001 ASAE 

Annual Int. Meeting, ASAE, St. Joseph, Mich., Paper No. 01-2224. 

 

Allen, R. G.; Tasumi, M.; Trezza, R., 2007a. Satellite-based energy balance for 

mapping evapotranspiration with internalized calibration (METRIC)-model. Journal of 

Irrigation and Drainage Engineering ASCE, 133: 380–394. 

 

Allen, R. G.; Tasumi, M.; Morse, A.; Trezza, R.; Wright, J. L.; Bastiaanssen, W.; 

Kramber, W.; Lorite, I.; Robison, C. W., 2007b. Satellite-based energy balance for 

Mapping Evapotranspiration with Internalized Calibration (METRIC) - applications. 

Journal of Irrigation and Drainage Engineering ASCE, 133: 395–406. 

 

Allen, R. G.; Pruitt, W. O.; Wright, J. L.; Howell, T. A.; Ventura, F.; Snyder, R.; 

Itenfisu, D.; Steduto, P.; Berengena, J.; Yrisarry, J. B.; Smith, M.; Pereira, L.S.; Raes, 

D.; Perrier, A.; Alves, I.; Walter, I.; Elliott, R., 2006. A recommendation on 

standardized surface resistance for hourly calculation of reference ETo by the FAO56 

Penman-Monteith method. Agricultural Water Management, 81: 1–22. 

 

Alves, M. C.; Carvalho, L. G.; Vianello, R. L.; Sediyama, G. C.; Oliveira, M. S.; De Sá 

Junior, A., 2013. Geostatistical improvements of evapotranspiration spatial information 

using satellite land surface and weather stations data. Theoretical and Applied 

Climatology, 113: 155–174. 

 

Anderson, M. C.; Kustas, W. P.; Norman, J. M., 2003. Upscaling and downscaling – A 

regional view of the Soil-Plant-Atmosphere continuum. Agronomy Journal, 95: 1408–

1423. 

 

ASCE-EWRI, 2005. The ASCE standardized reference evapotranspiration equation. 

Environmental and Water Resources Institute (EWRI) of ASCE, Standardization of 



44 
 

Reference Evapotranspiration Task Committee Final Report. 

http://www.kimberly.uidaho.edu/water/asceewri/ascestzdatmain2005.pdf. Accessed 20 

Feb 2015. 

 

Azhar, A. H.; Perera, B. J. C., 2011. Evaluation of reference evapotranspiration 

estimation methods under Southeast AustralianConditions. Journal of Irrigation and 

Drainage Engineering, 137: 268–279. 

 

Bastiaanssen, W. G. M.; Menenti, M.; Feddes, R. A.; Holtslag, A. A. M., 1998a. A 

remote sensing Surface Energy Balance Algorithm for Land (SEBAL). 1. Formulation. 

Journal of Hydrology, 212–213: 198–212. 

 

Bausch, W. C.; Neale, C. M. U., 1987. Crop coefficients derived from reflected canopy 

radiation - a concept. Transactions of the ASAE, 30: 703-709. 

 

Berengena, J.; Gavilán, P., 2005. Reference evapotranspiration estimation in a highly 

advective semiarid environment. Journal of Irrigation and Drainage Engineering, 131: 

147–163. 

 

Bergez, J. E.; Garcia, F., 2010. Is it worth using short-term weather forecasts for 

irrigation management? European Journal of Agronomy, 33: 175–181. 

 

Berti, A.; Tardivo, G.; Chiaudani, A.; Rech, F.; Borin, M., 2014. Assessing reference 

evapotranspiration by the Hargreaves method in north-eastern Italy. Agricultural Water 

Management, 140: 20–25.  

 

Bisquert, M.; Sánchez, J. M.; López-Urrea, R.; Caselles, V., 2016. Estimating high 

resolution evapotranspiration from disaggregated thermal images. Remote Sensing of 

Environment, 187: 423–433. 

 

Cabelguenne, M.; Debaeke, Ph.; Puech, J.; Bosc, N., 1997. Real time irrigation 

management using the EPIC-PHASE model and weather forecasts. Agricultural Water 

Management, 32: 227–238. 

 



45 
 

Cai, J.; Liu, Y.; Lei, T.; Pereira, L. S., 2007. Estimating reference evapotranspiration 

with the FAO Penman-Monteith equation using daily weather forecast messages. 

Agricultural and Forest Meteorology, 145: 22–35. 

 

Cai, J. B.; Liu, Y.; Xu, D.; Paredes, P.; Pereira, L. S., 2009. Simulation of the soil water 

balance of wheat using daily weather forecast messages to estimate the reference 

evapotranspiration. Hydrology and Earth System Sciences, 13: 1045–1059. 

 

Cai, X.; Hejazi, M. I.; Wang, D., 2011. Value of probabilistic weather forecasts: 

assessment by real-time optimization of irrigation scheduling. Journal of Water 

Resources Planning and Management, 137: 391–403. 

 

Calera, A.; Jochum, A. M.; Cuesta, A.; Montoro, A.; López, P., 2005. Irrigation 

management from space: Towards user-friendly products. Irrigation and Drainage 

Systems, 19: 337–353. 

 

Callison, R. D.; Blake, P.; Anderson, J.M., 1987. The Quantitative Use of Airborne 

Thematic Mapper Thermal Infrared Data. International Journal of Remote Sensing, 8: 

113–126. 

 

Camargo, A. P.; Marin, F. R.; Sentelhas, P. C.; Picini, A. G., 1999. Ajuste da equação 

de Thornthwaite para estimar a evapotranspiração potencial em climas áridos e 

superúmidos, com base na amplitude térmica. Revista Brasileira de Agrometeorologia, 

7: 251–257. 

 

Campos, I.; Neale, C. M. U.; Calera, A.; Balbontín, C.; González-Piqueras, J., 2010. 

Assessing satellite-based basal crop coefficients for irrigated grapes (Vitis vinifera L.). 

Agricultural Water Management, 98: 45–54. 

 

Chávez, J. L.; Howell, T. A.; Copeland, K. S., 2009. Evaluating eddy covariance cotton 

ET measurements in an advective environment with large weighing lysimeters. 

Irrigation Science, 28: 35–50. 

 



46 
 

Collins, J. M., 2011. Temperature variability over Africa. Journal of Climate, 24: 3649–

3666. 

 

Cristobal, J.; Anderson, M. C., 2012. Regional scale evaluation of a MSG solar 

radiation product for evapotranspiration modelling. Hydrology and Earth System 

Sciences Discussions, 9: 8905–8939. 

 

Cruz-Blanco, M; Gavilán, P.; Santos, C.; Lorite, I. J., 2014a. Assessment of reference 

evapotranspiration using remote sensing and forecasting tools under semi-arid 

conditions. International Journal of Applied Earth Observation and Geoinformation, 33: 

280–289. 

 

Cruz-Blanco, M.; Lorite, I. J.; Santos, C., 2014b. An innovative remote sensing based 

reference evapotranspiration method to support irrigation water management under 

semi-arid conditions. Agricultural Water Management, 131: 135–145. 

 

Cruz-Blanco, M.; Santos, C.; Gavilán, P.; Lorite, I. J., 2015. Uncertainty estimating 

reference evapotranspiration at a regional scale under semi-arid conditions. International 

Journal of Climatology, 35: 3371–3384. 

 

De Bruin, H. A. R., 1987. From Penman to Makkink. Comm. Hydrol. Res. TNO 

Proc.Inform. Den Haag, 39: 5–30. 

 

De Bruin, H. A. R.; Trigo, I. F.; Jitan, M. A.; Temesgen, E. N.; van der Tol, C.; Gieske, 

A. S. M., 2010. Reference crop evapotranspiration derived from geo-stationary satellite 

imagery: a case study for the Fogera flood plain, NW-Ethiopia and the Jordan Valley, 

Jordan. Hydrology and Earth System Sciences, 14: 2219–2228. 

 

De Bruin, H. A. R.; Trigo, I. F; Gavilán, P.; Martínez-Cob, A.; Gónzalez-Dugo, M. P., 

2012. Reference crop evapotranspiration estimated from geostationary satellite imagery. 

Remote sensing and hydrology. International Association of Hydrological Sciences, 352: 

111–114. 

 



47 
 

Di Piazza, A.; Lo Conti, F.; Noto, L. V.; Viola, F.; La Loggia, G., 2011. Comparative 

analysis of different techniques for spatial interpolation of rainfall data to create a 

serially complete monthly time series of precipitation for Sicily, Italy. International 

Journal of Applied Earth Observation and Geoinformation, 13: 396–408. 

 

Djaman, K.; Koudahe, K.; Akinbile, C.; Irmak, S., 2017. Evaluation of Eleven 

Reference Evapotranspiration Models in Semiarid Conditions. Journal of Water 

Resource and Protection, 9: 1469-1490. 

 

Djaman, K.; Balde, A. B.; Sow, A.; Muller, B.; Irmak, S.; Ndiaye, M. K.; Manneh, B.; 

Moukoumbi, Y. D.; Futakuchi, K.; Saito, K., 2015. Evaluation of Sixteen Reference 

Evapotranspiration Methods under Sahelian Conditions in the Senegal River Valley. 

Journal of Hydrology: Regional Studies, 3: 139-159. 

 

Done, J.; Davis, C. A.; Weisman, M., 2004. The next generation of NWP: explicit 

forecasts of convection using the weather research and forecasting (WRF) model. 

Atmospheric Science Letters, 5: 110–117. 

 

Er-Raki, S.; Chehbouni, A.; Khabba, S.; Simonneaux, V.; Jarlan, L.; Ouldbba, A.; 

Rodriguez, J. C.; Allen, R., 2010. Assessment of reference evapotranspiration methods 

in semi-arid regions: Can weather forecast data be used as alternate of ground 

meteorological parameters? Journal of Arid Environments, 74: 1587–1596. 

 

Er-Raki, S.; Chehbouni, A.; Guemouria, N.; Ezzahar, J.; Khabba, S.; Boulet, G.; Hanich, 

L., 2009. Citrus orchard evapotranspiration: comparison between eddy covariance 

measurements and the FAO-56 approach estimates. Plant Biosystems, 143: 201–208. 

 

Ershadi, A.; McCabe, M. F.; Evans, J. P.; Walker, J. P., 2013. Effects of spatial 

aggregation on the multi-scale estimation of evapotranspiration. Remote Sensing of 

Environment, 131: 51–62. 

 

Espadafor, M.; Lorite, I. J.; Gavilán, P.; Berengena, J., 2011. An analysis of the 

tendency of reference evapotranspiration estimates and other climate variables during 

the last 45 years in Southern Spain. Agricultural Water Management, 98: 1045–1061. 



48 
 

Exner-Kittridge, M. G.; Rains, M. C., 2010. Case study on the accuracy and 

cost/effectiveness in simulating reference evapotranspiration in West-Central Florida. 

Journal of Hydrologic Engineering, 15: 696–703. 

 

Fereres, E.; Soriano, M. A., 2007. Deficit irrigation for reducing agricultural water use. 

Journal of Experimental Botany, 58: 147–159. 

 

Fisher, D.; Pringle III, H., 2013. Evaluation of alternative methods for estimating 

reference evapotranspiration. Agricultural Sciences, 4: 51-60. 

 

García-Vila, M.; Fereres, E., 2012. Combining the simulation crop model AquaCrop 

with an economic model for the optimization of irrigation management at farm level. 

European Journal of Agronomy, 36: 21–31. 

 

Gavilán, P.; Lorite, I. J.; Tornero, S.; Berengena, J., 2006. Regional calibration of 

Hargreaves equation for estimating reference ET in a semiarid environment. 

Agricultural Water Management, 81: 257–281. 

 

Gebremichael, M.; Wang, J.; Sammis, T. W., 2010. Dependence of remote sensing 

evapotranspiration algorithm on spatial resolution. Atmospheric Research, 96: 489–495. 

 

González-Dugo, M. P.; Mateos, L., 2008. Spectral vegetation indices for benchmarking 

water productivity of irrigated cotton and sugar beet crops. Agricultural Water 

Management, 95: 48–58. 

 

Gowing, J. W.; Ejieji, C. J., 2001. Real-time scheduling of supplemental irrigation for 

potatoes using a decision model and short-term weather forecast. Agricultural Water 

Management, 47: 137–153. 

 

Gronsleth, M.; Randriamampianina, R., 2012. Assimilation of radar reflectivity data in 

HARMONIE. Norwegian Meteorological Institute. Report No. 1/2012—Meteorology. 

 

Hansen, S., 1984. Estimation of potential and actual evapotranspiration. Nordic 

Hydrological Conference, 15: 205–212. 



49 
 

Hargreaves, G. H.; Allen, R. G., 2003. History and evaluation of Hargreaves 

evapotranspiration equation. Journal of Irrigation and Drainage Engineering, 129: 53–

63. 

 

Hargreaves, G. H.; Samani, Z. A., 1985. Reference crop evapotranspiration. Applied 

Engineering in Agriculture, 1: 96–99. 

 

Hart, Q. J.; Brugnach, M.; Temesgen, B.; Rueda, C.; Ustin, S. L.; Frame, K., 2009. 

Daily reference evapotranspiration for California using satellite imagery and weather 

station measurement interpolation. Civil Engineering and Environmental Systems, 26: 

19–33. 

 

Hong, S. -H.; Hendrickx, J. M. H.; Borchers, B., 2009. Up-scaling of SEBAL derived 

evapotranspiration maps from Landsat (30 m) to MODIS (250 m) scale. Journal of 

Hydrology, 370: 122–138. 

 

Hunsaker, D. J.; Pinter, P. R.; Kimball, B. A., 2005. Wheat basal crop coefficients 

determined by normalized difference vegetation index. Irrigation Science, 24: 1–14. 

 

Irmak, S.; Irmak, A.; Allen, R. G.; Jones, J. W., 2003. Solar and net radiation-based 

equations to estimate reference evapotranspiration in humid climates. Journal of 

Irrigation and Drainage Engineering ASCE, 129: 336–347. 

 

Irmak, A.; Allen, R. G.; Kjaersgaard, J.; Huntington, J.; Kamble, B.; Trezza, R.; Ratliffe, 

I., 2012. Operational Remote Sensing of ET and Challenges. In Evapotranspiration-

Remote Sensing and Modeling, edited by Irmak, A.: 467–492. Croatia: InTech. 

 

Irmak, S.; Irmak, A.; Howell, T. A.; Martin, D. L.; Payero, J. O.; Copeland, K. S., 2008. 

Variability analyses of alfalfa-reference to grass-reference evapotranspiration ratios in 

growing and dormant seasons. Journal of Irrigation and Drainage Engineering, ASCE, 

134: 147–159. 

 



50 
 

Irmak, A.; Ranade, P. K.; Marx, D.; Irmak, S.; Hubbard, K. G.; Meyer, G. E.; Martin, D. 

L., 2010. Spatial interpolation of climate variables in Nebraska. American Society of 

Agricultural and Biological Engineers, 53: 1759–1771. 

 

Jabloun, M.; Sahli, A., 2008. Evaluation of FAO-56 methodology for estimating 

reference evapotranspiration using limited climaticdata application to Tunisia. 

Agricultural Water Management, 95: 707–715. 

 

Jensen, M. E.; Burman, R. D.; Allen, R. G., 1990. Evapotranspiration and irrigation 

water requirements. In: ASCE Manual No. 70. ASCE, New York, NY.  

 

Jiménez-Muñoz, J. C.; Sobrino, J. A.; Skoković, D.; Mattar, C.; Cristóbal, J., 2014. 

Land Surface Temperature Retrieval Methods from Landsat-8 Thermal Infrared Sensor 

Data. IEEE Transactions on Geoscience and Remote Sensing, 11: 1840–1843. 

 

Johnson, L. F.; Trout, T. J., 2012. Satellite NDVI assisted monitoring of vegetable crop 

evapotranspiration in California’s San Joaquin Valley. Remote Sensing, 4: 439–455. 

 

Kalma, J. D.; McVicar, T. R.; McCabe, M. F., 2008. Estimating Land Surface 

Evaporation: A Review of Methods Using Remotely Sensed Surface Temperature Data. 

Surveys in Geophysics, 29: 421– 469. 

 

Keblouti, M.; Ouerdachi, L.; Boutaghane, H., 2012. Spatial interpolation of annual 

precipitation in Annaba-Algeria—comparison and evaluation of methods. Energy 

Procedia, 18: 468–475. 

 

Khoob, A. R., 2008. Comparative study of Hargreaves’s and artificial neural network’s 

methodologies in estimating reference evapotranspiration in a semiarid environment. 

Irrigation Science, 26: 253–259. 

 

Kustas, W. P.; Li, F.; Jackson, T. J.; Prueger, J. H.; MacPherson, J. I.; Wolde, M., 2004. 

Effects of remote sensing pixel resolution on modeled energy flux variability of 

croplands in Iowa. Remote Sensing of Environment, 92: 535–547. 

 



51 
 

Lam, N. S. -N., 1983. Spatial interpolation methods: a review. Cartography and 

Geographic Information Science, 10: 129–149. 

 

Li, J.; Heap, A. D., 2008. A Review of Spatial Interpolation Methods for Environmental 

Scientists. Geoscience Australia, Record 2008/23, 137 pp. 

 

Li, J.; Heap, A. D., 2011. A review of comparative studies of spatial interpolation 

methods in environmental sciences: performance and impact factors. Ecological 

Informatics, 6: 228–241. 

 

Long, D.; Singh, V. P.; Li, Z. -L., 2011. How sensitive is SEBAL to changes in input 

variables, domain size and satellite sensor? Journal of Geophysical Research, 116: 

D21107. 

 

Lorite, I. J.; Mateos, L.; Orgaz, F.; Fereres, E., 2007. Assessing deficit irrigation 

strategies at the level of an irrigation district. Agricultural Water Management, 91: 51–

60. 

 

Lorite, I. J.; García-Vila, M.; Carmona, M. A.; Santos, C.; Soriano, M. A., 2012. 

Assessment of the irrigation advisory services’ recommendations and farmers’ irrigation 

management: a case study in Southern Spain. Water Resources Management, 26: 2397–

2419. 

 

Luo, Y.; Chang, X.; Peng, S.; Khan, S.; Wang, W.; Zheng, Q.; Cai, X., 2014. Short-term 

forecasting of daily reference evapotranspiration using the Hargreaves–Samani model 

and temperature forecasts. Agricultural Water Management, 136: 42–51. 

 

Mahringer, W., 1970. Verdunstungsstudien am Neusiedler See. Theoretical and Applied 

Climatology, 18: 1–20. 

 

Makkink, G. F., 1957. Testing the Penman formula by means of lysimeters. Journal of 

the Institution of Water Engineers, 11: 277–288. 

 



52 
 

Mardikis, M. G.; Kalivas, D. P.; Kollias, V. J., 2005. Comparison of interpolation 

methods for the prediction of reference evapotranspiration—an application in Greece. 

Water Resources Management, 19: 251–278. 

 

Mariño, M. A.; Tracy, J. C.; Taghavi, S. A., 1993. Forecasting of reference crop 

evapotranspiration. Agricultural Water Management, 24: 163–187. 

 

Marsal, J.; Stocke, C. O., 2012. Use of CropSyst as a decision support system for 

scheduling regulated deficit irrigation in a pear orchard. Irrigation Science, 30: 139–147. 

 

Martinez, C. J.; Thepadia, M., 2010. Estimating reference evapotranspiration with 

minimum data in Florida, USA. Journal of Irrigation and Drainage Engineering, 136: 

494–501. 

 

Martínez-Cob, A., 1996. Multivariate geostatistical analysis of evapotranspiration and 

precipitation in mountainous terrain. Journal of Hydrology, 174: 19–35. 

 

Mateos, L.; González-Dugo, M. P.; Testi, L.; Villalobos, F. J., 2013. Monitoring 

evapotranspiration of irrigated crops using crop coefficients derived from time series of 

satellite images. I. Method validation. Agricultural Water Management, 125: 81–91.  

 

McCabe, M. F.; Wood, E. F., 2006. Scale influences on the remote estimation of 

evapotranspiration using multiple satellite sensors. Remote Sensing of Environment, 

105: 271–285. 

 

Menenti, M.; Choudhury, B. J., 1993. Parameterization of land surface 

evapotranspiration using a location dependent potential evapotranspiration and surface 

temperature range. In: Bolle, H. J. et al. (eds) Proceedings of exchange processes at the 

land surface for a range of space and time scales. IAHS Publ 212, pp 561–568 

 

Mishra, A.; Siderius, C.; Aberson, K.; van der Ploeg, M.; Froebrich, J., 2013. Short-

term rainfall forecasts as a soft adaptation to climate change in irrigation management in 

North-East India. Agricultural Water Management, 127: 97–106. 

 



53 
 

Nalder, I. A.; Wein, R. W., 1998. Spatial interpolation of climatic Normals: test of a 

new method in the Canadian boreal forest. Agricultural and Forest Meteorology, 92: 

211–225. 

 

Navascués, B.; Calvo, J.; Morales, G.; Santos, C.; Callado, A.; Cansado, A.; Cuxart, J.; 

Díez, M.; del Río, P.; Escribá, P.; García-Colombo, O.; García-Moya, J. A.; Geijo, C.; 

Gutiérrez, E.; Hortal, M.; Martínez, I.; Orfila, B.; Parodi, J. A.; Rodríguez, E.; Sánchez-

Arriola, J.; Santos-Atienza, I.; Simarro, J., 2013. Long-term verification of HIRLAM 

and ECMWF forecasts over Southern Europe history and perspectives of numerical 

weather prediction at AEMET. Atmospheric Research, 125–126: 20–33. 

 

Norman, J. M.; Divakarla, M.; Goel, N. S., 1995a. Algorithms for Extracting 

Information from Remote Thermal-IR Observations of the Earth’s Surface. Remote 

Sensing of Environment, 51: 157–168. 

 

Norman, J. M.; Kustas, W. P.; Humes, K. S., 1995b. Source approach for estimating soil 

and vegetation energy fluxes in observations directional radiometric surface temperature. 

Agricultural and Forest Meteorology, 77: 263–293. 

 

Ortega-Farias, S.; Ortega-Salazar, S.; Poblete, T.; Kilic, A.; Allen, R. G.; Poblete-

Echeverría, C.; Ahumada-Orellana, L.; Zuñiga, M.; Sepúlveda, D., 2016. Estimation of 

energy balance components over a drip-irrigated olive orchard using thermal and 

multispectral cameras placed on a helicopter-based unmanned aerial vehicle (UAV). 

Remote Sensing, 8: 1–18. 

 

Ortega-Farias, S.; Ortega-Salazar, S.; Poblete, T.; Poblete-Echeverría, C.; Zuñiga, M.; 

Sepúlveda-Reyes, D.; Kilic, A.; Allen, R. G., 2017. Estimation of olive 

evapotranspiration using multispectral and thermal sensors placed aboard an unmanned 

aerial vehicle. Acta Horticulturae, 1150: 1–8. 

 

Oudin, L.; Hervieu, F.; Michel, C.; Perrin, C.; Andreassian, V.; Anctil, F.; Loumagne, 

C., 2005. Which potential evapotranspirationinput for a lumped rainfall-runoff model? 

Part 2-Towards a simple and efficient potential evapotranspiration model forrainfall-

runoff modelling. Journal of Hydrology, 303: 290–306. 



54 
 

 

Paço, T. A.; Pôças, I.; Cunha, M.; Silvestre, J. C.; Santos, F. L.; Paredes, P.; Pereira, L. 

S., 2014. Evapotranspiration and crop coefficients for a super intensive olive orchard. 

An application of SIMDualKc and METRIC models using ground and satellite 

observations. Journal of Hydrology, 519: 2067–2080. 

 

Pereira, L. S.; Oweis, T.; Zairi, A., 2002. Irrigation management under water scarcity.  

Agricultural Water Management, 57: 175-206. 

 

Perera, K. C.; Western, A. W.; Nawarathna, B.; George, B., 2014. Forecasting daily 

reference evapotranspiration for Australia using numerical weather prediction outputs. 

Agricultural and Forest Meteorology, 194: 50–63. 

 

Persson, A., 2011 User guide to ECMWF forecast products. 

http://old.ecmwf.int/products/forecasts/guide/user_guide.pdf. Accessed 20 Feb 2015. 

 

Popova, Z.; Kercheva, M.; Pereira, L. S., 2006. Validation of the FAO methodology for 

computing ETo with missing climatic data. Application to South Bulgaria. Irrigation and 

Drainage, 55: 201–215. 

 

Pozo-Vázquez, D.; Olmo-Reyes, F. J.; Alados-Arboledas, L., 1997. A Comparative 

Study of Algorithms for Estimating Land Surface Temperature from AVHRR Data. 

Remote Sensing of Environment, 62: 215–222. 

 

Priestley, C. H. B.; Taylor, R. J., 1972. On the assessment of surface heat flux and 

evaporation using large-scale parameters. Monthly Weather Review, 100: 81–92. 

 

Rahimikhoob, A.; Hosseinzadeh, M., 2014. Assessment of Blaney– Criddle equation for 

calculating reference evapotranspiration with NOAA/AVHRR data. Water Resources 

Management, 28: 3365–3375. 

Ravazzani, G.; Corbari, C.; Morella, S.; Gianoli, P.; Mancini, M., 2012. Modified 

Hargreaves-Samani equation for the assessment of reference evapotranspiration in 

Alpine River Basins. Journal of Irrigation and Drainage Engineering ASCE 138, 592–

599. 



55 
 

 

Raziei, T.; Pereira, L. S., 2013. Estimation of ETo with Hargreaves–Samani and FAO-

PM temperature methods for a wide range of climates in Iran. Agricultural Water 

Management, 121: 1–18. 

 

Roerink, G. J.; Su, Z.; Menenti, M., 2000. SSEBI: A Simple Remote Sensing Algorithm 

to Estimate the Surface Energy Balance. Physics and Chemistry of the Earth (B), 25: 

147-157. 

 

Romanenko, V. A., 1961. Computation of the autumn soil moisture using a universal 

relationship for a large area. In: Proceedings, Ukrainian Hydrometeorological Resaerch 

Institute, No. 3 Kiev. 

 

Sánchez, J. M.; Kustas, W. P.; Caselles, V.; Anderson, M. C., 2008. Modelling surface 

energy fluxes over maize using a two-source patch model and radiometric soil and 

canopy temperature observations. Remote Sensing of Environment, 112: 1130–1143. 

 

Santos, C.; Lorite, I. J.; Tasumi, M.; Allen, R. G.; Fereres, E., 2008. Integrating 

satellite-based evapotranspiration with simulation models for irrigation management at 

the scheme level. Irrigation Science, 26: 277–288. 

 

Santos, C.; Lorite, I. J.; Tasumi, M.; Allen, R. G.; Fereres, E., 2010. Performance 

assessment of an irrigation scheme using indicators determined with remote sensing 

techniques. Irrigation Science, 28: 461–477. 

 

Schendel, U., 1967. Vegetations Wasserverbrauch und Wasserbedarf. Habilitation, Kiel, 

pp. 137. 

 

Seity, Y.; Brousseau, P.; Malardel, S.; Hello, G.; Bernard, P.; Bouttier, F.; Lac, C.; 

Masson, V., 2011. The AROME-France convective-scale operational model. Monthly 

Weather Review, 139: 976–991. 

 

Sentelhas, P. C.; Gillespie, T. J.; Santos, E. A., 2010. Evaluation of FAO Penman–

Monteith and alternativemethods for estimating reference evapotranspiration with 



56 
 

missing data in Southern Ontario, Canada. Agricultural Water Management, 97: 635–

644. 

 

Sepulcre-Cantó, G.; Zarco-Tejada, P. J.; Sobrino, J. A.; Berni, J. A. J.; Jiménez-Muñoz, 

J. C.; Gastellu-Etchegorry, J. P., 2009. Discriminating irrigated and rainfed olive 

orchards with thermal ASTER imagery and DART 3D simulation. Agricultural and 

Forest Meteorology, 149: 962–975. 

 

Sharma, V.; Kilic, A.; Irmak, S., 2016. Impact of scale/resolution on evapotranspiration 

from Landsat and MODIS images. Water Resources Research, 52: 1800–1819. 

 

Silva, D.; Meza, F. J.; Varas, E., 2010. Estimating reference evapotranspiration (ETo) 

using numerical weather forecast data in central Chile. Journal of Hydrology, 382: 64–

71. 

 

Sobrino, J. A.; El-Kharraz, J.; Li, Z. -L., 2003. Surface Temperature and Water Vapour 

Retrieval from MODIS Data. International Journal of Remote Sensing, 24: 5161–5182. 

 

Sobrino, J. A.; Jiménez-Muñoz, J. C.; El-Kharraz, J.; Gómez, M.; Romaguera, M.; Sòria, 

G., 2004a. Single-Channel and Two-Channel Methods for Land Surface Temperature 

Retrieval from DAIS Data and Its Application to the Barrax Site. International Journal 

of Remote Sensing, 25: 215–230. 

 

Sobrino, J. A.; Jiménez-Muñoz, J. C.; Paolini, L., 2004b. Land Surface Temperature 

Retrieval from LANDSAT TM 5. Remote Sensing of Environment, 90: 434–440. 

 

Sobrino, J. A.; Jiménez-Muñoz, J. C.; Zarco-Tejada, P. J.; Sepulcre-Cantó, G.; de 

Miguel, E., 2006. Land Surface Temperature Derived from Airborne Hyperspectral 

Scanner Thermal Infrared Data. Remote Sensing of Environment, 102: 99–115. 

 

Steduto, P.; Hsiao, T. C.; Fereres, E.; Raes, D., 2012. Crop yield response to water. 

FAO Irrigation and Drainage Paper No. 66. FAO. Rome, Italy. 

 



57 
 

Stöckle, C. O.; Kjelgaard, J.; Bellocci, G., 2004. Evaluation of estimated weather data 

for calculating Penman-Monteith reference crop evapotranspiration. Irrigation Science, 

23: 39–46. 

 

Su, Z., 2002. The surface energy balance system (SEBS) for estimation of turbulent heat 

fluxes. Hydrology and Earth System Sciences, 6: 85–99. 

 

Su, Z.; Pelgrum, H.; Menenti, M., 1999. Aggregation effects of surface heterogeneity in 

land surface processes. Hydrology and Earth System Sciences, 3: 549–563. 

 

Suga, Y.; Ogawa, H.; Ohno, K.; Yamada, K., 2003. Detection of Surface Temperature 

from Landsat-7/ETM+. Advances in Space Research, 32: 2235–2240. 

 

Tabari, H.; Grismer, M.; Trajkovic, S., 2011. Comparative analysis of 31 reference 

evapotranspiration methods under humid conditions. Irrigation Science, 31: 107–117. 

 

Tang, R.; Li, Z. -L.; Chen, K. -S.; Jia, Y.; Li, C.; Sun, X., 2013. Spatial-scale effect on 

the SEBAL model for evapotranspiration estimation using remote sensing data. 

Agricultural and Forest Meteorology, 174–175: 28–42. 

 

Temesgen, B.; Allen, R. G.; Jensen, D. T., 1999. Adjusting temperature parameters to 

reflect well-watered conditions. Journal of Irrigation and Drainage Engineering, 125: 

26–33. 

 

Temesgen, B.; Eching, S.; Davidoff, B.; Frame, K., 2005. Comparison of some 

reference evapotranspiration equations for California. Journal of Irrigation and Drainage 

Engineering, 131: 73–84. 

 

Thornthwaite, C. W., 1948. An approach towards a rational classification of climate. 

Geographical Review, 38: 55-94. 

 

Tian, D.; Martinez, C. J., 2014. The GEFS-based daily reference evapotranspiration 

(ETo) forecast and its implication for water management in the Southeastern United 

States. Journal of Hydrometeorology, 15: 1152–1165. 



58 
 

 

Tian, H.; Wen, J.; Wang, C. –H.; Liu, R.; Lu, D. -R., 2012. Effect of pixel scale on 

evapotranspiration estimation by remote sensing over oasis areas in north-western 

China. Environmental Earth Sciences, 67: 2301–2313. 

 

Tian, D.; Martinez, C. J.; Graham, W. D., 2014. Seasonal prediction of regional 

reference evapotranspiration based on climate forecast system version 2. Journal of 

Hydrometeorology, 15: 1166–1188. 

 

Todd, R. W.; Evett, S. R.; Howell, T. A., 2000. The Bowen ratio-energy balance 

method for estimating latent heat flux of irrigated alfalfa evaluated in a semi-arid, 

advective environment. Agricultural and Forest Meteorology, 103: 335–348. 

 

Trabert, W., 1896. Neue Beobachtungenüber Verdampfungsgeschwindigkeiten. 

Meteorologische Zeitschrift, 13: 261–263. 

 

Trajkovic, S., 2007. Hargreaves versus Penman–Monteith under humid conditions. 

Journal of Irrigation and Drainage Engineering, 133: 38–42. 

 

Trajkovic, S.; Kolakovic, S., 2009. Evaluation of reference evapotranspiration equations 

under humid conditions. Water Resources Management, 23: 3057–3067. 

 

Turc, L., 1961. Water requirements assessment of irrigation, potential 

evapotranspiration: simplified and updated climatic formula. Annales Agronomiques, 

12: 13–49. 

 

Unden, P.; Rontu, L.; Jarvinen, H.; Lynch, P.; Calvo, J.; Cats, G.; Cuxart, J.; Eerola, K.; 

Fortelius, C.; García-Moya, J. A.; Jones, C.; Lenderlink, G.; McDonald, A.; McGrath, 

R.; Navascues, B.; Nielsen, N. W.; Odegaard, V.; Rodriguez, E.; Rummukainen, M.; 

Room, R.; Sattler, K.; Sass, B. H.; Savijarvi, H.; Schreur, B. W.; Sigg, R.; The, H.; Tijm, 

A., 2002. HIRLAM- 5 scientific documentation. Norrkoping, Sweden. 

Utset, A.; Farré, I.; Martínez-Cob, A.; Cavero, J., 2004. Comparing Penman–

Monteithand Priestley–Taylor approaches as reference-evapotranspiration inputs 



59 
 

formodeling maize water-use under Mediterranean conditions. Agricultural Water 

Management, 66: 205–219. 

 

Valiantzas, D. J., 2013. Simplified forms for the standardized FAO-56 Penman–

Monteith reference evapotranspiration usinglimited data. Journal of Hydrology, 505: 

13–23. 

 

Vaughan, P. J.; Trout, T. J.; Ayars, J. E., 2007. A processing method for weighing 

lysimeter data and comparison to micrometeorological ETo predictions. Agricultural 

Water Management, 88: 141–146. 

 

Venalainen, A; Salo, T.; Fortelius, C., 2005. The use of numerical weather forecast 

model predictions as a source of data for irrigation modelling. Meteorological 

Applications, 12: 307–318. 

 

Villa-Nova, N. A.; Pereira, A. B.; Shock, C. C., 2007. Estimation of reference 

evapotranspiration by an energy balance approach. Biosystems Engineering, 96: 605–

615. 

 

Voogt, M. P., 2006. Meteolook, a Physically Based Regional Distribution Model for 

Measured Meteorological Variables. MSc Thesis. TU Delft, The Netherlands. 

 

Walsh, O. S.; Solie, J. B.; Raun, W. R., 2013. Can Oklahoma Mesonet cumulation 

evapotranspiration data be accurately predicted using three interpolation methods? 

Communications in Soil Science and Plant Analysis, 44: 892–899. 

 

Wang, D.; Cai, X., 2009 Irrigation scheduling-role of weather forecasting and farmers’ 

behavior. Journal of Water Resources Planning and Management, 135: 364–372. 

 

Xu, J. Z.; Peng, S. Z.; Yang, S. H.; Luo, Y. F.; Wang, Y. J., 2012. Predicting daily 

reference evapotranspiration in a humid region of China by the locally calibrated 

Hargreaves–Samani equation using weather forecast data. Journal of Agricultural 

Science and Technology, 14: 1331–1342. 

 



60 
 

Xystrakis, F.; Matzarakis, A., 2011. Evaluation of 13 empirical reference potential 

evapotranspiration equations on the island of Crete in southern Greece. Journal of 

Irrigation and Drainage Engineering, ASCE, 137: 211–222. 

 

Yang, G.; Pu, R.; Zhao, C.; Xue, X., 2014. Estimating high spatiotemporal resolution 

evapotranspiration over a winter wheat field using an IKONOS image based 

complementary relationship and lysimeter observations. Agricultural Water 

Management, 133: 34–43. 

 

Yoder, R. E.; Odhiambo, L. O.; Wright, W. C., 2005. Evaluation of methods for 

estimating daily reference crop evapotranspirationat a site in the humid southeast United 

States. Applied Engineering in Agriculture, 21: 197–202. 

 

Zipper, S. C.; Loheide II, S. P., 2014. Using evapotranspiration to assess drought 

sensitivity on a subfield scale with HRMET, a High Resolution Surface Energy Balance 

Model. Agricultural and Forest Meteorology, 197: 91–102. 

 

Zwart, S. J.; Bastiaanssen, W. G. M., 2007. SEBAL for detecting spatial variation of 

water productivity and scope for improvement in eight irrigated wheat systems. 

Agricultural Water Management, 89: 287–296.  



61 
 

Objectives 

 

The main objective of this work was to develop and validate new methodologies and to 

adjust previous ones, for improving irrigation management and thus, increasing water 

use efficiency, based mainly on remote sensing and geographic information 

technologies. This main objective has been addressed from four specific objectives: 

 

(i) To evaluate the use of geographic information systems for reference 

evapotranspiration estimation considering interpolation approaches, 

weather forecast tools and remote sensing techniques (Chapter 1). 

 

(ii) To assess the use of weather forecast data for ETo assessment, irrigation 

scheduling and yield estimation by comparing the results with those 

generated with measured data by automatic weather stations (Chapter 2). 

 

(iii) To develop and to test different atmospheric corrections to be applied on 

surface temperature imagery obtained from airborne, assessing how they 

affect evapotranspiration estimation (Chapter 3). 

 

(iv) To assess the effect of spatial resolution on each component of the 

energy balance equation estimated in open-canopy olive orchards, using 

METRIC energy balance model, paying special attention to crop 

evapotranspiration (Chapter 4). 
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Chapter 1: Assessing reference evapotranspiration at 

regional scale based on remote sensing, weather 

forecast and GIS tools 

 

1.1. Abstract 

 

Reference evapotranspiration (ETo) is a key component in efficient water management, 

especially in arid and semi-arid environments. However, accurate ETo assessment at the 

regional scale is complicated by the limited number of weather stations and the strict 

requirements in terms of their location and surrounding physical conditions for the 

collection of valid weather data. In an attempt to overcome this limitation, new 

approaches based on the use of remote sensing techniques and weather forecast tools 

have been proposed. 

 

Use of the Land Surface Analysis Satellite Application Facility (LSA SAF) tool and 

Geographic Information Systems (GIS) have allowed the design and development of 

innovative approaches for ETo assessment, which are especially useful for areas lacking 

available weather data from weather stations. Thus, by identifying the best-performing 

interpolation approaches (such as the Thin Plate Splines, TPS) and by developing new 

approaches (such as the use of data from the most similar weather station, TS, or 

spatially distributed correction factors, CITS), errors as low as 1.1% were achieved for 

ETo assessment. Spatial and temporal analyses reveal that the generated errors were 

smaller during spring and summer as well as in homogenous topographic areas. 

 

The proposed approaches not only enabled accurate calculations of seasonal and daily 

ETo values, but also contributed to the development of a useful methodology for 

evaluating the optimum number of weather stations to be integrated into a weather 

station network and the appropriateness of their locations. In addition to ETo, other 

variables included in weather forecast datasets (such as temperature or rainfall) could be 

evaluated using the same innovative methodology proposed in this study. 
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This chapter has been published in: 

 

Ramírez-Cuesta, J. M.; Cruz-Blanco, M.; Santos, C.; Lorite, I. J., 2017. Assessing 

reference evapotranspiration at regional scale based on remote sensing, weather 

forecast and GIS tools. International Journal of Applied Earth Observation and 

Geoinformation, 55: 32-42.  
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Chapter 2: Using weather forecast data for irrigation 

scheduling under semi-arid conditions 

 

2.1. Abstract 

 

A new methodology based on the use of weather forecast data from freely and easily 

accessible online information for determining irrigation scheduling has been developed. 

Firstly, reference evapotranspiration (ETo) was determined with a user-friendly 

procedure that does not require previous local calibration, knowledge of data acquisition 

or processing, or a nearby weather station. The comparison of ETo based on short-term 

(sameday) and long-term (6-day-ahead) weather forecast data with measured data for 50 

locations in southern Spain during 2013–2014 season indicated that differences in ETo 

were relatively low with root-mean-square error (RMSE) equal to 0.65 and 0.76 mm d−1, 

respectively. The procedure was tested for a wide range of weather conditions in the 

development of irrigation schedules and yield simulations for maize crop during 2013–

2014 season. Irrigation water depths provided by irrigation schedules based on ETo 

obtained from daily and weekly forecasts and from measured data showed differences 

of around 1.5 and 0.9 %, respectively. Likewise, yield simulation with irrigation 

scheduling based on forecast and measured data provided equal averaged values, with a 

relative RMSE of below 5 %. This similarity of irrigation scheduling and yield 

estimation based on forecast and measured data has proved the optimal performance of 

the proposed approach. 

 

 

This chapter has been published in: 

 

Lorite, I. J.; Ramírez-Cuesta, J. M.; Cruz-Blanco, M.; Santos, C., 2015. Using weather 

forecast data for irrigation scheduling under semi-arid conditions. Irrigation 

Science, 33: 411–427. 
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Chapter 3: Evaluating the impact of adjusting surface 

temperature derived from Landsat 7 ETM+ in crop 

evapotranspiration assessment using high-resolution 

airborne data 

 

3.1. Abstract 

 

Surface temperature (Ts) is an essential parameter in many land surface processes. 

When Ts is obtained from remotely sensed satellite data the consideration of 

atmospheric correction may be needed to obtain accurate surface temperature estimates. 

Most atmospheric correction methods adjust atmospheric transmissivity, path radiance 

and downward thermal radiation coefficients. Following a standardized atmospheric 

correction of Landsat 7 thermal data, some differences were found between these 

corrected data and surface temperature derived from very-high resolution airborne 

thermal data. Five different methods for determining atmospheric correction were 

evaluated comparing atmospherically corrected Landsat 7 data with airborne data for an 

area of olive orchards located at Southern Spain. When using standard default Landsat 7 

calibration coefficients Ts differences between satellite and airborne observations 

ranged from 1 to 6 K, highlighting the need to perform more robust atmospheric 

correction. When applying the customized values for semi-arid temperate climate in 

Idaho, USA, and the values based on the National Centers for Environmental Prediction 

(NCEP) Ts differences ranged from 1 to 4 K, indicating that additional local calibration 

may be appropriate. Optimal coefficients were determined using the Generalized 

Reduced Gradient (GRG) approach, a nonlinear algorithm included in Solver tool, 

obtaining Ts differences around 1–3 K. In order to evaluate the impact of considering 

the proposed correction approaches, assessment of the evapotranspiration and crop 

coefficient values derived from the Mapping Evapotranspiration with Internalized 

Calibration (METRIC) energy balance model provided maximum errors of around 4%, 

indicating that the METRIC model does not require a robust atmospheric correction. 

However, the localized calibration approaches are proposed as useful alternatives when 

absolute land surface temperatures values are required, as in the case of the 
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determination of crop water stress based on differences between canopy (Tc) and air 

temperature (Tair). 

 

 

This chapter has been published in: 

 

Ramírez-Cuesta, J. M.; Kilic, A.; Allen, R.; Santos, C.; Lorite, I. J., 2017. Evaluating 

the impact of adjusting surface temperature derived from landsat 7 ETM+ in 

crop evapotranspiration assessment using high-resolution airborne data. 

International Journal of Remote Sensing, 38: 4177–4205.  
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Chapter 4: Impact of the spatial resolution on the 

energy balance components on an open-canopy olive 

orchard 
 

4.1. Abstract 

 

The recent technical improvements in the sensors used to acquire images from land 

surfaces has made possible to assess the performance of the energy balance models 

using unprecedented spatial resolutions. Thus, the objective of this work is to evaluate 

the response of the different energy balance components obtained from METRIC model 

as a function of the input pixel size. Very high spatial resolution airborne images (≈50 

cm) on three dates over olive orchards were used to aggregate different spatial 

resolutions, ranging from 5 m to 1 km. This study represents the first time that METRIC 

model has been run with such high spatial resolution imagery in heterogeneous 

agricultural systems, evaluating the effects caused by its aggregation into coarser pixel 

sizes. Net radiation and soil heat flux showed a near insensitive behavior to spatial 

resolution changes, reflecting that the emissivity and albedo respond linearly to pixel 

aggregation. However, greater discrepancies were obtained for sensible (up to 17%) and 

latent (up to 23%) heat fluxes at spatial resolutions coarser than 30x30 m due to the 

aggregation of non-linear components, and to the inclusion of non-agricultural areas in 

such aggregation. Results obtained confirm the good performance of METRIC model 

when used with high spatial resolution imagery, whereas they warn of some major 

errors in crop evapotranspiration estimation when medium or large scales are used. 

 

This chapter has been published in: 

 

Ramírez-Cuesta, J. M.; Allen, R. G.; Zarco-Tejada, P. J.; Kilic, A.; Santos, C.; Lorite, I. 

J., 2019. Impact of the spatial resolution on the energy balance components on 

an open-canopy olive orchard. International Journal of Applied Earth 

Observation and Geoinformation, :-. 
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General Conclusions 

 

Water management must be based on detailed and advanced characterization of the 

agricultural systems. Thus, the assessment of the evaporative demand of the atmosphere 

(named reference evapotranspiration) and the crop water demand, that considers crop 

evapotranspiration and crop water stress terms, are critical components that frequently 

are not correctly measured at field level and generate large uncertainties to develop a 

correct irrigation water management. 

 

Remote sensing and GIS-based techniques appeared a few decades ago, and their use 

has increased exponentially in the last years as consequence mainly of the quick 

development that computer science has experienced. Thus, the combination of data 

from weather station networks together with remote sensing and GIS-based techniques 

has allowed to solve all limitations that weather station networks present. This is the 

case of the interpolation methods or tools combining weather forecast and remote 

sensing techniques, which estimate ETo in locations where no meteorological 

information is available. In Chapter 1 of this thesis, spatially distributed ETo values for 

the Andalusian region were estimated from some commonly-used interpolation methods 

and other GIS tools based on innovative approaches combining weather forecast and 

remote sensing techniques. Among all evaluated methods, Thin Plate Splines (TPS) and 

Inverse Distance Weighting (IDW) methods performed best since they provided the best 

agreement with the values derived from Land Surface Analysis Satellite Application 

Facility (LSA SAF) (i. e. the lowest interpolation error). Additionally, alternative 

approaches were developed for ETo estimation based on the closest weather station to 

each location (NN) and on the most similar weather station according to temporal 

signatures of reference evapotranspiration (TS) which improved considerably the results 

obtained with the previous approaches. These contributions have allowed obtaining 

accurate values of ETo, improving water management at the field scale by the 

development of accurate irrigation scheduling adapted to local conditions, a key 

component in the sustainability of irrigation schemes, especially under semi-arid 

conditions. 
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The accurate estimation of crop evapotranspiration in semiarid regions allows 

determining crop water demands with the development of site-specific irrigation 

schedules that could be easily implemented by farmers and technicians. Currently, most 

irrigation schedules are based on past weather data, that may not reflect the weather 

condition of the period when the water is applied, inducing crop water stress or over 

irrigation. To solve this limitation and for better reflecting the future weather conditions, 

in Chapter 2 a new methodology that includes the use of weather forecast data for ETo 

assessment is evaluated. Thus, different approaches for ETo calculation based on 

weather forecast data were tested, using both short-term and long-term (until 6 days 

ahead) weather forecast data. Comparing ETo estimated from short-term weather 

forecast data and measured in the weather station, the Penman–Monteith approach 

provided the best results, while using long-term data, Hargreaves approach and its 

regionally calibrated form achieved the best performance. The satisfactory results 

obtained in this study demonstrate that the development of accurate irrigation 

scheduling using weather forecast data is an easy task using free available data and 

simple well-known approaches. 

 

Similar importance to carry out a correct ETo assessment is the characterization of the 

crop water demand by the study of crop coefficients and crop water stress indexes. 

Recently, remotely sensed derived images have enabled the spatial assessment of 

physical parameters, including crop evapotranspiration and surface temperature, among 

others. However, a proper calibration is required for considering atmospheric 

attenuation and sourcing, surface emissivity, view angle and shadowing. Therefore, in 

Chapter 3 the effect of surface temperature (Ts) calibration was assessed, comparing 

atmospherically corrected surface temperature from satellite Landsat 7 using five 

different approaches with surface temperature obtained from an aircraft. All the 

approaches considered improved surface temperature retrieval, obtaining discrepancies 

of less than 1K when Generalized Reduced Gradient (GRG) non-linear algorithm 

calibration derived parameters (the most accuracy approach) were used. In addition, 

crop evapotranspiration obtained from the energy balance model METRIC, using Ts 

from the different calibration methods were compared, concluding that energy balance 

models based on endmember pixels (such as SEBAL or METRIC) do not require an 

intensive atmospheric correction since they are based on relative Ts differences. 
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Once the calibration issue was studied, another question was to evaluate how the spatial 

resolution impacts on the results obtained from energy balance models for calculating 

crop evapotranspiration. Most of these models have been developed and validated using 

medium-high spatial resolution data such as Landsat or MODIS. However, the increase 

in the use of aircrafts and drones in the last decades has favored the improvement of 

spatial resolution. Therefore, to check how these models behave at different spatial 

resolutions, encompassing pixel sizes from a few meters to one kilometer, has been a 

pending task. Thus, in Chapter 4, the effect of pixel size on energy balance components 

estimated by METRIC model was assessed, obtaining that coarse spatial resolutions 

result more critical than high-resolution scales. Analyzing individually each energy 

balance component, net radiation and soil heat flux estimations showed a near scale-

insensitive behavior, whereas for sensible and latent heat fluxes more pronounced 

discrepancies at coarse spatial resolutions were observed. These results illustrate the 

good performance of METRIC model when is used with very high-resolution images 

(spatial resolutions around 5-30 m), whereas some major errors occur when medium or 

large scales are used (> 60 m). 

 

Therefore, new remote sensing and GIS techniques have been proved as useful tools for 

estimating spatially distributed reference and crop evapotranspiration, base for the 

development of accurate irrigation scheduling. In the near future, these novel techniques 

will be incorporated into the daily life of farmer and technicians for decision making on 

the management of agricultural fields. However, some aspects must be considered when 

using these approaches, such as the effect of the temporal and spatial resolution or the 

pre-processing of the remotely-sensed acquired images. It implies that users of these 

technologies should have the enough knowledge of how to properly use them, 

Unfortunately, it is not an easy task, so a few years are needed in order to totally include 

these approaches into the field management activities, The implementation of the 

innovate tools evaluated in this study would improve the irrigation efficiency at field 

and irrigation district scale and constitutes excellent instruments to develop decision 

support systems to farmers and technicians. It acquires special relevance under the 

climate change scenario, since less water will be available for agriculture, requiring the 

adoption of different techniques, as those described in this work, to increase water use 

efficiency. 
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