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1.1 Antecedentes y motivación 

En base a la multitud de estudios e indicadores evaluados 

relacionados con el cambio climático, cada vez es más evidente una 

alteración en el clima global. Las primeras conjeturas sobre los posibles 

efectos adversos de las elevadas concentraciones de CO2 en la atmósfera 

no son recientes en contraposición a lo que pueda parecer debido a la 

actualidad del tema. No en vano, ya en el S.XIX, Svante Arrhenius y otros 

autores afirmaron que un aumento en las concentraciones de CO2 

conllevaría a la larga en un incremento de la temperatura (e. g., Crawford, 

1997; Govind et al., 2015; http://www.aip.org/history/climate/co2.htm). 

Estas afirmaciones no recalarían demasiado en la opinión científica debido a 

la poca fiabilidad de los datos con los que contaban. Con motivo de la 

celebración del Año Geofísico Internacional (1957-1958), se aprobó la 

instalación de una estación de muestreo localizada en Mauna Loa (Hawai) a 

3300 m de altitud. A esta altitud el aire está completamente mezclado y 

además se evitan conflictos en los muestreos debido a la contaminación 

local (Seoánez, 2002). En este observatorio se llevan realizando medidas 

continuas desde entonces, lo cual ha servido para obtener la denominada 

Curva de Keeling mostrada en la Fig. 1.1 

(http://www.esrl.noaa.gov/gmd/ccgg/trends/index.html), que sirve como 

indicador de la evolución de las concentraciones de CO2. 

A raíz de la preocupación impuesta por los posibles efectos 

adversos del cambio climático, la comunidad internacional tomó papeles en 

el asunto y en el año 1988 la Organización Meteorológica Mundial (WMO) y 

el Programa de Medioambiente de la Naciones Unidas (UNEP) crearon el 

Panel Intergubernamental sobre el Cambio Climático (IPCC) con el objetivo 

de evaluar dicho cambio climático y sus posibles 

consecuencias/repercusiones a todos los niveles. Un primer acuerdo común 

y vinculante se alcanzó en 1997 en la Cumbre de Kyoto donde los países 

firmantes del denominado Protocolo de Kyoto 

(http://unfccc.int/kyoto_protocol/items/2830.php) se comprometieron a 

reducir las emisiones de CO2, entre otros compromisos y medidas de 

acción. Uno de esos compromisos era la cuantificación de fuentes y 

sumideros de carbono mediante la elaboración de inventarios          
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(Steffen et al., 1998; 

http://www.epa.ie/climate/emissionsinventoriesandprojections/nationalemi

ssionsinventories/#.VT9o_9Ltmko), que sienta una de las bases del estudio 

desarrollado en esta tesis. Dicho protocolo ha sido enmendado nuevamente 

en 2012, para ampliar el periodo de aplicación hasta 2020. Sin embargo, a 

pesar del aumento en la cantidad de países adheridos en la actualidad al 

Protocolo de Kyoto y que han acordado esta extensión, muy pocos han 

ratificado la enmienda firmada en Doha en 2012. 

 

 

Figura. 1.1. Curva de Keeling. El gráfico muestra los cambios 

estacionales (rojo) en las concentraciones de CO2 y la continua tendencia 

de aumento (línea) para este gas, en el observatorio de Mauna Loa 

(Hawai). El gráfico muestra valores actualizados a fecha de mayo de 2015 

obtenidos de la web de la NOAA 

(http://www.esrl.noaa.gov/gmd/ccgg/trends/index.html). 
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Los altos valores en las concentraciones de determinados gases 

tienen un efecto directo sobre el proceso natural denominado efecto 

invernadero, existente en la tierra. El efecto invernadero se encarga de 

mantener la temperatura de la superficie terrestre, sin embargo este efecto 

puede verse incrementado por causa de estas altas concentraciones, 

desembocando en fatales consecuencias. De entre todos los gases 

responsables del efecto invernadero, GHG, el vapor de agua y el CO2 

participan con alrededor de un 90% en dicho efecto (Seoánez, 2002). 

Los informes presentados por el IPCC pueden ser considerados en 

la actualidad un referente en el campo de la investigación sobre cambio 

climático. La versión más actualizada del informe se ha publicado en 2013 

(IPCC, 2013) y se trata ya del quinto informe, AR5, analizando el tema, 

publicado por este organismo. En este informe se menciona cómo las 

actividades humanas pueden ser consideradas como el principal factor 

desencadenante del incremento global de las concentraciones de GHG en la 

atmósfera en la actualidad. Las dos principales actividades a destacar son 

el consumo de combustibles fósiles y el cambio en el uso de suelo. Para el 

periodo 2003-2012, el 90% (~8.6 GtC año-1) de las emisiones de carácter 

antropogénico se correspondió con el consumo de combustibles fósiles, 

mientras que el restante 10% (~1 GtC año-1) se atribuyó a los cambios en 

el uso de suelo, presentando particular importancia la deforestación. Cabe 

destacar que desde finales de los años 50, las emisiones atribuibles a 

cambios de uso de suelo se han mantenido alrededor de ese porcentaje  

(Le Quéré et al., 2014). 

Varios indicadores son evaluados en los informes del IPCC para 

determinar el continuo cambio climático que actualmente está sufriendo el 

planeta: temperatura de la tierra y los océanos, aumento del nivel del mar, 

pérdida de la cobertura de hielo y nieve, y concentraciones de GHG. 

Algunas de las consecuencias previamente mencionadas son apreciables 

evaluando estos indicadores del cambio climático tales como el nivel medio 

del mar, cuyo valor se elevó en 0.19 m para el periodo comprendido entre 

1901 y 2010, o la temperatura global promedio de superficie y océanos, 

cuya tendencia muestra un calentamiento de 0.85 ºC para el periodo 1880-

2012. Los estudios realizados en muestras de hielo han revelado 
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concentraciones de CO2 en el intervalo 260-280 ppm para el periodo pre-

industrial. Los estudios realizados al respecto y los resultados recogidos en 

el AR5 muestran un crecimiento continuo de la concentración de CO2, 

alcanzando valores de 398.55 ppm en 2014 

(ftp://aftp.cmdl.noaa.gov/products/trends/co2/co2_annmean_mlo.txt). El 

aumento promedio anual para la concentración de CO2, estimado en el AR5 

para el periodo 1980-2011, alcanzó valores de 1.7 ppm año-1. Este valor se 

incrementó a partir de 2001 adquiriendo valores de 2.0 ppm año-1, cuando 

el periodo 2002-2011 fue considerado. Sin embargo, estos valores globales 

pueden aumentar incluso más cuando el estudio se desarrolla en un 

ecosistema o una zona concretos como muestran los resultados publicados 

por Sánchez et al. (2010a) con un valor de 2.98 ppm año-1 para el periodo 

2000-2008 en una zona rural de Castilla y León, muy cercana a la parcela 

donde se han realizado las medidas para el desarrollo de esta tesis. 

El actual y constante incremento en las concentraciones de CO2 ha 

intensificado el número de estudios dirigidos a evaluar cómo estas altas 

concentraciones, con consecuencias directas en el clima, afectarán a los 

diferentes ecosistemas terrestres pudiendo tener influencia sobre la 

fotosíntesis y los ciclos vegetativos de diferentes especies (Falloon et al., 

2010; Olesen et al., 2002). Entre los variados efectos que un aumento de 

las concentraciones de CO2 atmosférico pueden producir se encuentra el 

denominado ‘efecto de fertilización aérea’ (Houghton, 2007) por el cual una 

concentración superior de CO2 conduciría a un aumento en el crecimiento 

de la vegetación frente a niveles inferiores de CO2. Este efecto es más 

notable en vegetación/plantas del tipo C3, puesto que las altas 

concentraciones de CO2 apenas afectarían a la tasa fotosintética de 

vegetación/plantas del tipo C4. Sin embargo, un aumento de CO2, que 

consecuentemente produciría un aumento de la temperatura, podría 

conducir también a un aumento en los procesos respiratorios de la 

vegetación lo cual conduciría a un aumento en el CO2 liberado en estos 

procesos (Pilegaard et al., 2001; Qaderi and Reid, 2009; Seoánez, 2002), 

puesto que un aumento en la temperatura incrementaría la respiración total 

del ecosistema (suelos+vegetación). Yamori et al. (2014) estudiaron la 

influencia que el incremento de la temperatura podría tener en la 
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fotosíntesis y por tanto en la asimilación de CO2. Medrano et al. (2002) 

analizaron la influencia de la sequía en viñedos y otras especies, y Niu et al. 

(2005) evaluaron la dinámica estacional de la fotosíntesis dependiente de la 

disponibilidad de agua, comparando los resultados obtenidos para 

diferentes especies. La influencia de las elevadas concentraciones de CO2 

en la fotosíntesis de diferentes especies ha sido también estudiada por 

Kirschbaum (2004), así como la influencia sobre la transpiración, la cual se 

vería notablemente reducida ante altas concentraciones debido al cierre 

estomático. 

La regulación del CO2 atmosférico se basa en procesos biofísicos 

(Falkowski et al., 2000) entre los que podemos mencionar aquellos 

procesos relacionados con el ciclo del carbonato-silicato (suelos, océanos) 

como los estudiados por algunos autores (e. g., Sánchez-Cañete et al., 

2013), y los procesos fotosintéticos (vegetación) estudiados en esta tesis. 

Cuando consideramos el balance global del carbono, podemos distinguir 

entre fuentes y sumideros. A su vez, las fuentes se pueden dividir en 

naturales (respiración, actividad volcánica, incendios por causas naturales) 

o antropogénicas (cambio de uso de suelo y deforestación, transporte, 

emisiones de la industria, combustión de biomasa, emisiones por la 

generación de energía). También los sumideros pueden ser divididos 

principalmente en vegetación terrestre, océanos y suelos (Reay and Grace, 

2007). Algunos ejemplos numéricos que pueden dar idea de las cifras con 

las que nos movemos en este tipo de estudios se pueden encontrar en 

Figueroa et al. (2007), donde se muestra un cálculo entre la relación del 

CO2 absorbido y la biomasa creada con una relación de 1 kg de madera por 

cada 3.67 kg de CO2 absorbido. Aparte, los procesos fotosintéticos además 

de eliminar CO2 atmosférico también producen O2. En el mismo estudio 

anterior se hace un cálculo que demuestra la importancia de la superficie 

arbórea, dando una aproximación numérica que muestra como 1 ha de 

parcela arbolada urbana podría cubrir las necesidades para todo un día de 6 

personas con el O2 producido. Aunque estos ejemplos se refieren a un tipo 

de vegetación diferente a la estudiada en esta tesis (cultivos), estos 

ejemplos dan una idea de los grandes órdenes de magnitud implicados en 

el ciclo del carbono. 
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Como consecuencia directa de los acuerdos establecidos en el 

Protocolo de Kyoto, un numeroso grupo de estudios ha estado dirigido a la 

identificación y cuantificación de fuentes y sumideros, para determinar el 

comportamiento de diferentes ecosistemas en relación a los intercambios 

de CO2 y su papel en la asimilación del CO2 emitido por el hombre. Los 

diferentes ecosistemas terrestres, gracias a sus procesos fotosintéticos, 

tienen un papel fundamental en la asimilación de parte del CO2 emitido a la 

atmósfera procedente de fuentes antropogénicas. La gran variedad de 

cultivos ha dado lugar a que los ecosistemas agrícolas hayan sido menos 

estudiados, centrándose mayoritariamente en cultivos como el maíz, el 

trigo, el arroz o la soja (Bhattacharyya et al., 2014; Gitelson et al., 2006; 

Wagle et al., 2015; Zheng et al., 2008). El cambio de uso de suelo y la 

inclusión de nuevos cultivos en las rotaciones de las parcelas arables en 

todo el continente conduce a la necesidad de abordar con profundidad el 

comportamiento de estos nuevos cultivos y, en concreto, su 

comportamiento como fuente o sumidero de carbono, aspecto de gran 

interés en el contexto del cambio climático. La justificación del interés que 

este tipo de ecosistemas merecen se demuestra evaluando los datos de 

ocupación de suelo. Según datos del INE (INE, 2015) y del informe 

estadístico que publica anualmente el MAGRAMA, España cuenta con una 

extensión de 505.964 km2. La superficie destinada a tierras de cultivo y la 

superficie forestal arbolada, arbustiva y de matorral destacan como los dos 

principales usos de suelo dentro del territorio nacional. En valores promedio 

para el periodo 1990-2012, aproximadamente un 36% y un 34% de 

superficie total fueron destinados a la agricultura y a superficie forestal, 

respectivamente. Más de la mitad de esa superficie agrícola correspondió a 

cultivos herbáceos, similares a los cultivos estudiados en esta tesis. La 

tendencia de los últimos años muestra, sin embargo, un aumento de la 

superficie destinada a zonas arboladas, en detrimento de aquella dedicada 

a cultivos. Quizá, por ese motivo, existe una gran variedad de estudios 

desarrollados en zonas forestales. Aun así, la importancia de los cultivos no 

puede ser ignorada (Chen et al., 2014; Peng et al., 2013), en particular 

para la meseta castellana donde la superficie destinada a cultivos tiene 

gran relevancia económica y social. 
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1.2 Ciclos biogeoquímicos y flujos de 
carbono 

El nombre de ciclo biogeoquímico se refiere al movimiento de varios 

elementos que están continuamente circulando y son reutilizados en el 

interior de un ecosistema y/o entre varios ecosistemas. Estos ciclos 

establecen los vínculos entre los diferentes componentes de un ecosistema. 

Los ciclos biogeoquímicos pueden ser divididos en tres categorías 

principales: ciclo hidrólogico o ciclo del agua, ciclos gaseosos (carbono, 

oxígeno, nitrógeno, azufre), y ciclos sedimentarios o minerales (e. g., 

fósforo). La energía es el principal motor de todos los ciclos mencionados, 

particularmente del ciclo del carbono y del ciclo hidrológico. La 

evapotranspiración es uno de los principales procesos ligados al ciclo del 

agua e indirectamente al ciclo del carbono, mientras que los principales 

procesos en el ciclo del carbono son la fotosíntesis y la respiración (Wali et 

al., 2009). Por su definición, la evapotranspiración puede ser equiparada 

con el flujo de calor latente, LE, y por tanto este proceso puede ser 

estudiado mediante el cálculo de dicho flujo. Xiao et al. (2013) 

demostraron el acoplamiento entre la evapotranspiración y los procesos 

fotosintéticos, mostrando fuertes correlaciones para diversos ecosistemas 

en China. Mediante la fotosíntesis se genera biomasa cuya producción está 

gobernada por la luz y claramente limitada por el agua y los diferentes 

nutrientes (N, P, etc.). Todo esto prueba una vez más la clara interconexión 

entre los diferentes ciclos mencionados previamente (Baozhang, 2012; 

Govind et al. 2015). Los principales procesos relacionados con el ciclo del 

carbono se evaluarán mediante el cálculo y análisis de principalmente tres 

variables: la producción primaria neta, GPP, la respiración, RE, y el 

intercambio neto del ecosistema, NEE. Sin embargo, otros flujos/variables 

son ampliamente utilizados en este campo. Las definiciones de los flujos 

mencionados, procedentes de la bibliografía, se han recopilado en el 

Apéndice I. También en dicho apéndice se resume el criterio de signos 

seguido para estas variables. 

Para determinar cada uno de los términos mencionados se han 

venido utilizando diferentes métodos (Riederer et al., 2014;                   

Shi et al., 2008). De entre todos, el más ampliamente utilizado es la 
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técnica micrometeorológica denominada covarianza turbulenta, ‘Eddy 

Covariance’ –EC-, la cual está orientada a la medida de largas series 

temporales en diversos emplazamientos y redes internacionales. Quizá por 

ser la más conocida o mencionada se debe nombrar la red FLUXNET 

(http://www.fluxdata.org/default.aspx) que a su vez incluye varias redes 

regionales: EUROFLUX, CARBOEUROPE, AmeriFLUX, ASIANFLUX, etc. Uno 

de los objetivos principales de estas redes es cuantificar los flujos de CO2 y 

de energía. Los valores acumulados de estos flujos, GPP ó NPP, NEE y RE, 

suministran un claro indicio del comportamiento de los diversos 

ecosistemas terrestres en relación al ciclo global del carbono. La magnitud 

y signo de estas variables indican el comportamiento como fuente o 

sumidero de CO2 y su capacidad de emisión o absorción, respectivamente. 

Además, sus valores presentan una gran variabilidad dependiente de la 

localización y del tipo de ecosistema (Jung et al., 2011). Falge et al. (2002) 

encontraron un claro gradiente latitudinal cuando compararon valores de 

GPP y NPP a partir de diversas fuentes. Un resultado similar encontraron 

Valentini et al. (2000) para el estudio del NEE en bosques europeos, 

concluyendo que los bosques de latitudes mayores secuestraban menos 

carbón. Por otra parte, las diferentes condiciones climáticas o 

medioambientales pueden también influenciar notablemente el 

comportamiento de un ecosistema. De tal forma, y dependiendo del tipo de 

ecosistema, su comportamiento podría cambiar de fuente a sumidero de 

carbono o viceversa (Gilmanov et al., 2013) debido a las condiciones 

meteorológicas como en el caso de eventos de precipitación o presencia de 

sequías (Yang et al., 2011). Sin embargo, este comportamiento está mucho 

más marcado en ecosistemas con escasa o poco densa vegetación tal como 

describen Yang et al. (2011) para el caso de estepas o praderas. 

 

1.3 Eficiencia y modelos de simulación 

La eficiencia de un ecosistema puede ser analizada a través de 

diferentes parámetros relacionados con los principales recursos (agua, 

nutrientes, luz y CO2) utilizados por la vegetación en su crecimiento. Se 

puede evaluar su eficiencia en el uso de la luz (LUE) o de la radiación 
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(RUE), del agua (WUE), del carbón (CUE), o incluso del nitrógeno (NUE). Se 

puede describir la eficiencia CUE a través de la relación entre NPP y GPP 

(Albrizio and Steduto, 2003). El valor WUE se calcula a partir de la relación 

entre la tasa fotosintética o GPP y la pérdida de agua (transpiración ó 

evapotranspiración) tal como se describe en Lee et al. (2010). Un mayor 

valor de WUE indicará que dicha vegetación utiliza menos agua en sus 

procesos de crecimiento (Figueroa et al., 2007). De hecho, existe relación 

directa entre el aumento en los valores de WUE y las elevadas 

concentraciones de CO2 (Jianlin et al., 2008). Beer et al. (2007) 

desarrollaron un modelo empírico para determinar el valor de WUE en 

función del LAI y de la capacidad de retención de agua del suelo. Una vez 

calculados de manera independiente los valores de WUE, se pudieron 

estimar los valores de GPP. Utilizando este método obtuvieron un valor 

total de GPP para los cultivos en Europa de 0.7 PgC año-1. 

El valor LUE viene habitualmente definido a través de la relación 

entre la radiación fotosintéticamente activa, PAR, y la GPP (Huang et al., 

2014), aunque en ocasiones se puede hablar de RUE en su lugar (Sandaña 

et al., 2012). Este último parámetro se diferencia del LUE en que su cálculo 

considera la radiación solar total interceptada en lugar de tener en cuenta 

el valor de PAR. Este término presenta una gran variabilidad según la 

especie y la localización geográfica. Por ello, una estimación precisa del 

valor correspondiente a cada zona y tipo de vegetación o incluso especie 

sería deseable (Bradford et al., 2005; Goerner et al., 2011). 

Se debe destacar que, aunque la finalidad sea la misma (la 

caracterización de un ecosistema o de determinada vegetación), las 

variables o metodología utilizadas para alcanzar dicha meta son tan 

variadas que en ocasiones es difícil poder intercomparar los resultados 

reportados en la bibliografía. En efecto, algunos autores presentan valores 

de NPP/GPP, y, otros, valores finales de GPP, NEE, NEP o incluso NBP y, 

aunque esas variables están interrelacionadas (véase Apéndice I), ello 

dificulta la comparación de los resultados existentes en la bibliografía. 

Las técnicas de medida comentadas previamente, entre las que se 

encuentra el método EC, para la estimación de los flujos de energía y de 
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CO2 cubren áreas limitadas por el alcance de la instrumentación utilizada. 

Además, en ocasiones, debido a los altos costes que implica dicha 

instrumentación y/o a la dificultad de acceso a la zona en que se desea 

extraer información, este tipo de medidas resulta inviable. Ante estos 

inconvenientes, se comenzaron a desarrollar modelos capaces de 

reproducir los flujos medidos experimentalmente. El modelado de varios 

procesos implicados en el ciclo del carbono y los restantes ciclos 

biogeoquímicos es por tanto una herramienta muy útil para logar un mejor 

entendimiento de esos procesos (Baozhang, 2012). Además, estos modelos 

basados en procesos pueden también ayudar a entender el papel de los 

ecosistemas en el ciclo global del carbono. Un tema clave en el desarrollo 

de este tipo de modelos es tener en cuenta la interacción entre los 

diferentes ciclos biogeoquímicos comentada en el apartado 1.2, que 

habitualmente no se considera (Falkowski et al., 2000). Los modelos deben 

ser desarrollados, evaluados y calibrados, aplicándolos a la diversidad de 

ecosistemas existentes. Una vez cumplimentadas estas etapas, su 

aplicación puede dar respuesta a los futuros cambios y a los riesgos a los 

que se expondrán los diferentes ecosistemas y ciclos biogeoquímicos 

utilizando diversos escenarios relacionados con el cambio climático (Morales 

et al., 2005). Varios de estos modelos, los cuales han adquirido una mayor 

relevancia, y son ampliamente utilizados, pueden ser divididos en 

diferentes categorías. Las principales categorías con las que nos podemos 

encontrar son: modelos de eficiencia, modelos basados en el balance de 

energía y modelos basados en procesos bioquímicos. 

Un primer grupo de modelos ampliamente utilizados son aquellos 

basados en el concepto de LUE, denominados de una forma genérica como 

Production Efficiency Models –PEMs– (McCallum et al., 2009; Xin et al., 

2013), cuyo esquema inicial fue desarrollado por Monteith (1972). Éstos 

son habitualmente denotados como modelos LUE (Running et al., 1999) y 

son utilizados para la estimación de GPP ó NPP (Xiao et al., 2004). Se 

basan en la relación directa entre la producción vegetal y la luz disponible 

para procesos fotosintéticos, y además tienen en cuenta la reducción de la 

eficiencia LUE originada por factores de estrés ambiental relacionados 
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principalmente con la humedad y la temperatura. Su expresión más común 

aparece definida en Yuan et al. (2014). 

Un segundo grupo de modelos se basan en el balance de energía, 

los cuales son habitualmente divididos en dos tipos: modelos de una fuente 

(Tang et al., 2013), y modelos de dos fuentes (Gonzalez-Dugo et al., 2009; 

Kalma et al., 2008) cuya formulación fue claramente descrita por 

Shuttleworth and Wallace (1985). La diferencia entre ambos radica en si la 

influencia de la vegetación y el suelo son tenidas en cuenta de manera 

conjunta (una fuente) o separadamente (dos fuentes), lo que da lugar a 

que se introduzcan una o dos resistencias en el modelo, respectivamente. 

Un tercer grupo de modelos, denominados bioquímicos, destaca por 

su importancia en la determinación del comportamiento de los diferentes 

ecosistemas en relación al ciclo del carbono. El principal objetivo es 

modelar la fotosíntesis de la vegetación considerando las diferentes 

características estructurales de las plantas. Existe gran variedad dentro de 

este tipo de modelos, entre los que podemos mencionar: CDMag (Zhang 

and Tang, 2005), SPA (Revill et al., 2013), ISBA-A-gs (Albergel et al., 

2010), FvCB (Lenz et al. 2010), y 5PM (Tolk et al., 2011). Pero, sin duda, 

el modelo más utilizado es el descrito por Farquhar et al. (1980) del que 

existen diferentes variantes (Wang and Leuning, 1998). 

Todos los modelos mencionados previamente pueden ser 

empleados independientemente. Sin embargo, dada la implicación de todos 

los procesos y ciclos biogeoquímicos, en los últimos años se han 

desarrollado modelos acoplados que calculen no sólo uno sino varios 

procesos en una misma simulación y que, por tanto, interrelacionen todos o 

varios de los modelos previamente descritos. Algunos ejemplos de estos 

modelos acoplados son: CTP (Kremer et al., 2008); CANOAK (Wilson et al., 

2001); SiB2 (Sellers et al., 1996); ORCHIDEE (Verbeeck et al., 2011); 

PIXGRO (Adiku et al., 2006); BEPS (Ju et al., 2010); PROSAILH-BGC 

(Migliavacca et al., 2009), y MAESPA (Duursma and Medlyn, 2012). 

Una mejora en el estudio o simulación de los procesos 

biogeoquímicos incluye la combinación de estos modelos conjuntamente 
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con datos satelitales. Esta combinación se ha convertido en una 

herramienta poderosa para ampliar la escala de los resultados modelados 

obtenidos. De esta manera se pueden obtener resultados desde el nivel de 

ecosistema hasta escala regional, o incluso escala global (Reichstein et al., 

2014). El ejemplo más claro son los modelos LUE (Yan et al., 2015), 

citados previamente, los cuales utilizan datos satelitales de la fracción 

fotosintética activa absorbida por la vegetación, FPAR. También en el 

análisis del ciclo global del carbono es habitual la integración ó combinación 

de la teledetección y los modelos de procesos de los ecosistemas (Turner et 

al., 2004). Entre la gran variedad de sensores existentes mencionaremos el 

MERIS (Berberoglu et al., 2007), el Landsat (Chen et al., 2013), o el 

Vegetation (Xiao et al., 2004). A pesar del aumento creciente de sensores 

que orbitan el planeta, uno de los más ampliamente utilizados ha sido y es 

el MODIS a bordo de los satélites Terra y Aqua (Coops et al., 2007; Heinsch 

et al., 2006; Li et al., 2007; Shim et al., 2014; Sims et al., 2005). 

 

1.4 Objetivos 

Considerando la amplia extensión que ocupan los cultivos a escala 

planetaria, nacional y en Castilla y León, su importancia socio-económica y 

la aún escasa información existente, el objetivo central de esta tesis ha sido 

realizar medidas de los flujos de energía y de CO2 y modelarlos en una 

parcela agrícola situada en la provincia de Valladolid. La parcela 

seleccionada ha sido un cultivo anual rotante de colza del que se ha hecho 

un detallado seguimiento durante cuatro años completos. El criterio anual 

de rotación seguido por el agricultor ha consistido en la siembra de colza, 

trigo, guisantes y centeno. Dicho criterio no sólo ha permitido estudiar el 

comportamiento de los cultivos de secano más relevantes en Castilla y León 

sino que además ha incluido algunos de gran importancia y de los que se 

dispone de escasa información. Entre ellos destacamos la colza, ya que 

además de haber sido poco estudiada en detalle en relación a los flujos de 

CO2 (Chen et al., 2014), es una de las principales materias primas para la 

elaboración de biodiesel (Peterson and Hustrulid, 1998). La superficie 

media anual destinada en España al cultivo de colza cuenta, en promedio, 
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con cerca de 30.000 ha para el periodo 1990-2013. Sin embargo, tanto la 

superficie como la producción de este cultivo han experimentado un 

aumento sustancial en los últimos años, en particular desde 2007. Las 

cifras para la superficie destinada al cultivo de colza y su producción 

prácticamente han triplicado sus cifras desde 2001 en España, con datos de 

42.549 ha cultivadas y 112.928 toneladas producidas para el año 2013. 

(MAGRAMA, 2012). Otro cultivo del que apenas existe información es el 

centeno. 

Para cada uno de los cultivos hemos realizado medidas de los 

principales componentes implicados en el balance de energía: el calor 

sensible, H, el calor latente, LE, el flujo de calor del suelo, G, y la radiación 

neta, Rn, examinando la contribución de cada término a la energía total 

disponible. Por otra parte, hemos modelado cada término utilizando el 

modelo de una fuente SEBS. Dado que su formulación incluye una 

combinación de datos satelitales y bases de datos meteorológicos, permite 

la incorporación de los parámetros de entrada necesarios 

independientemente de la disponibilidad de datos in situ. Esto hace que 

este modelo sea aplicable a zonas que, por ejemplo, carezcan de 

instrumentación meteorológica. 

En lo que respecta a los flujos de CO2, hemos seguido un 

procedimiento similar midiendo el NEE, la RE, y la GPP en cada cultivo, lo 

que en definitiva nos ha permitido cuantificar las fuentes y sumideros de 

CO2. En este caso los resultados de la GPP, uno de los términos de mayor 

interés, han sido modelados utilizando un modelo LUE, el cual nos ha 

permitido determinar la eficiencia óptima de cada tipo de cultivo. 

Esta tesis surge como continuación de los estudios iniciados en 

2008 por el GCA para el estudio específico de la colza en la parcela agrícola 

antes aludida. Los primeros resultados de dicho estudio se publicaron en 

2012 en una monografía cuyo contenido se adjunta en el Apéndice II. En 

esta tesis se ha ampliado el periodo de estudio a cuatro años y extendido al 

análisis de otros cultivos característicos de la zona de estudio como son el 

trigo, los guisantes y el centeno. 
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Por tanto, sintéticamente los objetivos específicos de este estudio 

han sido: 

a) estudio del cierre del balance de energía,  

b) modelado de los flujos de energía aplicando el modelo de una 

fuente SEBS, 

c) identificación de cada cultivo como fuente o sumidero de CO2 

mediante el cálculo de la cantidad total de NEE y GPP, y 

d) obtención de un valor de eficiencia para cada cultivo mediante la 

aplicación de un modelo LUE a la GPP. 

 

1.5 Estructura de la Tesis 

Los capítulos centrales están basados en artículos publicados o 

remitidos para su publicación, por ello están escritos en ingles y no se han 

traducido. Por el contrario, los dos primeros capítulos cuyo contenido hace 

referencia a una introducción general y la descripción del lugar de medidas 

están escritos en español. Esta tesis consta de 6 capítulos cuyo contenido 

es resumido a continuación. 

 

El Capítulo 1 aporta una introducción al tema de estudio, antecedentes y 

motivación relacionados con él. También provee del marco de trabajo en el 

que se desarrollarán los siguientes capítulos, dando una descripción global 

de la problemática y de su interés, así como la terminología que se 

utilizará. 

 

El Capítulo 2 proporciona una descripción global de la zona de estudio y 

de la región donde está localizada la estación de medida. También se 

presenta una visión de conjunto de la climatología del lugar, así como una 

descripción de la instrumentación y técnicas empleadas. 
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El Capítulo 3 presenta el balance de energía de la parcela estudiada, 

donde todos sus componentes son evaluados, y los resultados del cierre de 

dicho balance. El análisis del cierre de este balance determinará la precisión 

de las medidas realizadas con la instrumentación EC, cuyos datos serán 

utilizados en capítulos posteriores. Además se determinará el reparto de 

energía entre los diferentes procesos que relacionan el ecosistema, la 

atmósfera y el suelo. 

 

El Capítulo 4 trata el modelado de procesos biofísicos, basado en un 

modelo de una fuente, mediante la evaluación y calibrado del modelo 

SEBS. Mediante este modelo se obtienen las series temporales de los 

diferentes componentes que participan en el balance de energía, así como 

el valor de la fracción evaporativa, EF. 

 

El Capítulo 5 calcula los principales componentes que participan en el ciclo 

del carbono, tales como NEE y GPP, que darán cuenta del comportamiento 

como fuentes o sumideros de carbono, en concreto el valor de NEE. 

Además, revisa las diferentes posibilidades para la obtención de GPP, 

particularmente aplicando un modelo LUE. La aplicación de este modelo 

conducirá a la obtención de un valor final característico de la eficiencia de 

cada cultivo estudiado. 

 

El Capítulo 6 compendia los principales resultados y conclusiones 

obtenidos en el desarrollo de esta tesis. 

 

La Bibliografía y los dos siguientes apéndices completan la memoria. 

 

El Apéndice I recoge las definiciones de los diferentes flujos de carbono 

descritos en la bibliografía, así como el criterio de signos empleado y un 

diagrama de flujo que relaciona dichas variables. 
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El Apéndice II contiene la monografía (52 pp) titulada ‘Medida y 

parametrización de los flujos de CO2 en un cultivo de colza. Medidas in situ 

y satelitales’, publicado por la editorial Academica Española en 2012 que 

presenta los primeros resultados obtenidos para el estudio del cultivo de 

colza desarrollado en este trabajo. 
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2.1 Introducción 

La zona de estudio queda descrita y caracterizada en los siguientes 

apartados de este capítulo. La descripción comprende no sólo la parcela de 

estudio sino su valor representativo con respecto al territorio nacional. A 

continuación se incluye una descripción de la instrumentación utilizada en 

este trabajo, así como una caracterización meteorológica de la zona de 

estudio. Ésta mostrará las condiciones ambientales en las que se han 

realizado las medidas y, por ende, las condiciones en las que se ha 

desarrollado el ciclo vegetativo de cada uno de los cultivos estudiados. 

Como complemento a esta caracterización meteorológica se incluye un 

estudio de la tendencia en los valores de precipitación y temperatura en 

Valladolid durante los últimos 71 años. 

 

2.2 Descripción general 

La región de Castilla y León cuenta con una extensión de       

94.226 km2 (INE, 2015) y es la comunidad con mayor territorio de toda 

España, ocupando el 18.6% del territorio nacional. Dentro de la comunidad, 

aproximadamente un 39% de la superficie se destina a tierras de cultivo, 

prácticamente en su totalidad para cultivos herbáceos, mientras que la 

superficie arbolada cubre alrededor de un 29% (promedio periodo 1990-

2012). La misma tendencia en el aumento de superficie arbolada que se 

apreciaba al estudiar el territorio nacional (Sección 1.1) se aprecia a nivel 

de comunidad, aunque en este caso las tierras de cultivo todavía destacan 

como primer uso de suelo (Fig. 2.1). 

Los cultivos herbáceos mencionados se encuentran divididos en 

cereales grano (trigo, cebada, avena, centeno, arroz, maíz, etc.), 

leguminosas grano (judías, lentejas, habas, garbanzos, guisantes, etc.), 

tubérculos para consumo humano (patata, boniato, batata, chufa), cultivos 

industriales (colza, girasol, remolacha, caña de azúcar, algodón, lino, 

pimentón, azafrán, menta, tabaco, etc.), cultivos forrajeros, hortalizas, y 

flores y plantas ornamentales (Anuario MAGRAMA, 2009). 
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Figura 2.1. Evolución de la superficie destinada a los dos principales usos 

de suelo (forestal y agrícola) en Castilla y León para el periodo 1990-2012. 

 

Los más recientes datos estadísticos muestran una extensión total 

empleada para el cultivo de cereales grano a nivel nacional de      

6.268.026 ha (Anuario MAGRAMA, datos 2013) de cuya extensión la mayor 

parte está destinada al cultivo de secano (5.089.594 ha). La superficie 

destinada a cereales grano se ha mantenido alrededor de esta cifra desde 

2001. Un dato remarcable a tener en cuenta dentro del marco del estudio 

que hemos llevado a cabo es que dentro de Castilla y León parte de la 

producción de cereales grano está dedicada a la producción de bio-

combustible, aunque se trate de una pequeña parte. Esto convierte a 

Castilla y León, junto con Navarra, en las dos únicas comunidades 

españolas que destinan parte de la producción de cereal grano a la 

industria del bio-combustible. El territorio destinado a cultivos dentro de la 

comunidad de Castilla y León es de 3.526.668 ha (Anuario MAGRAMA, 

datos 2012) lo que la convierte en la tercera comunidad con mayor área 

destinada a tierras de cultivo después de Castilla La Mancha y Andalucía. 

Del total de superficie de Castilla y León destinada a tierras de cultivo, la 
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mayor extensión corresponde a los cultivos herbáceos (2.741.222 ha, 

MAGRAMA 2012). En particular, los cultivos de secano (2.306.460 ha, 

MAGRAMA 2012) representan un 65.4% del total de superficie cultivada 

ocupando el 24.5% de la superficie geográfica total de Castilla y León. Con 

estas cifras, se deduce la importancia de los cultivos, en particular los de 

secano, a escala regional e incluso, a escala nacional. 

Dentro de la comunidad de Castilla y León nos interesa ver el papel 

que tiene Valladolid en relación a estas estadísticas y usos de suelo de los 

que estamos tratando, por encontrarse dentro de esta provincia la zona de 

medidas. Aunque dentro de la comunidad, e incluso a nivel nacional, 

Valladolid no es una de las provincias con mayor extensión de territorio, 

8.111 km2, más de la mitad está dedicada a tierras de cultivo (en concreto, 

cultivos herbáceos) ocupando el segundo puesto después de Burgos. De las 

573.716 ha (JCYL, datos 2013) dedicadas a tierras de cultivo, 489.2383 ha 

(Anuario JCYL, datos 2013) corresponden a cultivos herbáceos y, en 

particular, 395.503 ha (JCYL, datos 2013) pertenecen a cultivos herbáceos 

de secano. Queda así demostrada la importancia de este tipo de cultivos 

dentro de la región y la influencia tanto ecológica como económica. 

De entre todos los tipos de cereales incluidos dentro de la 

denominación cereal grano, el trigo es el que cuenta con una mayor 

superficie media a nivel nacional (2.102.191 ha) para el periodo 1990-

2012. En Castilla y León, la superficie (Fig. 2.2a) destinada a este cereal es 

783.746 ha (secano y regadío, MAGRAMA, datos 2012). Estas cifras 

convierten a Castilla y León en la comunidad con mayor superficie de 

cultivo de trigo en todo el territorio nacional. Del mismo modo, aunque 

Valladolid no se encuentre entre las primeras productoras de la comunidad, 

aun así, se destinan 71.488 ha para el cultivo de este cereal dentro de la 

provincia lo que supone aproximadamente un 9% del total de su superficie. 

Otros cereales incluidos en la denominación cereal grano son, como ya se 

ha mencionado, el centeno, la avena y el maíz. Aunque éstos cuentan con 

una menor superficie y producción dentro de la comunidad, aun así son 

cultivos a tener en cuenta por la influencia dentro de la región, en especial 

el centeno. Siendo este último otro de los cultivos característicos en Castilla 

y León, pues a pesar de que la superficie (105.866 ha, MAGRAMA, datos 
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2012) y producción (Fig. 2.2b) son menores en comparación con las cifras 

dadas para el trigo, aun así, vuelve a ser la primera comunidad en 

producción y superficie a nivel nacional. 

Si seguimos analizando los cultivos característicos de la zona de 

estudio, encontramos las leguminosas grano y dentro de este tipo los 

garbanzos y guisantes. Habitualmente, una gran parte de la producción de 

guisante está destinada a consumo animal. En 2012, Castilla y León 

destacó nuevamente como la primera productora nacional de guisante seco 

con una superficie cultivada de 49.937 ha (MAGRAMA, 2012), ocupando 

Valladolid el primer puesto en producción dentro de la comunidad. 

El último tipo de cultivo herbáceo que se tratará en detalle por su 

influencia dentro de la región de estudio son los cultivos industriales. 

Dentro de esta denominación se deben destacar el girasol y la colza. El 

cultivo de colza está escalando posiciones frente a otros cultivos por 

tratarse de uno de los cultivos que en la actualidad está catalogado como 

fuente de nuevas energías (bio-combustible). Este cultivo, por novedoso y 

escasamente estudiado, se ha convertido en el pilar fundamental de este 

trabajo, en el que se analiza un cultivo rotante de colza en una misma 

parcela para un periodo de varios años. De nuevo, al igual que ocurría con 

el caso de los cereales grano, Castilla y León lidera tanto en superficie de 

cultivo de colza (14.371 ha, MAGRAMA, 2012) como en producción a nivel 

nacional. Valladolid se presenta como la tercera provincia productora de 

este cultivo, después de Zamora y Salamanca (datos 2012), a nivel de 

Castilla y León, y quinta a nivel nacional tras Zamora, Navarra, Girona y 

Salamanca (MAGRAMA, 2012). 
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Figura 2.2a. Evolución de la producción y la superficie destinada a su 

siembra en Castilla y León para la colza y el trigo. Elaboración a partir de 

los datos contenidos en los diferentes anuarios estadísticos publicados por 

el MAGRAMA. 
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Figura 2.2b. Evolución de la producción y la superficie destinada a su 

siembra en Castilla y León para los guisantes y el centeno. Elaboración a 

partir de los datos contenidos en los diferentes anuarios estadísticos 

publicados por el MAGRAMA. 
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2.3 Descripción del lugar de medida 

El lugar donde se han realizado las medidas se muestra en las    

Fig. 2.3 y 2.4. Se trata de una parcela agrícola (41º46’44.4’’ N,                 

-4º52’19.19’’ W) situada a unos 30 km al noroeste de Valladolid y a una 

altitud de 849 m sobre el nivel del mar. El lugar está caracterizado por una 

amplia homogeneidad en el terreno (Pérez et al., 2006), al situarse en 

plena meseta y no encontrarse ningún elemento de relieve alrededor, 

presentando una visibilidad total en todas las direcciones. El uso de suelo 

en la parcela de medida está destinado al cultivo de cereales de secano, así 

como en la mayor parte de las parcelas adyacentes, siendo éste un uso de 

suelo característico de esta región como ya hemos mencionado. Se trata de 

una parcela de aproximadamente 36 ha donde hemos instalado dos torres 

de medida. El propietario utiliza el método de siembra de mínimo laboreo 

(‘reduced tillage’) para minimizar el impacto de dichas tareas sobre el 

cultivo y que sea lo más natural posible. Este método de siembra además 

reduce las emisiones de CO2 del suelo, lo que representa un valor añadido 

(Sánchez et al., 2002). 

El suelo está catalogado como franco–arenoso (‘sandy-loam’) con el 

siguiente contenido aproximado: 15% de limo, 20% de arcilla y 65% de 

arena. La cantidad de materia orgánica obtenida para el análisis del suelo 

está alrededor del 3%. La parcela de medida, así como las circundantes, 

mantiene un esquema rotante de cultivo, donde habitualmente se van 

intercalando vegetación de hoja ancha con vegetación de hoja estrecha. 

Como ya se ha mencionado, durante el periodo de medidas comprendido 

entre 2008 y 2011, los cultivos estudiados han sido: colza, trigo, guisantes 

y centeno. El periodo vegetativo característico de los cultivos de secano en 

esta región suele comprender desde la siembra, a mediados de septiembre 

o mediados de octubre, hasta la cosecha a mediados de julio. Sin embargo, 

dependiendo del cultivo específico y las condiciones meteorológicas, este 

periodo puede sufrir leves variaciones. Para los cultivos estudiados la época 

de siembra correspondió a septiembre (colza), noviembre (trigo), enero 

(guisantes) y octubre (centeno). Durante el periodo de medidas nos 

encontramos con una excepción al característico ciclo mencionado: los 

guisantes sembrados en el año 2010, que poseen un ciclo más corto 
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comparado con los restantes cultivos de secano estudiados. Aunque la 

siembra se realizó mucho mas tarde (mediados de enero), el periodo de 

cosecha coincide con los otros cultivos (mediados de julio). Fuera del ciclo 

vegetativo, el suelo no presenta vegetación aunque si un residuo vegetal 

que sirve como cobertura para el suelo hasta la próxima siembra y que es 

una característica del mínimo laboreo aplicado en la parcela. 
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Figura 2.3. Localización geográfica de la zona de estudio en la región de Castilla 

y León en España (izq.). Mapa elaborado por el Plan Nacional de Ortofotografía 

Aérea (der.), PNOA, de máxima resolución elaborado por el IDECYL 

(http://www.idecyl.jcyl.es/hac/6/VCIG/Login.ini). 

 

  

Figura 2.4. Imágenes obtenidas a partir del Sistema de Información Geográfica 

de Parcelas Agrícolas (SIGPAC, http://sigpac.mapa.es/fega/visor/). Ministerio de 

Agricultura, Alimentación y Medio Ambiente (MAGRAMA) y Junta de Castilla y 

León (JCYL). Foto aérea tomada en junio de 2008 (izq.) y en julio de 2011 

(der.). Situación de la parcela antes (izq.) y después de la cosecha y hasta la 

siguiente siembra (der.). 
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2.4 Instrumentación 

Las torres de medida fueron instaladas en la parcela mostrada en la 

Fig. 2.4 en marzo-abril de 2008, y han estado funcionando desde ese 

momento de forma ininterrumpida. Las dos están ubicadas 

aproximadamente en el centro de la parcela para obtener medidas 

representativas de todo el cultivo y están separadas aproximadamente 

unos 20 m para que las medidas registradas no se vean interferidas por la 

otra torre. Cada torre posee instrumentación meteorológica convencional e 

instrumentación micrometeorológica ó EC (Fig. 2.5), respectivamente. De 

aquí en adelante la nomenclatura otorgada a estas torres para futuros 

comentarios será torre meteorológica para aquella que contiene la 

instrumentación meteorológica y torre de respuesta rápida o torre EC para 

aquella con la instrumentación micrometeorológica. 

 

 

Figura 2.5. Torres meteorológica (izq.) y micrometeorológica (der.) 

instaladas en la parcela de medida. 
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La instrumentación de la torre meteorológica aparece reflejada en 

la Fig. 2.5 (izq.). A mayores, dicha torre cuenta con varias sondas de suelo 

que no aparecen en la imagen. Toda esta instrumentación es brevemente 

descrita a continuación:  

 

 Sensor cuántico (Li–190, Li–Cor Biogeosciences, Lincoln, NE, 

EEUU): encargado de medir la radiación fotosintéticamente activa, 

PAR, abarcando el rango 400-700 nm. 

 

 Radiómetro neto (Type 8110, Ph. Schenk): mide la diferencia entre 

la radiación incidente y saliente para las longitudes de onda corta y 

larga (0.3 – > 3 µm). El posible rango de medidas oscila entre       

-1500 y +1500 W m-2, siendo capaz de trabajar entre -40 y       

+60 ºC. Valores positivos indican una ganancia de energía por la 

superficie, mientras que los valores negativos denotan una pérdida 

de energía. El sensor está instalado a 1.5 m sobre la superficie. 

 

 Termohigrómetro (STH–5031, Geónica, Madrid, España): se trata 

de un único sensor combinado que mide la temperatura y 

humedad, protegido por una carcasa para evitar que los sensores 

se vean dañados o las medidas alteradas. El rango de medida 

incluye temperaturas desde -30 hasta 70 ºC, con una precisión de 

±0.1 ºC. La medida de la humedad cubre valores desde 0 hasta 

100%, con precisión de ±3% hasta valores de 90% y con precisión 

de ±5% para valores a partir de 90%. 

 

 Anemómetro (03101 R. M. Young wind sentry anemometer): está 

compuesto por tres cazoletas cuya rotación genera una señal en 

corriente AC proporcional a la velocidad del viento. 

 

 Veleta (03301 R. M. Young wind sentry vane): proporciona la 

dirección del viento. El rango de medida incluye valores desde       

0 hasta 50 m s-1 para la velocidad del viento y de 0 a 360º para la 

dirección, según especificaciones del manual. 
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 Sonda de temperatura de suelo (modelo STS-5031): se encuentra 

instalada a unos 10 cm de profundidad, en el interior de 

un cilindro de acero inoxidable que permite una rápida 

respuesta a los cambios de temperatura. El cilindro se 

encuentra a su vez en el interior de un cuerpo de PVC que 

permite el aislamiento térmico con el entorno. El rango de 

medida y la precisión coinciden con los mencionados para 

el sensor de temperatura, componente del termohigrómetro. 

 

 Sonda de humedad de suelo (ThetaProbe type ML2x): está situada 

en el suelo a una profundidad de 

6-10 cm y mide cambios en la 

constante dieléctrica del suelo 

registrando la humedad con una 

precisión de ±1%. Comparando 

valores conocidos de la constante dieléctrica para diferentes 

superficies y tipos de suelo con el valor medido por la sonda, el 

contenido volumétrico de humedad de suelo oscilará entre 0 m3/m3 

(suelo seco) y 1 m3/m3 (agua). Los valores de salida de la sonda 

oscilarán entre 0 y 0.5 m3/m3, aproximadamente. Una característica 

de este tipo de instrumentación es la rápida respuesta a eventos de 

precipitación. Habitualmente, en lugar de utilizar unidades de m3/m3 

se suele representar la medida con valores en %. 

 

 Platos de flujo térmico del suelo (HFP01, Hukseflux, Delft, The 

Netherlands – Campbell Scientific Inc.): los sensores o platos 

consisten en una termopila que mide las 

diferencias en el gradiente de temperatura. 

El sensor genera un pequeño voltaje de 

salida proporcional al flujo de calor. Este 

voltaje debe ser dividido por la sensibilidad 

(50 µV/W m-2), una constante suministrada 

con cada instrumento, para obtener el valor del flujo. Los platos se 

encuentran enterrados a una profundidad de entre 2-5 cm. Para 

obtener un valor más representativo de la zona de estudio, uno de 

los platos ha sido enterrado bajo vegetación mientras que el otro se 



CAPÍTULO 2 
 

 
 

 
57 

ha ubicado en una zona despejada, bajo suelo descubierto, 

manteniendo una separación entre ellos de unos 50-70 cm. 

Promediando los valores medidos por los dos platos se obtiene un 

valor final para el flujo de calor de suelo representativo de la zona 

de estudio. El rango de medida oscila entre -2000 y +2000 W m-2 y 

los sensores son capaces de trabajar en un rango de temperaturas 

entre -30 y +70 ºC. 

 

 Datalogger/SAD (Meteodata 3000c, Geonica, Madrid, España): 

almacena los datos de toda la instrumentación meteorológica en 

promedios de 5 minutos. Estos datos son accesibles a posteriori 

mediante el uso del software TELETRANS–W3K. 

 

La instrumentación micrometeorológica consiste en un anemómetro 

sónico tridimensional (USA–1, METEK, Elmshorn, Alemania) y un analizador 

de gases IRGA (InfraRed Gas Analyzer, Li–7500, Lincoln, NE, EEUU) tal 

como se aprecia en la Fig. 2.5 (der.). Ambos instrumentos trabajan con una 

alta frecuencia, 10 Hz. La altura de la torre EC se determina en función del 

área de influencia de las medidas, denominada habitualmente 

footprint/fetch (Moncrieff et al., 1997). Para abarcar aproximadamente 

toda la parcela de medidas (Fig. 2.4), la altura de dicha torre se fijó a 

aproximadamente 3.5 m. Además cuenta también con un datalogger 

(METEK) y un soporte para grabación de tarjetas de datos en el cual se 

almacenaron directamente los datos medidos por la torre de respuesta 

rápida como método de duplicación de registros para evitar huecos en la 

base de datos. Por otra parte, estos mismos datos instantáneos fueron 

transferidos mediante control remoto a la Facultad de Ciencias de la 

Universidad de Valladolid para ser procesados. 

El anemómetro sónico mide las tres componentes de la dirección 

del viento y la temperatura sónica, gracias a las tres parejas de 

transductores que lo conforman, que se comportan como emisores y 

receptores de cortos pulsos ultrasónicos. Un pulso sónico se emite entre 

cada par de transductores. El tiempo de retardo medido en este pulso 

puede verse afectado por la temperatura y el radio de mezcla de los gases 
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atmosféricos y el vapor de agua. El rango de variación de medidas incluye 

temperaturas desde -40 hasta 60 ºC y velocidades de 0 a 60 m s-1. 

El analizador no dispersivo IRGA mide densidades de CO2 y vapor 

de agua. Existen diferentes tipos de analizadores IRGA (Haslwanter et al., 

2009), dependiendo del diseño y de si la 

trayectoria de medida es cerrada 

(‘closed-path’) o abierta (‘open-path’). El 

analizador empleado, y mostrado en las 

Fig. 2.5 y 2.6, es de trayectoria o lazo 

abierto. El analizador IRGA contiene una 

fuente de luz IR en su interior (Fig. 2.6), 

funcionando en el rango de longitudes de 

onda donde el CO2 y el vapor de agua 

son absorbidos. La luz emitida es 

recibida por un detector con una 

intensidad reducida con respecto al pulso 

inicial. Esta reducción en la intensidad 

depende de la concentración de CO2 y 

vapor de agua. En la Fig. 2.6 se ve el 

camino recorrido por el rayo emitido por 

la fuente. El rango de operación incluye 

temperaturas desde -25 hasta 50 ºC (Li-

7500 CO2/H2O Analyzer. Instruction 

Manual. LI-COR. 2001). 

 

El LAI, Leaf Area Index, es medido con un sensor óptico (LAI–2000, 

Li–Cor, Lincoln, NE, USA). Este instrumento mide la diferencia entre la 

radiación medida sobre y bajo el dosel vegetativo, aplicando la ley de Beer-

Lambert (Eq. 2.1), 

Qi = Q0 exp (-K LAI)    (2.1) 

donde Qi y Q0 son la radiación bajo y sobre el dosel vegetativo, y K es el 

coeficiente de extinción. 

 

Figura 2.6.    Diagrama   de 

funcionamiento   del   IRGA. 
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La atenuación de esta radiación en diferentes ángulos desde el 

zenith (7, 23, 38, 53 y 68o) se relaciona con la cantidad de vegetación 

existente. El protocolo de medida consiste en una medida sobre la 

vegetación (A) seguida de cuatro medidas bajo la vegetación (B), en dos 

repeticiones (2 A + 8B) para un mismo muestreo. Habitualmente, la serie 

de muestreos suele contar con un promedio de 10 medidas. Cuando el cielo 

está totalmente despejado, se debe utilizar un ‘view-cap’ para evitar la 

exposición directa del detector al sol. Cuando el LAI se mide sobre un 

cultivo, usualmente sembrado en filas, cada muestreo debería seguir los 

indicativos de la Fig. 2.7, para así cubrir completamente la distancia entre 

dos filas consecutivas del cultivo (LAI–2000 manual, 1992; Awal et al., 

2006). 
 

 

Figura 2.7. Secuencia de medición del LAI. 
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2.5  Climatología 

El clima que caracteriza a esta zona, Mediterráneo–Continental 

(Font, 1983; Jimenez and Ibañez, 1993), cuenta con veranos cálidos y 

secos e inviernos fríos con abundante presencia de heladas. La temperatura 

media anual observada es de 11.3 ºC para el periodo de medidas de 4 años 

(2008–2011). El rango de valores para la temperatura del aire oscila entre 

-10 y 36 ºC, siendo éstos los valores extremos que se alcanzaron para el 

periodo de medidas. Como se aprecia en la Fig. 2.8, los valores más altos 

se alcanzan en verano mientras que los meses invernales se caracterizan 

por medias mensuales alrededor de 2-3 ºC. 

Una característica de esta zona es la irregularidad en el reparto de 

precipitaciones, con una mayor presencia en primavera y en otoño. Durante 

el periodo de medidas se ha apreciado también el aumento de 

precipitaciones durante el mes de diciembre para el periodo evaluado, tal 

como se muestra en la Fig. 2.8. La precipitación acumulada perteneciente a 

cada año del periodo de estudio fue 496.7 (2008), 375.3 (2009), 540.6 

(2010) y 346.8 mm (2011). Considerando estos datos, se podría inferir que 

2009 y 2011 presentaron una leve sequía, mientras que 2008 y 2010 se 

podrían considerar años lluviosos, en particular el 2010. Dado que la 

precipitación es uno de los factores importantes en el desarrollo de la 

vegetación, estos datos acumulados darían un indicativo de la producción 

obtenida para cada año, lo que llevaría a pensar que dicha producción 

debería ser menor los años para los que la disponibilidad de agua es 

menor. Sin embargo, el valor total de la precipitación acumulada no es el 

único factor que determina el desarrollo de la vegetación. El factor más 

influyente es quizá el reparto de las precipitaciones, puesto que los 

requerimientos de agua son altamente dependientes de la etapa de 

crecimiento en la que se encuentra la vegetación. En la Fig. 2.8 se 

representa el reparto mensual de precipitaciones para todo el periodo de 

medidas. El periodo más importante en el desarrollo vegetativo para los 

cultivos estudiados tiene lugar entre los meses de marzo y junio, al que 

denominaremos periodo de máximo interés, MIP. En este periodo el cultivo 

se desarrolla plenamente y, por tanto, los requerimientos de agua son 

mayores. Es por esto que al comparar los dos años secos, 2009 y 2011, 
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debemos mencionar que a pesar de que 2009 tuvo un valor total 

acumulado mayor que 2011, el valor acumulado para el MIP en 2009 fue 

mucho menor que el presente para el resto de los años. Por tanto, puede 

concluirse que 2009 estuvo caracterizado por una severa sequía, con 

consecuencias directas en el desarrollo de la vegetación. 

La humedad del suelo (Fig. 2.8b), obviamente relacionada con la 

precipitación, sigue el mismo patrón característico que ésta, presentando 

valores máximos (alrededor de 40%) para el periodo primaveral. Esta es 

otra de las variables influyentes en el desarrollo de la vegetación puesto 

que representa la habilidad del suelo para retener el agua obtenida de la 

precipitación y que estará accesible para la vegetación a través de sus 

raíces. 

Los promedios de la velocidad y dirección del viento están 

representados en la Fig. 2.9. Como se aprecia en el gráfico, la dirección 

predominante del viento en la zona se caracteriza por un eje WSW/SW-NE. 

Este eje característico se relaciona con la orografía del terreno. Las 

velocidades medias más altas también se presentan en este eje, con 

valores promedios que pueden alcanzar los 4 m s-1. Las ráfagas máximas 

ocurren habitualmente en el periodo invernal, entre los meses de enero y 

marzo. Estos valores máximos pueden llegar a alcanzar entre 15 y           

18 m s-1, provenientes habitualmente de la dirección WSW/SW. 

La última de las variables climáticas analizadas en este apartado es 

la radiación. Puesto que el estudio se centra en el desarrollo y 

caracterización de cultivos agrícolas, la radiación considerada es la 

comprendida en el rango 400–700 nm dentro del espectro visible, que es la 

utilizada para el proceso de la fotosíntesis, y por tanto para la asimilación 

del carbono atmosférico por las plantas. Esta radiación es denominada PAR, 

en unidades de W m-2, y suele ser medida en forma de PPFD, en unidades 

de µmol m-2 s-1. Los factores de conversión entre ambas variables pueden 

encontrarse en la bibliografía (Frolking et al., 1998; 

http://www.licor.com/env/pdf/light/Rad_Meas.pdf). Para el periodo de 

medidas estudiado, la variación del PAR cada año fue similar (Fig. 2.10). Se 

muestran máximos de alrededor de 1000 µmol m-2 s-1 en los meses de 
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julio-agosto, mientras que los mínimos, por debajo de 400 µmol m-2 s-1, se 

presentan de noviembre a febrero. El máximo de los promedios anuales de 

PAR fue muy similar para todo el periodo de medidas, siendo ligeramente 

más alto en 2008 y 2009. Sin embargo, si se considera el MIP, 2009 

destaca como el año con mayor radiación con valores promedios levemente 

más altos. El incremento para la radiación en el MIP de 2009 unido a la 

escasa precipitación (apenas 100 mm) hace que este año quede 

definitivamente caracterizado por una marcada sequía, como se comentó 

previamente. 
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Figura 2.8a. Reparto mensual de las precipitaciones acumuladas y de las 

temperaturas promedio del aire y del suelo para todo el periodo de 

medidas. 

 

 

Figura 2.8b. Reparto mensual de las precipitaciones acumuladas y 

evolución del contenido de humedad del suelo en comparación con la 

precipitación mensual acumulada. 

0

3

6

9

12

15

18

21

24

27

30

0

15

30

45

60

75

90

105

120

135

150

0
1
/2
0
0
8

0
4
/2
0
0
8

0
7
/2
0
0
8

1
0
/2
0
0
8

0
1
/2
0
0
9

0
4
/2
0
0
9

0
7
/2
0
0
9

1
0
/2
0
0
9

0
1
/2
0
1
0

0
4
/2
0
1
0

0
7
/2
0
1
0

1
0
/2
0
1
0

0
1
/2
0
1
1

0
4
/2
0
1
1

0
7
/2
0
1
1

1
0
/2
0
1
1

0
1
/2
0
1
2

Te
m
p
e
ra
tu
ra
 (
ºC
)

P
re
ci
p
it
ac
ió
n
 A
cu
m
u
la
d
a 
(m

m
) Prec. Acumulada Taire promedio Tsuelo promedio

0

15

30

45

60

75

90

105

120

135

150

0

5

10

15

20

25

30

35

40

0
1
/2
0
0
8

0
4
/2
0
0
8

0
7
/2
0
0
8

1
0
/2
0
0
8

0
1
/2
0
0
9

0
4
/2
0
0
9

0
7
/2
0
0
9

1
0
/2
0
0
9

0
1
/2
0
1
0

0
4
/2
0
1
0

0
7
/2
0
1
0

1
0
/2
0
1
0

0
1
/2
0
1
1

0
4
/2
0
1
1

0
7
/2
0
1
1

1
0
/2
0
1
1

0
1
/2
0
1
2

P
re
ci
p
it
ac
ió
n
 A
cu
m
u
la
d
a 
(m

m
)

H
u
m
e
d
ad

 S
u
e
lo
 (
%
)

Prec. Acumulada

Hum. Suelo



  CAPÍTULO 2. ZONA DE ESTUDIO Y METODOLOGÍA 
 
 

 
64 

 

Figura 2.9. Distribución de la dirección y velocidad de viento para la 

parcela de medida. Datos promediados para todo el periodo de medidas 

comprendido entre 2008-2011. 
 

 

Figura 2.10. Promedios mensuales de PAR/PPFD para valores diurnos (no 

se ha tenido en cuenta valores nocturnos de 0) para el periodo de medidas. 
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Las medidas experimentales comenzaron en 2008. Sin embargo, el 

histórico de datos meteorológicos, de una estación cercana, registrados por 

el AEMET puede ser utilizado para enmarcar con mayor precisión las 

condiciones meteorológicas dominantes durante el periodo de medidas. Los 

datos utilizados pertenecen a la estación de Villanubla, a unos 8 km de la 

parcela de medida. Para un periodo comprendido entre 1976 y 2011 la 

precipitación media observada para Villanubla es de 449.697 mm y la 

temperatura media anual para el mismo periodo es de 11.366 ºC (AEMET). 

La comparativa entre los valores experimentales y los promedios anuales 

para la precipitación acumulada y la temperatura media se representan en 

la Fig. 2.11. Los datos de Taire anual que aparecen representados en la 

figura son valores medios anuales, promediados a partir de los datos 

semihorarios medidos. En relación a la precipitación acumulada promedio 

para el periodo histórico se aprecia ,tal como ya se comentó en la primera 

parte de esta sección, cómo durante el periodo de medidas dos años se 

caracterizaron por precipitación acumulada por encima de la media 

mientras que los otros dos mostraron valores por debajo de dicha media. 

Destaca sobre todos, el año 2010 con el valor más alto de precipitación 

acumulada. 

 

Si el periodo de análisis se extiende, dado que existen datos desde 

1938, se puede apreciar una tendencia de descenso en la precipitación 

acumulada para el periodo 1939-2011 (Fig. 2.12a) con una tasa de 

disminución de aproximadamente 0.4 mm por año. A su vez, la tendencia 

para la temperatura muestra una tasa de crecimiento de aproximadamente 

0.008 ºC por año (Fig. 2.12b) lo que implica un aumento neto de 

aproximadamente 0.568 ºC en un periodo de 71 años. 
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Figura 2.11a. Comparativa de la precipitación total acumulada, para cada 

uno de los cuatro años de medidas, con respecto al dato promedio de la 

precipitación acumulada para un periodo de 35 años en Valladolid obtenido 

de datos registrados por la AEMET. 
 

 

Figura 2.11b. Comparativa de la temperatura del aire experimental, en 

promedios anuales para el periodo de medidas, y el valor promedio para un 

periodo de 35 años de la temperatura del aire obtenido para Valladolid a 

partir de datos de la AEMET. 
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Figura 2.12a. Evolución temporal de los datos históricos elaborada a partir 

de los registros de la AEMET para la estación de Villanubla para la 

precipitación anual acumulada. 

 

 

Figura 2.12b. Evolución temporal de los datos históricos elaborada a partir 

de los registros de la AEMET para la estación de Villanubla para la 

temperatura media anual. 
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2.6 Procesado de los datos EC 

El movimiento de las masas de aire dentro de la capa limite 

atmosférica está gobernado por la turbulencia atmosférica. Este es el 

principal mecanismo de transporte dentro de esta capa. Dicha turbulencia 

es también la base de las medidas que realiza el sistema EC para la 

determinación de las concentraciones/densidades de CO2 y vapor de agua 

presentes en la capa de aire medida. La técnica EC se basa en calcular las 

diferentes correlaciones entre los cambios en la velocidad vertical del viento 

y diferentes magnitudes escalares para determinar el intercambio de CO2, 

energía/temperatura (calor sensible) y masa/agua (calor latente). La alta 

frecuencia utilizada en las medidas, 10 Hz, permite obtener cada cambio en 

estas cantidades escalares debido a la turbulencia atmosférica. 

Con relación al transporte turbulento, existe una relación básica 

utilizada para medidas micrometeorológicas, la descomposición de 

Reynolds. Esta relación es la base de la técnica EC y consiste en separar las 

fluctuaciones de los valores promedios: 

a ൌ aത ൅ a′    (2.2) 

donde aത es el valor promedio y a′ es el término relacionado con las 

fluctuaciones en el movimiento turbulento. 

El flujo vertical de una magnitud puede representarse por medio de 

la Eq. 2.3, donde w es la componente vertical de la velocidad de viento, y s 

es la concentración de una magnitud escalar. Si a las variables que 

participan en esta expresión se les aplica la descomposición de Reynolds, 

definida previamente, y se tienen en cuenta valores promedio, obtenemos 

la Eq. 2.4, donde ρa es la densidad del aire. La barra horizontal superior 

indica el valor medio de la variable y el símbolo ´ indica desviaciones en los 

valores instantáneos. Las Eqs. 2.5 y 2.6 introducen todos los parámetros 

necesarios para la conversión en unidades de energía de los diferentes 

valores, Cp en Eq.2.5 y λ en la Eq. 2.6 (Burba and Anderson, 2005-2010). 
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flux ൎ w s    (2.3) 

flux ൎ ρୟതതതwԢsԢതതതതത    (2.4) 

H ൌ ρୟCPwԢTതതതതത    (2.5) 

ܧܮ ൌ λߩ௔ݓ′݁′തതതതതത    (2.6) 

FC ൌ wԢρୟcᇱതതതതതതതതത    (2.7) 

 

donde ρୟ es la densidad del aire, T es la temperatura virtual, y c y e son las 

densidades de CO2 y vapor de agua. 

Los datos brutos son procesados utilizando un software específico 

desarrollado en la Universidad de Bayreuth, el programa TK2 (Mauder and 

Foken, 2004), para obtener promedios de 30 minutos. Además, cuando se 

dispone de un analizador de lazo abierto (‘open-path’) como el que hemos 

utilizado, los cambios en la temperatura y presión pueden afectar a la 

intensidad medida, por tanto una de las correcciones más importantes en 

los datos, denominada Webb-Pearman-Leuning, WPL, es aplicada durante 

el procesado de datos para evitar fluctuaciones en las densidades medidas 

(Aubinet et al., 2012). Sin embargo, estos datos procesados aún pueden 

presentar datos anómalos o huecos. Los huecos pueden ser rellenados 

mediante parametrización de los valores medidos, y los datos anómalos 

deben ser eliminados. Estos datos anómalos son originados por los diversos 

problemas que pueden aparecer durante la adquisición de datos, entre los 

que cabe destacar los fallos de suministro eléctrico, las labores de 

mantenimiento de la instrumentación, o las condiciones meteorológicas 

adversas tales como eventos de precipitación o heladas. Estos últimos 

afectan en particular a la medida del LE por parte de la instrumentación, 

devolviendo valores inusualmente altos en el caso de eventos de 

precipitación, por ejemplo. Estos datos deben ser depurados para obtener 

una base coherente y correcta de datos. Del mismo modo, en el caso de los 

flujos de CO2 es la baja turbulencia la que puede devolver valores 

anómalos, en especial en periodo nocturno. Para evitarlos, se utilizó un 

umbral para los valores de la velocidad de fricción, también medida, por 
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debajo del cual los datos nocturnos de los flujos de CO2 se consideraron no 

válidos. Este umbral se fijó en 0.15 m s-1. 
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Resumen 

La calidad de largas series de datos EC es habitualmente evaluada 

mediante el estudio del cierre en el balance de energía, dado por la 

expresión: 

 

RN െ GP ൌ H ൅ LE ൅ ∑Q    (3.1) 
 

donde el término ∑ܳ  puede contener diferentes términos de 

almacenamiento de energía. El cierre en el balance de energía vendrá dado 

por la pendiente (a) de la regresión dada por la expresión 
 

H ൅ LE ൅ GP ൌ  a ൈ ሺRNሻ ൅ b   (3.2) 
 

cuando se ignoran todos los posibles términos de almacenamiento 

contenidos en ∑ܳ. Cuando se tiene en cuenta algún término de 

almacenamiento como es el caso de la inclusión del término de 

almacenamiento de calor en el suelo, Gs, tenido en cuenta en este estudio, 

la expresión vendrá dada por 
 

H ൅ LE ൅ GP ൅ GS ൌ  a ൈ ሺRNሻ ൅ b    (3.3) 
 

Para la serie temporal obtenida durante el periodo de cuatro años estudiado 

el análisis de dichos datos se realizó mediante la evaluación del cierre en el 

balance de energía mencionado previamente. Los cálculos se realizaron de 

forma independiente, por una parte para una base de datos global 

cubriendo los cuatro años de estudio y los cuatro cultivos, y por otra para 

cada una de las series de datos individuales pertenecientes al cultivo/año 

correspondiente. El análisis fue realizado también para el MIP. Utilizando la 

base de datos global se encontró que el cierre en el balance de energía 

alcanzó un 86%. Un valor similar del 87% se obtuvo cuando el periodo de 

estudio fue limitado al MIP. El cierre del balance de energía mejoró 

notablemente cuando el flujo GP fue corregido añadiendo a dicho flujo el 

término de almacenaje de energía en el suelo (ver sección 3.2) calculado 

como sigue: 
 

GS ൌ CS
∆T౩
∆୲
z  ൌ ሺρୠCୱୢ ൅ ρ୵θ୴Cୱ୵ሻ

∆T౩
∆୲
z  (3.4) 
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Con esta corrección se obtuvo un cierre del 92 y 93% (Fig. 3.4), para la 

base de datos global y el MIP, respectivamente. 

Además, el reparto de energía entre los diferentes procesos tenidos en 

cuenta evidenció diferentes resultados dependiendo del periodo de estudio 

seleccionado. Cuando la base de datos global fue considerada, H 

habitualmente jugó el principal papel en el reparto de la energía. Sin 

embargo, durante el MIP, LE se convirtió en el principal disipador de 

energía mientras que el cultivo alcanzó su pleno desarrollo para este 

periodo. Las más altas contribuciones de LE al balance de energía se 

encontraron para la colza y el centeno, los dos cultivos con mayor altura de 

entre todos los estudiados. 

En las Fig. R.3.1 y R.3.2 se presentan los promedios horarios y mensuales, 

respectivamente, para todas las variables tenidas en cuenta en el estudio. 

En ambos gráficos queda comprobada la falta en el cierre de energía al 

quedar la línea que representa la radiación, RN, por encima de la suma total 

del resto de los flujos. Por otra parte, se puede apreciar la influencia ya 

comentada del desarrollo de la vegetación en el reparto de energía 

observándose cómo va cambiando, en particular, la contribución de H y LE 

en el patrón estacional mostrado en la Fig. R.3.2. 
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Figura R.3.1. Evolución horaria de los valores promedios para el periodo 

de medidas de cuatro años para la radiación y el resto de flujos de energía. 

 

 

Figura R.3.2. Evolución mensual de los valores promedios para el periodo 

de medidas de cuatro años para la radiación y el resto de flujos de energía. 
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Abstract 

The quality of long–term eddy covariance data was evaluated by calculating 

the energy balance closure. The study was conducted in a single plot over 

four different years and crop types (rapeseed, wheat, peas, and rye) 

included in a rotation scheme governed by rapeseed. Calculations were 

made separately for a global dataset covering the whole four year/crop 

period and for each individual dataset belonging to each year/crop. The 

analysis was also carried out for the crop growing season (hereafter 

referred to as the maximum interest period –MIP–). An imbalance of 14% 

was found when using the global dataset. A similar value of 13% was also 

obtained when the study period was limited to the MIP. A marked 

improvement was found in the energy balance closure when soil heat flux, 

GP, was corrected for soil energy storage. With this correction, a 92% and 

93% closure emerged when the global dataset and MIP were studied, 

respectively. In addition, the energy partitioning in the various processes 

evidenced different results depending on the selected study period. When 

the global dataset was considered, sensible heat, H, usually played the 

main role in the energy partitioning. However, if only the MIP was selected, 

latent heat, LE, became the main driver dissipating energy while the crop 

reached full development for this period. The highest LE contributions to 

the energy balance were found for rapeseed and rye. 

 

Keywords: Rapeseed, Eddy Covariance, Energy Balance, Energy Balance 

Closure, Energy Partitioning  
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3.1 Introduction 

Agricultural croplands play an important role in the global carbon 

cycle due to photosynthetic processes. Identifying their behavior as sinks 

(e.g., Bhattacharyya et al., 2014; Dufranne et al., 2011; Hollinger et al., 

2005; Lei and Yang, 2010a) or sources (e.g., Béziat et al., 2009; Zeri et 

al., 2011) of CO2, and quantifying stored C have thus become the main 

challenges in recent years. For this purpose, micrometeorological 

techniques are employed, with the eddy covariance (EC) technique being 

the most widely used of all the available micrometeorological methods. The 

most important feature of an EC system is measuring CO2, energy, and 

water exchange between ecosystem and atmosphere. Quality evaluation of 

these EC data is thus the main concern, and is usually assessed by 

evaluating the energy balance closure (Barr et al., 2006). 

The energy balance closure is based on energy conservation. This 

should lead to the available energy in an ecosystem equaling the energy 

involved in the various processes that transport energy between the 

surface, ecosystem, and atmosphere. This principle is described by the 

following equation, 

 

RN െ GP ൌ H ൅ LE ൅ ∑Q    (3.1) 
 

where RN is the net radiation, GP is the soil heat flux at measurement 

depth, and H and LE are the sensible and latent heat fluxes, respectively. 

Particularly, over a vegetated surface the residual term ∑ܳ might include 

energy storage terms such as soil heat storage term (Gs), energy storage 

related to photosynthetic and respiratory processes (Shuttleworth, 2012), 

heat storage in the air and biomass (Meyers and Hollinger, 2004), or 

advection terms (Heusinkveld et al., 2004). ∑ܳ not taken into account in 

Eq. 3.1 but related to ecosystem processes might thus lead to a lack of 

closure. Difficulties in measuring or calculating these terms, coupled with 

the fact that their influence on the energy balance varies enormously 

depending on canopy features, usually leads to them being ignored in 

energy balance studies (Shuttleworth, 2012). However, in recent years, 

greater importance has been given to calculating these storage terms due 
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to their involvement in the energy balance calculated by Eq. 3.1. Of all the 

storage terms, the most widely considered factor has been the soil energy 

storage term, particularly when high soil moisture is present (McCaughey, 

1985). 

For an accurate evaluation of EC data quality, long–term periods 

are usually selected. Several ecosystems and locations have been studied 

as a means of evaluating the energy imbalance, and analyzing the influence 

that different ecosystems and geographical locations have on it. Much 

research has been conducted over forests (e. g., Barr et al., 2006; Kidston 

et al., 2010; Oliphant et al., 2004; Sun et al., 2010) although less over 

grasslands/steppe/dunes or similar (e. g., Chen et al., 2009; Hammerle et 

al., 2007; Heusinkveld et al., 2004; Runkle et al., 2014). Several studies 

have also been carried out over different crops, including maize and 

soybean (Meyers and Hollinger, 2004), wheat/maize (Lei and Yang, 2010b), 

and corn/sunflower (Liu et al., 2008). 

In this study, we aim to evaluate the energy balance over crops 

which have rarely been studied, such as rapeseed (Guy et al., 2014) or rye 

(Hauggaard-Nielsen et al., 2012). Today, rapeseed is one of the most 

widely used feedstocks in biofuel production, said production from 

agricultural crops like rapeseed having increased substantially in recent 

years. At present, biofuels are used as an alternative to fossil fuels (Xue et 

al., 2013) whose adverse impact on the environment has been widely 

documented (IPCC, 2013). Biofuel crop contribution to the carbon cycle can 

thus be considered of great importance, and a more detailed study of these 

crops might prove helpful in later studies. Furthermore, Europe is one of 

the world’s leading rapeseed producers 

(faostat.fao.org/site/339/default.aspx). In Spain in particular, rapeseed 

production and the area devoted to growing it have increased since 2007, 

with 2011 production figures doubling those of 2007. Moreover, the region 

of Castilla y León, where this study was performed (Fig. 3.1), has headed 

national rapeseed production since 2007 (MAGRAMA, 2013). This leads to 

increasing interest in understanding the global behavior of this crop, not 

only as regards energy but also water and carbon budgets. 
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The studied rotating scheme for rapeseed included other crops 

which are also characteristic of the studied region and even the whole 

country such as rye, peas, and wheat. In the literature, wheat has 

relatively frequently been analyzed, although rapeseed, peas, and rye have 

thus far received little attention. This adds interest to the present study, 

since a full analysis for all these crops is here described for a continuous 

long-term period. 

 

The main objectives that this chapter seeks are to: 

1) assess and quantify all components of the energy balance over an 

agricultural rotating crop field using a long–term data series. 

2) evaluate the energy balance closure for the studied ecosystem. 

3) compare the energy balance closure results for a full year versus 

the growing season (MIP) data. 

4) analyze some of the most studied sources affecting the energy 

balance closure. 

5) characterize energy partitioning for several crop types and varying 

environmental conditions. 

 

3.2 Material and methods 

3.2.1  Measuring site 

The study area where measurements were conducted   

(41º46’44.4’’ N, 4º52’19.19’’ W, 849 m a.m.s.l) is located in the upper 

Spanish plateau, some 30 km from Valladolid in the region of Castilla y 

León (Fig. 3.1). This semi–arid region is characterized by a Mediterranean–

Continental climate (Font, 1983; Jimenez and Ibañez, 1993). 
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Figure 3.1. Full Landcover map (MODIS product MCD12Q1) of Spain taken 

from tiles (h17v04, h17v05, h18v04 and h18v05) covering the whole 

country. Orange colour, surrounding the measuring site, indicates 

croplands. 

 

The meteorological diagram depicted in Fig. 3.2 shows monthly 

cumulative precipitation, and average monthly soil and air temperature 

throughout the study period. Minimum temperatures were recorded in 

winter, particularly in January or December, and maximum temperatures in 

July and August. Interannual variability of air and soil temperature was 

small during the 4-years study period, with annual mean air and soil 

temperatures of 11.3 ºC and 13.2 ºC, respectively. Extreme air 

temperature values can drop as low as -10 ºC or reach up to around 36 ºC 

(not shown). 

As shown in Fig. 3.2, precipitation was not evenly distributed 

throughout the year, but occurred mainly in spring (April to June) and 

again in October, November, or December depending on the year. The 

meteorological diagram also evidences the lack of precipitation in summer. 

The highest precipitation appeared in April-May 2008, December 2009, and 

December 2010. Average annual accumulated precipitation was 449.7 mm 
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for a period covering 1976-2011 (Spanish Meteorological Agency, AEMET). 

Cumulative annual precipitation during the study period varied widely with 

values of 496.7 (2008), 375.3 (2009), 540.6 (2010), and 346.8 mm 

(2011). 

 

 

Figure 3.2. Meteorological diagram for the 2008-2011 period, where the 

cumulative monthly precipitation (P_monthly), and the average monthly air 

(Tair_aver) and soil (Tsoil_aver) temperatures are displayed. 

 

The MIP, defined in this study from March to June, was considered 

the most important period in plant growth. During this time, the crop 

reaches full development, with water availability thus being one of the main 

factors influencing said development. Monthly precipitation distribution 

during this period also varied widely depending on the year of study. 

Cumulative values for this period were: 236.8 (2008), 105.6 (2009), 202.3 

(2010), and 160.8 mm (2011). As regards accumulated precipitation during 

the MIP, 2009 was the driest year. As depicted in Fig. 3.2, this might be 

mainly influenced by the lack of precipitation in March 2009, as well as low 
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precipitation the rest of the period, compared to the same period of the 

other years in the study. 

The farmland where the study was performed covers about 400 ha, 

and has no surrounding relief elements. The studied farmland is divided 

into single plots. The sampling plot (Fig. 3.1 and 2.4) where the 

instrumentation was installed covers about 36 ha. Land use consists of 

non–irrigated crops. Soil composition is sandy loam with an organic content 

of between 60-65% sand, 20% clay, about 15% silt, and about 3% organic 

matter. Land management involves reduced tillage practices. 

The studied rotation cycle included the most representative crop 

types in the region: rapeseed, wheat/barley, peas, and rye. These non–

irrigated crops were seeded in late September (rapeseed), early November 

(wheat), late January (peas), and late October (rye). Harvest was about 

mid–July the following year depending on crop development and growth. 

Crop height varied depending on crop type. The tallest crops were rapeseed 

and rye, 1.30 and 1.60 m, respectively, while wheat (around 0.70 m) and 

peas (around 0.50 m) were the shortest. Since each crop took only a few 

months to grow, in the fallow period, which spanned harvest to the 

following seed time, the soil only presented residue coverage. This is one of 

the main characteristics of the reduced tillage used in the studied farmland. 

 

3.2.2 Instrumentation and data 

Measurements have been conducted continuously in the sampling 

area since March 2008, employing an EC system and meteorological 

instrumentation. Data were steadily recorded throughout the whole study 

period with the exception of July to September 2011, when EC 

instrumentation was not operating, and only meteorological data were 

recorded. 

The EC system was located on a tower 3.5 m above surface. This 

system consists of a three–dimensional sonic anemometer (USA–1, 

METEK), measuring wind velocity and sonic temperature, and an open-path 

IRGA (InfraRed Gas Analyzer, LI–7500, Li–Cor) measuring CO2 and water 

vapour concentration, with a sampling frequency of 10 Hz. TK2 software 
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(Mauder and Foken, 2004) developed by Bayreuth University was used on 

raw data to ensure initial data quality, by applying the WPL (Webb–

Pearman–Leuning) correction to avoid density fluctuations (Webb et al., 

1980). After this correction, reliable LE and H together with CO2 exchange 

were obtained from the measured EC data as half–hourly averages from 

instantaneous data. 

The other two components of the energy balance, RN and GP, were 

measured with a net radiometer (type 8110, Ph. Schenk) at 1.5 m above 

surface, and two soil heat flux plates (HFP01, HukseFlux Inc.) buried about 

5 cm below the soil surface, respectively. The GP value was obtained by 

averaging measurements of both plates, one buried under bare soil and the 

other under vegetation. 

Ancillary meteorological data were also measured: air temperature 

and humidity (model STH–5031, Geónica and model 41003 multi–plate 

radiation shield, R. M. Young Company), soil moisture (Type ML2x, 

ThetaProbe), soil temperature (model STS-5031, Geónica), wind speed and 

direction (Wind sentry model 03002, Young, Campbell Scientific, Inc.), and 

photosynthetically active radiation (PAR) measured with a quantum sensor 

(LI–190Sz, Li–Cor Inc.). 
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3.2.3 Methodology 

Several methods have been described to calculate the energy 

balance closure in the literature (Wilson et al., 2002a) although the most 

widely employed is the one used in this study. This method relies on       

Eq. 3.1 and consists of linear regression analysis which calculates the 

relationship between energy fluxes and available energy. As referenced in 

the literature (Baldocchi et al., 2004; Berbigier et al., 2001; Heusinkveld et 

al., 2004; Lindroth et al., 2010), this relationship is given by 

 

H ൅ LE ൅ GP ൌ  a ൈ ሺRNሻ ൅ b    (3.2) 

 

The sum of H, LE, and GP was plotted against the RN, and the slope 

(a) and the intercept (b), characterizing the energy balance closure, were 

calculated. 

To test the contribution of the soil heat storage (Gs) to the energy balance, 

this term was added to Eq. 3.2 and the energy balance closure was 

calculated once again by applying the new equation, 

 

H ൅ LE ൅ GP ൅ GS ൌ  a ൈ ሺRNሻ ൅ b    (3.3) 

 

The GS term is strongly related to soil temperature and moisture, 

and is usually calculated from an equation as follows (Liu et al., 2008; 

Meyers and Hollinger, 2004; Shao et al., 2008), 

 

GS ൌ CS
∆T౩
∆୲
z  ൌ ሺρୠCୱୢ ൅ ρ୵θ୴Cୱ୵ሻ

∆T౩
∆୲
z    (3.4) 

 

where the temporal interval is denoted by ∆t (1800 s), and the depth at 

which GP is measured directly with the plates is 0.05 m (denoted by z). ܥௌ is 

the soil heat capacity, ߩ௕ (1300 kg m-3) is the bulk density of the soil, ߩ௪ 

(1000 kg m-3) is water density, and, ܥ௦ௗ (840 J kg-1 K-1) and                   

 ௦௪ (4190 J kg-1 K-1) are the specific heats of dry mineral soil and soilܥ

water, respectively. Soil temperature, Ts, and volumetric water content, ߠ௩ , 
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were measured experimentally and soil/water physical parameters in      

Eq. 3.4 are typical values found in the literature for sandy loam soils (Cook 

et al., 2004). 

The final value for the total ground heat flux, G, was hence 

obtained by adding the calculated GS to the measured GP. 

Since the dataset contained half–hourly average data from all the 

instantaneous measurements for all variables, these data were used 

directly in the linear regression (Eq. 3.2 and 3.3). Data for the whole day   

-daytime and nighttime- were used after exhaustive dataset processing 

where LE values belonging to precipitation events, instrumentation failures, 

or remaining noisy values, were removed from the dataset. Gap filling was 

only applied for isolated half–hourly points in the dataset by interpolating 

the previous and following values. Longer gaps were not filled so as not to 

introduce further uncertainties into the dataset (Wilson et al., 2002b). Half–

hourly data used to calculate the energy balance closure by linear 

regression were only those for which all components of the energy balance 

were available. 

Given the importance of the role played by the various components 

of the energy balance, particularly during the growing stages of the crop, 

various periods were evaluated. Hence, these periods included the 4-year 

study global period, each yearly period, and the MIP. Finally, the energy 

partitioning was performed among all the components of the energy 

balance. This method was used to compare the importance of the various 

processes related to the ecosystem. The energy transported by the various 

fluxes was thus calculated for the whole period and for each single year. 

Furthermore, the energy partitioning was also calculated for the MIP so as 

to evaluate the contribution of each energy flux over this period. 
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3.3 Results and discussion 

3.3.1 Description of the behavior of energy 

fluxes 

The behavior of the components involved in the energy balance is 

shown in Fig 3.3. In these graphs, average values have been calculated 

from the four–year half-hourly dataset used in this study, and ensemble-

average hourly and seasonal patterns are shown in Fig 3.3a and Fig. 3.3b, 

respectively. 

Maximum hourly average values (Fig. 3.3a) for RN and G were 

reached at 11:00 h (GMT), whilst H and LE peaked one hour later at    

12:00 h (GMT), yielding about 422 W m-2 (RN), 131 W m-2 (G),              

173 W m-2 (H) and 103 W m-2 (LE). A further feature in the hourly behavior 

of these components is the characteristic sign which appears during the 

day. During the daytime period, PAR>0, all components displayed positive 

values, which indicated: H and LE fluxes away from the surface, energy 

absorbed by the soil in the case of G, and net heating in the case of RN. 

Negative values were usually recorded during the nighttime period, PAR=0, 

which on average covered the time period between 18:00 and 05:00 h 

(GMT), although these hours might vary depending on the season. 

Minimum values were found in this period for RN (around -53 W m-2),        

G (approximately -51 W m-2), and H (about -17 W m-2). Values taken for LE 

during nighttime were close to 0, with mean values rarely being negative, 

giving values around 2 W m-2. 

Regarding the seasonal pattern (Fig. 3.3b), maximum RN and LE 

values were reached in June, coinciding with the final growing stage of the 

crop. However, maximum values for H and G were found later, in July. 

Maximum average values for RN and LE were around 190 and 80 W m-2, 

respectively. It should be noted that the maximum average value for LE 

reached in June was similar for May and was a little lower in April. These 

months might be considered the most important in crop development since 

crop reaches its full growth. Particularly, flux behavior during the MIP 

period reflects the environmental conditions in which the crop is growing 

together with its development, which have a major influence on final yield. 
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In late June and early July, the crop commences its senescence period 

which was reflected in the behavior of the energy fluxes, particularly in the 

H and LE courses. Maximum H value was reached in July after harvest with 

a value around 107 W m-2, coinciding with lower LE values. Minimum 

average values were found in winter for all energy components except LE, 

which reached its minimum in August. High H values, as well as minimum 

LE values (around 10 W m-2) in summer, were observed due to dry 

conditions for this period because of lack of precipitation and cover 

vegetation, and high temperatures (Fig. 3.2). 

G values evidenced no major variation in magnitude during the year 

as depicted in Fig. 3.3b, ranging from -9 to 21 W m-2 approximately, 

although a slight increase was evident in summer, peaking in July. It should 

be noticed that G seems to show another peak in April with values around 

13 W m-2, showing a slight decrease in magnitude in May, likely because of 

the full development of the canopy which intercepted the most radiation 

(Clothier et al., 1986). During the early stages of crop development in 

winter, average G values became negative, due to adverse meteorological 

conditions. For these months, soil and air temperatures decreased        

(Fig. 3.2) and frost events had a major influence on G values as shown in 

Fig. 3.3b. This evidences the key influence of temperature on G values, 

since soil released more energy (more negative values), due to low air 

temperatures that might drop below soil temperature in this period, as 

shown in Fig. 3.2. 
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Figure 3.3. Energy balance components (ensemble-average) behavior for 

years from 2008 to 2011. a) Hourly average pattern. b) Average monthly 

course. G indicates the total soil flux calculated by adding the soil heat flux 

(GP) measurements and the calculated (Eq. 3.4) soil heat storage (GS). 
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3.3.2 Energy balance closure 

Following the methodology described in Section 3.2.3, the energy 

balance closure was calculated by Eq. 3.2 and Eq. 3.3 and evaluated over 

two different periods: the whole year (Fig. 3.4a, 3.4c) and the MIP        

(Fig. 3.4b, 3.4d). 

The results displayed in Fig. 3.4a and Fig. 3.4b revealed similar 

energy balance closure whether the study was performed for the whole 

year (0.86, R2=0.95) or the MIP (0.87, R2=0.95). An imbalance of around 

14 and 13%, respectively, thus represents the amount of energy not 

partitioned in either process taken into consideration in Eq. 3.2. As regards 

a comparison between the two study periods, the slope found for the MIP 

increased slightly compared to the value found for the whole year fit, 

although said increase only represented an improvement of 1 percentage 

point (pp). 

When applying the correction to GP (Eq. 3.3) by adding the storage 

term GS (Eq. 3.4), a new and improved energy balance closure was 

obtained. These results are shown in Fig. 3.4c (whole period) and          

Fig. 3.4d (MIP). In the whole four–year period, a closure of 0.92 was 

obtained, meaning an improvement of 6 pp in the energy balance closure. 

The same improvement was obtained when the MIP was studied, with a 

closure of 0.93. 

Furthermore, due to the wide variety of crops and environmental 

conditions considered during the study period, an evaluation of each single 

year/crop was performed. The similar results obtained for the whole period 

and the MIP (Table 3.1) suggest that crop development had no major 

influence on the energy balance closure, agreeing with results reported by 

Wilson et al. (2002a) which reveled that vegetation height did not influence 

the closure values. 

As shown in Table 3.1 and Fig. 3.4, a lack of closure was found 

regardless of the study period. This lack of energy balance closure has been 

also reported in previous studies for agricultural ecosystems. In a wide 

study performed by Wilson et al. (2002a), twenty–two sites were 

evaluated, and among those sites two agricultural lands can be found. 
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Results obtained included a mean slope of 0.79 and a mean intercept of 

3.7, with a mean correlation coefficient, R2, of 0.86. 

A double cropping system (irrigated wheat/maize) was evaluated by 

Mo et al. (2012), the imbalance for each studied year showing values 

ranging between 23-36%. Hernandez–Ramirez et al. (2010) calculated the 

energy balance closure for soybean and corn for a long-term dataset with 

mean slope values of 0.74 (corn) and 0.75 (soybean) over a four–year 

period. Liu et al. (2008) analyzed the energy balance closure for a cropland 

(corn/sunflower) in China during the daytime period with a mean imbalance 

of about 22%. 
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Table 3.1. Linear regression parameters for the energy balance closure 

calculated by applying Eq. 3.2 and Eq. 3.3. Units of the intercept, b, are    

W m-2. The slope, a, indicates the closure in the energy balance calculated 

from the 30-min average values. 

 

 

 



CAPÍTULO 3 
 

 
 

 
93 

3.3.3 Analysis of the main sources of lack of 
energy balance closure 

The usual imbalance found in all energy balance closure studies 

necessitates an explanation for this lack of closure. In this section, we aim 

to evaluate several different sources proposed in the literature to explain 

the imbalance, also found in this study as described in Section 3.3.2. 

 

3.3.3.1 Source 1: Uncertainties in EC/ Error in EC 

measurements 

One of the main sources cited in the literature was underestimating 

turbulent fluxes measured by EC instrumentation due to sampling errors, or 

the various corrections that might be applied to the raw data such as the 

WPL correction commented in Section 3.2.2 (Foken, 2008; Mudge et al., 

2011). 

Snow, rain, frost, fog, or dirtiness in the IRGA window might also impact 

the measurements. As commented in Section 3.2.3, anomalous values 

belonging to these events were removed in order to not impact the 

measurements or the energy balance closure. 

The footprint (Sánchez et al., 2010b) characterizing EC 

measurements might also impact on the measurements. As stated in 

Section 3.2.1, the sampling plot owns horizontal homogeneity. Besides, the 

EC tower was placed in the middle of the plot and its height led to obtain a 

footprint covering the whole plot. Therefore surrounding elements or 

vegetation should not impact the measurements. 

 

3.3.3.2 Source 2: Weak turbulence 

Another explanation for the imbalance is weak turbulence, 

particularly at nighttime, which might lead to EC measurement 

underestimating the overall flux and proving less accurate data (Tanaka et 

al., 2008; Wilson et al., 2002b). One common criteria for filtering EC data 

to ensure their quality relies on discarding nighttime data under low friction 
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velocity values, u*, since said low turbulence strongly influences H, LE, and 

CO2 fluxes (Gilmanov et al., 2007). Previous research has studied the 

influence of u* values on the energy balance closure (e. g., Tanaka et al., 

2008), in particular at nighttime (Barr et al., 2006). In this chapter, the 

influence of u* on the energy balance was analyzed by applying a threshold 

to the dataset. All data whose u*<0.15 m s-1 during the nighttime period 

(PAR=0) were thus removed. A slight improvement of less than 1 pp was 

found regarding the values obtained in Section 3.3.2. Similar results were 

obtained when the threshold selected was 0.20 m s-1. This result suggests 

the slight influence of low turbulence events on energy balance during the 

nighttime. This might be due to the low values of all the energy balance 

components during that period, which makes these values have less weight 

in the final balance compared to daytime values. As RN takes small negative 

values during this period, underestimating turbulent fluxes might not affect 

the energy balance closure to a large degree, as is evidenced in the results 

for this study. Particularly, the energy balance closure differs in about 2 pp 

whether the calculation is made together for diurnal and nocturnal values 

or only for diurnal values (not shown), which suggests the better energy 

balance closure for the daytime data. 

 

3.3.3.3 Source 3: Unrepresentativeness of the soil heat 

measurements 

The well known lack of representativeness of soil heat flux plates 

for measuring GP has been also argued as a source of imbalance (Bi et al., 

2007; Wilson et al., 2002a). Because of this issue, GP values are usually 

underestimated and might thus influence the energy balance closure. GP 

underestimation measured with plates could reach over 20% compared to 

other methods (Ochsner et al., 2006), and might therefore lead to a worse 

energy balance closure. 

The area influencing the soil heat flux plate measurements is 

smaller regarding the source area or footprint for the net radiometer or EC 

instrumentation. This fact might lead to a horizontal unrepresentativeness 

of the soil heat measurements, with likely influence on the energy balance 
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closure. Likewise, due to the measuring device composition, the 

instrumentation can not be placed directly at the soil/air interface, and 

therefore a vertical unrepresentativeness does also exist. 

 

3.3.3.4 Source 4: Missing storage values 

A further widely studied source of imbalance concerns missing 

storage values taken into consideration in the energy balance equation  

(Eq. 3.1). These terms are rarely available for most sites. 

McCaughey (1985) summarized the various empirical equations 

that might be employed to calculate the various storages terms. However, 

several of them require data that are not available in this study such as 

biomass temperature or vegetation mass. Besides, of all the possible 

storage terms that might be considered in Eq. 3.1, the soil storage term 

shows the strongest overall influence (Foken, 2008; McCaughey, 1985; 

Oliphant et al., 2004). The remaining storage terms might have a greater 

influence over tall canopies (Sánchez et al., 2010b) than in croplands. 

Therefore, in this study the influence of storage terms has relied on 

calculating the soil storage term. 

As evidenced by results obtained in Section 3.3.2, addition of GS to 

the energy balance (Eq. 3.3) had a large impact on the energy balance 

closure. By considering this storage term, only a small part of the energy 

balance closure (8% in the whole four-year period, and 7% in the MIP 

case) remains without explanation. 

Zeri et al. (2011) reported similar results for other biofuel crops 

with a closure of 0.88 for soybean and an intercept around -22 W m-2, 

when considering GS and the photosynthesis storage term; although the 

period chosen for evaluation in that study was shorter than the one 

selected in this thesis. Satisfactory results were found by Lindroth et al. 

(2010) over a forest ecosystem, and Sánchez et al. (2010b) also reported a 

significant improvement of 6 pp in the energy balance closure over a forest 

by adding this soil storage term to the energy balance. 
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If the various storage terms are considered separately, their 

contribution to the energy balance is small regarding turbulent and soil 

heat fluxes (Zeri et al., 2011). However when several of them are taken 

into account in Eq. 3.1, the imbalance in the energy balance might remain 

small, as reported by Meyers and Hollinger (2004). They found a marked 

improvement in closure taking various storage terms (ground, biomass, 

and photosynthesis) into consideration in the energy balance over maize 

and soybean. 

 

3.3.3.5 Source 5: Seasonality and environmental 

conditions 

To assess the influence of environmental conditions on the energy 

balance closure, a monthly energy balance closure was also performed  

(Fig. 3.5). 

On a monthly basis, seasonal variation of closure was similar to the 

RN seasonal pattern. Average monthly closure (Fig. 3.5) ranged from 

around 0.60 to near 1. Furthermore, a similar energy balance closure 

pattern is obtained across crops (not shown). As regards the results 

obtained in Section 3.3.2 (Table 3.1) and Fig. 3.5, closure was seen to be 

more influenced by environmental conditions than by crop type or crop 

development. This explanation is supported by similar values for the energy 

balance closure obtained for each different year/crop (Table 3.1), and also 

by high closure values in summer whilst the lowest values were found in 

December (Fig. 3.5). The best (maximum) closure was found in July and 

August, whereas it drastically decreased in the remaining months, 

particularly in winter, under adverse conditions like snow, frost, or fog. 

These results agree with those reported by Wilson et al. (2002a) showing 

the effect of seasonality on the energy balance closure. 
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Figure 3.5. Seasonal pattern of the energy balance closure calculated by 

Eq. 3.2 (slope_GP) and Eq. 3.3 (slope_G). 

 

3.3.4 Energy partitioning 

As pointed out earlier, the energy balance closure is usually used as 

a tool to assess the quality of EC and meteorological data, the energy 

imbalance therefore emerging as an interesting quality control value. 

However, the energy partitioning in different processes related to 

ecosystem, surface, and atmosphere is of even greater interest, since it 

determines how all of them interact with one another and impact on 

climate. 

Fig. 3.6 displays the energy partitioning ratios, H/RN, LE/RN and 

G/RN. A comparative analysis of the energy partitioning was performed over 

the whole yearly period and the MIP. Further analysis for each single year 

was also evaluated and is depicted in the graph, as has the 4-year average. 

One of the main findings from this graph is the well known complementary 

role played by H and LE, depending on the study period and crop 

development. 
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On a four-year basis, H played the main role in the energy balance 

with a ratio of 52%. LE accounted for 40% of the energy, with soil heat flux 

contributing around 8% to the energy balance. These values changed 

during the MIP. For this period, LE played the main role, using over half of 

the available energy (51%) in evapotranspiration processes. The G/RN ratio 

also underwent an increase during the MIP (11%), probably due to 

favorable environmental conditions which made soil able to store energy 

during this period. Conversely, H decreased its contribution to the energy 

balance during the MIP, accounting for 38% of the energy transport. 

Similar results for the energy partitioning were described in the literature. 

Chen et al. (2009) evaluated a cropland in China and showed that over 

85% of the energy was partitioned into LE and H, while G contribution to 

the energy balance was lower. That study also reported the opposite role 

played by LE and H during the growing or non-growing season, agreeing 

with the results obtained in the present study. 

On a yearly basis, a similar pattern was followed in 2010 and 2011, 

although different behavior could be found in 2008 and 2009. In 2008, LE 

played the main role, regardless of whether the selected period was the 

whole year or the MIP, with values greater than the four-year average. 

Nevertheless, in 2009 H consumed more energy than the remaining fluxes 

whether the study period was the whole year or the MIP. 

As displayed in Fig. 3.6, maximum LE contributions to the energy 

balance were found during full crop development. These results concur with 

those from Lei and Yang (2010b) for wheat and maize, as well as the 

behavior of the H/RN ratio. The largest contribution of LE to the energy 

balance was found during the rapeseed MIP in 2008 with an LE/RN ratio of 

71%, together with the lowest contribution of H (21%) found for the same 

period. A high value for LE/RN (52%) was also found for the rye MIP in 

2011, the H contribution (40%) not being as low as the value found for 

rapeseed. The lowest LE/RN value (30%) was found for wheat in 2009, 

concurring with the largest H/RN value (59%). 

High LE/RN ratios should mainly be related to water availability and 

vegetation coverage. The highest water availability related to precipitation 

distribution (Fig. 3.2) and cumulative values should hence lead to the 
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highest LE/RN ratio, since the crop/soil might have a larger amount of water 

to be used in evapotranspiration processes. Likewise, a lack of water should 

lead to a lower LE contribution to the energy balance. The results observed 

in 2009 for wheat (Fig. 3.6) support the interpretation given. For this year, 

cumulative precipitation was low, particularly during the MIP (105.6 mm). 

This year thus appeared as the driest year compared to the remaining 

study years. This lack of precipitation during the wheat growing season led 

to incomplete crop development as suggested by a lower than usual canopy 

height. This might explain the low evapotranspiration, reflected as the 

lowest LE/RN and the highest H/RN values in Fig. 3.6. In fact, the H/RN 

value was much greater than the four-year average. Therefore, under these 

conditions, H and G contributions displayed their maximum values 

compared to the remaining years/periods analyzed. Higher LE/RN ratios 

were obtained for the other study years for which water availability was not 

a problem. However, comparative results for 2008, 2010, and 2011 

evidenced large differences in LE/RN, indicating that other factors could 

probably affect this value (Hernandez-Ramirez et al., 2010). 

In 2010, which presents the highest values for cumulative yearly 

precipitation, the LE/RN ratio (37%) was even lower than the average value 

for the four-year period (40%). Moreover, 2011 recorded lower cumulative 

annual precipitation than the remaining years. However, the LE/RN ratio for 

this year (48%) was higher than values observed for the four-year average 

and 2010. This suggests that crop features such as leaf size/shape or 

canopy height, might even have a greater influence on the energy 

partitioning than water availability (Pallardy, 2008). A significant height 

implies a large amount of leaves and branches able to evapotranspire and 

might lead to higher LE/RN values. The results observed for rapeseed and 

rye, the tallest crops among all those in the study period, support this idea. 

Conversely, lower crops like wheat and peas led to lower LE/RN values. 

Moreover, the highest value obtained for rapeseed in 2008 indicates that 

leaf features might also have an effect on the LE/RN ratio, since rapeseed 

presents broad leaves unlike rye, wheat, and peas. Further, the high 

evapotranspiration found in 2008 is consistent with the main rapeseed 

features (Grierson, 2001). 
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G/RN behavior remained almost constant over the various study 

periods, showing a slight increase for the MIP but always with a lower 

contribution (below 15%) to the energy balance compared to H and LE 

values. In contrast to the MIP, G/RN values over the whole period indicated 

that winter had a major influence on the final yearly ratio. During this 

season, soil released stored energy, mainly in spring and summer, 

evidenced by negative values as can be seen in Fig. 3.3 and Fig. 3.7. 

Therefore, those negative values influenced the final yearly G/RN ratio, 

which showed lower values (Fig. 3.6) compared to the MIP values. 

Finally, the low G/RN value in Fig. 3.6 for 2011 merits comment. 

During summer, the crop had already been harvested with only a residue 

coverage remaining on the soil. This made it possible for more radiation to 

reach the soil and therefore be stored. Hence, G contribution to the energy 

balance played an important role during this period. Since instrumentation 

was not available (Section 3.2.2), H and LE values were missing and G 

values for that period were not taken into consideration when calculating 

the energy partitioning. This led to a lower G/RN ratio and probably 

impacted H/RN and LE/RN ratios. The effect of the missing fluxes might 

have underestimated H contribution in 2011 compared to that shown in the 

same period of the other years, since the period for which data were 

missing had a major influence on the H/RN ratio when considering the 

remaining years. 

To assess more accurately the influence of each crop growth stages 

on the energy partitioning, Fig. 3.7 displays the monthly pattern of the 

energy partitioning; showing the behavior of each flux for the different 

crops. The flux behavior previously explained above is once again 

supported by this graph. However, this figure makes more evident the 

individual flux behavior corresponding to each crop. Regarding Fig. 3.6 and 

Fig. 3.7, the energy partitioning was markedly dependent on the growing 

stages of the crop, and in a lesser extent, on the meteorological conditions. 

Furthermore, the G contribution to the energy balance, releasing energy 

from November to January, is much marked in this graph that in the 

previous figures. 
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Figure 3.7. Monthly energy partitioning for the whole study period. Growth 

stages of the various crops are delimited by a box, while fallow period is 

outside of these boxes. 
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3.4 Conclusion 

In this chapter, the energy balance closure and partitioning have 

been evaluated over a non-irrigated agricultural crop including four 

different years and crop types. 

The energy balance closure was of 0.86 for the global four-year 

period. A similar closure value was found whether the study period covered 

the whole year or the MIP. The results did not reveal major discrepancies in 

the energy balance closure among different crops, since yearly closure 

values were quite similar, with values over 0.80. On a monthly basis, the 

best results were found during summer months with closure near 1, and 

lower values, around 0.6, during winter under adverse meteorological 

conditions. 

Measured GP was corrected by adding a calculated soil storage 

term. This correction showed to be an important factor to obtain a better 

energy balance closure. This correction led to a closure of 0.92 (0.93 for 

the MIP) for the agricultural ecosystem studied in this thesis, which 

represents an improvement of around 6 pp. 

The opposite role played by LE and H was shown in the seasonal 

course, regarding crop development. This behavior was also found in the 

energy partitioning obtained. LE became the main energy consumer in the 

MIP whilst H was dominant when a global–yearly analysis was performed. 

Furthermore, G behavior was markedly seasonal, releasing energy during 

winter and storing it mainly during spring and summer, its contribution to 

the energy balance being below 15%. The energy partitioning displayed 

two noticeable characteristics. Firstly, the high participation of LE in the 

energy balance in 2008 and 2011, for rapeseed and rye, respectively. 

Throughout the whole study period, the highest LE/RN ratios were found 

during the rapeseed MIP (71%) and rye MIP (52%). The high LE/RN value 

observed for rapeseed is consistent with one of the main rapeseed features, 

high evapotranspiration. Secondly, the highest contributions of H (59%) 

and G (14%) to the energy balance were found for wheat in 2009, the 

driest year of all those in the study period. 
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Resumen 

Como ya se mencionó en el apartado 1.2, la energía es considerada el 

principal factor que rige los diferentes procesos biofísicos y del clima. Por 

ello, se han desarrollado una gran variedad de modelos, basados en la    

Eq. 3.1. Su finalidad no sólo abarca el estudio del balance de energía de los 

diversos ecosistemas, sino el modelado de las variables que participan en el 

mismo, entre otros. Este es el caso de variables como la evapotranspiración 

o la EF. Este capítulo se centra, por tanto, en el cálculo de la EF y en los 

principales componentes del balance de energía mediante la aplicación del 

modelo SEBS, en combinación con datos satelitales y productos 

meteorológicos, sobre una tierra de cultivo rotante para el periodo      

2008-2011. 

Como ya hemos citado, el modelo SEBS está englobado dentro de los 

denominados modelos de una fuente, descritos en el apartado 1.3. SEBS ha 

sido diseñado para trabajar con una gran variedad de sensores tales como 

MERIS, MODIS, AATSR, Landsat, NOAA/AVHRR y AMSR-E. 

La validación del modelo se realizó, para EF y los flujos de energía, 

comparando los resultados modelados y los datos medidos 

experimentalmente con la instrumentación EC y meteorológica instalada en 

la parcela de estudio, y ha incluido los cultivos más representativos de 

Castilla y León: colza, trigo, guisantes y centeno. Tres variantes diferentes 

del modelo fueron evaluadas: SEBS-0 (algoritmo original), SEBS-SM 

(algoritmo modificado con la humedad del suelo), y SEBS-NDVI (SEBS-0 

modificado con el NDVI y la temperatura de la superficie de la tierra, LST). 

Este último algoritmo ha sido propuesto en esta tesis para ser aplicado a la 

zona de estudio o a zonas similares, dada la estrecha relación entre EF y 

NDVI. La nueva versión ha sido pues desarrollada para perfeccionar, en 

particular, los resultados modelados de EF y LE. Este capítulo presenta los 

resultados de las tres versiones diferentes del modelo SEBS empleadas en 

el estudio. 

La evaluación de SEBS-0 mostró una clara subestimación de los valores de 

H (R2 = 0.54), tal como se muestra en la Fig. R.4.1, y una marcada 

sobreestimación de los valores de EF. Las principales discrepancias se 

obtuvieron durante el verano, cuando el suelo está muy seco debido a la 
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casi ausencia de precipitaciones y prácticamente desnudo tras la 

recolección de la cosecha. La comparación de los resultados del modelo con 

los datos experimentales alcanzó la mejor correlación cuando la versión 

SEBS-NDVI fue aplicada, evitando la sobreestimación de EF y LE obtenida 

con las versiones anteriores, SEBS-0 y SEBS-SM. Los resultados mostraron 

que la nueva versión propuesta del modelo, SEBS-NDVI, usando un factor 

de escala relacionado con los valores de NDVI y LST, es capaz de 

reproducir satisfactoriamente el patrón estacional de EF (R2=0.65) y de LE 

(R2=0.70) mucho mejor que las versiones anteriores para la parcela 

estudiada en esta tesis. La buena correlación obtenida para el caso del LE 

se muestra en la Fig. R.4.2. 

Uno de los principales logros de este trabajo reside en las largas series 

temporales analizadas, 4 años, y en la variedad de cultivos estudiada 

durante el período completo de crecimiento vegetativo, aspecto poco 

explorado en la bibliografía. Este modelo presenta además la ventaja 

adicional de calcular EF, un parámetro que interviene en la formulación de 

los modelos LUE para cuantificar la dinámica evolutiva de la GPP. 
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Figura R.4.1. Intercomparación, para el caso del calor sensible, entre los 

datos experimentales (H_exp) y los obtenidos mediante la aplicación del 

modelo SEBS-0 (H_SEBS) para el periodo total de medidas cubriendo los 

cuatro años y cultivos. 

 

 

Figura R.4.2. Intercomparación, para el caso del calor latente, entre los 

datos experimentales (LE_exp) y los obtenidos mediante la aplicación del 

modelo SEBS-NDVI (LE_SEBS) para el periodo total de medidas cubriendo 

los cuatro años y cultivos. 
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Abstract 

This chapter focuses on calculating Evaporative Fraction (EF) and energy 

balance components, applying the Surface Energy Balance System (SEBS) 

model combined with remote sensing products and meteorological data 

over an agricultural rotating cropland from 2008 to 2011. The model is 

validated by comparing SEBS results with observed EF and surface fluxes 

obtained using an Eddy Covariance (EC) technique together with 

meteorological instrumentation. Three different approaches of the model 

are evaluated: SEBS–0 (original algorithm), SEBS–SM (algorithm modified 

with soil moisture), and SEBS–NDVI (SEBS–0 modified with the Normalized 

Difference Vegetation Index –NDVI– and the Surface Temperature –Tୱ୳୰୤–). 

Based on current knowledge of the close relationship between EF and NDVI, 

a modified SEBS–0 algorithm, SEBS–NDVI, is proposed in this chapter. This 

new approach is developed so as to improve results for EF and latent heat 

flux (LE), and this chapter presents the results of all three SEBS 

approaches used in this study. Modelled R୬ is found to be in good 

agreement with observed data (R2=0.75), although SEBS–calculated G 

gave less satisfactory results (R2=0.38) and its seasonal dynamics shows 

discrepancies with observed data. An evaluation of SEBS–0 shows a clear 

underestimation of H (R2=0.54) and a marked overestimation of EF and LE. 

Comparison with ground–based data yielded the best correlation applying 

SEBS–NDVI, avoiding overestimation of EF and LE obtained with SEBS–0 

and SEBS–SM. Results show that the proposed SEBS–NDVI, using a scale 

factor related to NDVI and Tୱ୳୰୤, is able to reproduce satisfactorily the EF 

(R2=0.65) and LE (R2=0.70) seasonal pattern better than the two previous 

approaches for our study plot.  

 

Keywords: Surface Energy Balance System (SEBS), Remote Sensing, 

Energy Balance, Eddy Covariance, Evaporative Fraction, Normalized 

Difference Vegetation Index 
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4.1 Introduction 

Energy is the most fundamental factor governing climate and 

biophysical processes, and is why energy balance is one of the most widely 

studied subjects. In recent years, the challenge facing energy balance 

studies has focused on developing models able to parameterize all 

atmospheric fluxes from meteorological and ecophysiological parameters as 

well as deriving other important variables such as EF or evapotranspiration. 

Almost all these ecological or biophysical models have the energy balance 

equation or radiation as a key component in their development. The most 

common approach of this equation is defined as follows, 

 

R୬ ൌ H ൅ LE ൅ G ൅ P    (4.1) 

 

where R୬ is net radiation, G is soil heat flux, H and LE are sensible and 

latent heat flux, respectively, and P is a residual term usually related to 

different processes such as photosynthesis or ecosystem respiration 

(Foken, 2008; Wilson et al., 2002a). 

Some studies assessing energy balance simply ignore this P–term 

(Cava et al., 2008), and the final equation used lacks the residual term. 

The main energy balance components are thus radiation, sensible and 

latent heat fluxes, and soil heat flux, and the most common equation 

defining surface energy balance is given by 

 

R୬ ൌ G ൅  H ൅ LE     (4.2) 

 

In previous studies, various models for estimating energy fluxes 

using remote sensing products have been developed based on the above 

equation (Kustas et al., 1996; Li et al., 2009). These models seek to 

evaluate atmosphere–surface interactions including energy, water, and CO2 

exchange. They can be divided into one–source (single–source) and two–

source models (Gonzalez–Dugo et al., 2009; Kalma et al., 2008). The main 

difference between one and two–source models depends on whether the 

fluxes corresponding to canopy and soil are considered separately or as 
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one. As a result, two resistances characterizing the ecosystem must be 

calculated in two–source models where partitioning is taken into account 

(Norman et al., 1995), while only one resistance is needed in one–source 

models, since canopy and soil are considered to be a single system (Abtew 

and Melesse, 2013). Some well–known models are SEBAL –Surface Energy 

Balance Algorithm for Land– (Bastiaanssen et al., 1998; Bastiaanssen, 

2000; Tang et al., 2013; Timmermans et al., 2007), SSEBI –Simplified 

Surface Energy Balance Index– (Roerink et al., 2000), TSEB –Two Source 

Energy Balance– (Timmermans et al., 2007), SVAT –Soil-Vegetation-

Atmosphere-Transfer Model– (Gentine et al., 2007), TSEBPS –Two-layer 

Surface Energy Balance Parameterization Scheme– (Xin and Liu, 2010), 

and SEBS –Surface Energy Balance System– (Su, 2002). 

In this thesis, the single–source SEBS model is implemented for a 

rotating agricultural cropland. One cropland selected for this study is 

rapeseed, since it is one of the main feedstocks used for biofuel production 

today and thus has a major influence on carbon and energy cycles in a 

context of ongoing climate change studies. Since SEBS is a model that uses 

remote sensing, all the biophysical parameters needed for formulation are 

provided from satellite imagery. By combining several satellites/sensors, a 

full description can be obtained for all the fluxes involved in the energy 

balance, not only for the plot studied but for a larger area surrounding it. 

The SEBS algorithm was developed to work with a wide array of sensors 

such as MERIS (Elhag et al., 2011), MODIS (Lu et al., 2013; Wang and Li, 

2011), AATSR (Jia et al., 2003), Landsat (Ma et al., 2012), NOAA/AVHRR 

(Jin et al., 2005), and AMSR–E (Gökmen et al., 2012). The most common 

source for meteorological parameters is usually the ECMWF (European 

Centre for Medium–Range Weather Forecasts), although other sources such 

as VIRR (sensor on board FY3A satellite) (Wang et al., 2013) are available. 

One of the main challenges involved in using this algorithm is to obtain 

energy balance components as well as EF for the specific field studied and 

for surrounding areas which have similar vegetation, and to perform 

intercomparisons of these data with observed data. Previous studies have 

reported uncertainties and modifications in the SEBS model, with particular 

interest focusing on H calculation (Gibson et al., 2011), such studies having 
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been conducted in order to validate and improve this SEBS model. In 

previous studies, a wide variety of locations, periods, and ecosystems have 

been considered, with studies ranging from the Nile Delta to the Tibetan 

Plateau, and embracing different types of vegetation. Furthermore, 

previous research has focused on validating one component of the energy 

balance (usually H) and, when all the components have been studied, 

selected study periods have tended to involve mainly short campaigns or 

selected clear days. 

As hardly any previous studies apply the SEBS model over long–

term and continuous periods, the study performed in this chapter might 

contribute to a better understanding of the algorithm. This chapter presents 

an evaluation of the SEBS model over our study area (Fig. 4.1) for all the 

energy balance components and EF for a continuous four–year period, the 

ecosystem studied being representative of the whole region, since non–

irrigated agricultural rotating crops are one of the most common in the 

area. Furthermore, a modified version of the SEBS algorithm applying a 

new scale factor to EF has also been developed in this study. The new scale 

factor is proposed in order to improve results for EF and LE calculated by 

SEBS since our aim is to obtain improved results for these variables. 

Therefore, the EF obtained by SEBS might be applied in later studies to a 

Light Use Efficiency (LUE) model to obtain maximum light use efficiency of 

the studied ecosystem (Xiao et al., 2004; Yuan et al., 2007). 

Hence, the principal objectives of this chapter are: 

(1) to validate the main variables from remote sensing and 

meteorological databases used by SEBS through correlation with 

observed measurements, 

(2) to evaluate the SEBS model for agricultural croplands over four 

years, and 

(3) to compare and relate EC tower–based measurements of EF and 

energy fluxes with SEBS model results. 
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4.2 Measuring site 

The measuring site is a farmland located almost in the centre of the 

upper Spanish plateau, some 30 km north west of Valladolid in the region 

of Castilla y León (Fig. 4.1). The farmland is located in a semi–arid region 

with a Mediterranean–Continental climate characterized by low 

temperatures in winter months and warm and dry summers. The study 

area (41º46’44.4’’ N, 4º52’19.19’’ W, 849 m a.m.s.l) covers about 400 ha. 

Land use consists of non–irrigated crops. Maximum temperatures occur in 

July or August, with values reaching around 36 ºC. Minimum temperatures 

usually occur in January or December, and may fall to as low as -10 ºC. 

Seasonal precipitations are a further feature of this region. Precipitation is 

not evenly distributed throughout the year, but is present mainly in spring 

(April to June) and again in October, November, or December depending on 

the year. Average annual accumulated precipitation is about 450 mm. 

During the period studied, accumulated precipitation and yearly distribution 

varied widely. The wide variability in the accumulated precipitation for the 

whole four–year study period includes one year with precipitation similar to 

the yearly average (2008, 496.7 mm), one rainy year (2010) with a total 

value of 540.6 mm, and two years below the accumulated yearly average, 

these being 2009, with a total value of 375.3 mm, and 2011 with        

346.8 mm. Moreover, after our having defined the crop growing season 

from March–June, the accumulated precipitation for this period is: 236.8 

(2008), 105.6 (2009), 202.3 (2010), and 160.8 (2011) mm, with 2009 

emerging as the driest overall year for the growing season. 

Since the measuring site is located on a very wide plateau and relief 

elements are not present, horizontal homogeneity is ensured. The 

ecosystem studied is a rotating agricultural cropland inside the farmland, 

and includes the most representative types of crops in the region. Land 

management involves reduced tillage practices. The rotation cycle includes 

rapeseed, wheat/barley, green peas and rye. Soil composition is sandy 

loam with an organic content of between 60% to 65% sand, 20% clay, 

about 15% mud, and about 3% organic matter. 
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The farmland studied is divided into single plots. The rotation 

scheme not only includes the different types of crop but also the single 

plots. The sampling plot where the instrumentation was installed covers 

about 36 ha. Measurements were continuously performed throughout the 

whole year. Non–irrigated crops (rapeseed, wheat/barley, green peas, rye) 

are usually seeded about mid–September and harvested about mid–July 

the following year depending on crop development and growth, with the 

exception of green peas, which are seeded in January. Each crop takes only 

a few months to grow. Therefore, the soil has no crops or vegetation for 

the remainder of the time, only a residue coverage, which is present after 

harvest due to reduced tillage practices. 

 

 

Figure 4.1 Geographical location of the study site located in the 

region of Castilla y León in Spain. 
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4.3 Instrumentation and data 

4.3.1 Experimental instrumentation 

Two measuring towers were installed in the study plot in order to 

measure energy fluxes, water vapour, and CO2 exchange, as well as all the 

meteorological variables needed to describe the ecosystem in full. 

Measurements have been conducted continuously in the sampling area 

since March, 2008. 

The tower incorporating the EC system, which is 3.5 m above the 

surface, is equipped with a 3D sonic anemometer (USA–1, METEK, 

Germany) that measures wind speed and direction, and an open path 

infrared gas analyzer –IRGA– that measures energy and water exchange 

(LI–7500, Li–Cor Inc., Lincoln, NE, USA) with a 10 Hz sampling frequency. 

Raw data are stored by a datalogger as averages of all half–hourly values 

(from instantaneous data). TK2 software (Mauder and Foken, 2004) is then 

used for data processing. This software package ensures the quality of the 

turbulent fluxes measured. The tower housing the meteorological 

instrumentation, which is 2.5 m above the surface, is equipped with a wind 

anemometer and vane (Wind sentry Model 03002, Young, Campbell 

Scientific, Inc.), a thermohygrometer measuring air temperature and 

humidity (model STH–5031, and model 41003 multi–plate radiation shield, 

Geónica, Spain), a net radiometer (type 8110, Ph. Schenk), a soil moisture 

sensor (Model 6545, Type ML2x, ThetaProbe), a soil temperature probe 

(model STS–5031, Geónica, Spain), a quantum sensor (LI–190Sz, Li–Cor 

Inc., Lincoln, NE, USA) measuring PAR (Photosynthetically Active 

Radiation), and two soil heat flux plates (HFP01, HukseFlux, Delft, The 

Netherlands) about 5 cm below surface. The soil heat flux is averaged from 

the two plates, one of which is buried under vegetation and the other under 

bare soil. 

H and LE measurements provided by the EC system are used to 

calculate EF as follows: 

 

EF ൌ LE

LEାH
     (4.3) 
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where EF values range between 0 and 1. 

 

4.3.2 Remote sensing products and 

meteorological data 

As mentioned before, remote sensing products and meteorological 

data are used as inputs by the SEBS algorithm. All these variables 

participate direct or indirectly in calculating the various fluxes and radiation 

as described in the following section (Section 4.4) or in the literature 

(Ershadi et al., 2013; Su, 2002). Further information about the remote 

sensing products or their calculation can be found in the website of the 

various sensors (http://modis-land.gsfc.nasa.gov/; 

http://earth.esa.int/handbooks/) or in the literature (Lucht et al., 2000; 

Ogawa and Schmugge, 2004). Table 4.1 summarizes the most relevant 

information related to the remote sensing products used in this study. As 

seen in this table, the same products are simultaneously obtained from 

different sources, particularly, NDVI, biophysical parameters such as LAI or 

fapar, and LST (hereafter referred to as Tୱ୳୰୤). Due to the temporal 

resolution, cloud/aerosol presence, or instrumentation failures, it is difficult 

to retrieve a dataset from remote sensing without gaps. These products are 

thus duplicated in order to avoid such gaps, since the study performed in 

this chapter covers a long–term continuous period. 

The main meteorological variables influencing the SEBS calculations 

are soil/surface temperature, air temperature, dew temperature, surface 

pressure, sea level pressure, radiation components, and wind speed. All 

these variables, with a temporal resolution of 3 h and spatial resolution of 

1.5ºx1.5º, are retrieved from the ECMWF website (http://data-

portal.ecmwf.int/). 

 

4.3.3 Data resolution 

SEBS results and ground–measurements present a different 

temporal resolution. All remote sensing products are retrieved during 
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satellite overpass (for a temporal range from 10.00–13.30 h (GMT), 

depending on the satellite). Since SEBS results are constrained by satellite 

overpasses they can be considered instantaneous measurements and 

representative for the daytime period. SEBS final results thus include one 

value per day for all energy balance components and EF for a spatial 

distribution covering a wider area than is evaluated with ground–

measurements. Moreover, observed data are continuously measured and 

averaged into half–hourly aggregates. All in–situ measurements used in 

this study have been thus constrained to a daytime period so as to 

maintain uniformity between SEBS and observed datasets. As a result, only 

observed data whose H>50 W m-2 were used for later comparisons with 

SEBS results. Finally, in order to obtain a common temporal resolution so 

as to compare the two datasets, data have been aggregated into 8d 

composites, which can help to prevent noise (Vinukollu et al., 2011). 

 

4.4 SEBS methodology 

As pointed out earlier in Section 4.1, the SEBS model calculates all 

energy balance components as well as EF using meteorological and 

biophysical parameters. All these parameters are supplied from remote 

sensing and meteorological sources as described in Section 4.3.2, and the 

model methodology is described below. Further detailed information and 

formulation can be found in Su (2002). 

 

4.4.1 SEBS formulation 

 R୬ is calculated as the sum of net shortwave radiation and net 

longwave radiation, since this is the conventional method. 

 

R୬ ൌ R୬ሺSWሻ ൅ R୬ሺLWሻ     (4.4) 

 

Components of the R୬ equation are calculated with typical equations 

found in the literature, as follows: 
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R୬ሺSWሻ ൌ   ሺ1 െ albedoሻ   ·  RSWୢ    (4.5) 

 R୬ሺLWሻ ൌ emissivity  ·  RLWୢ െ  emissivity  ·  σSB   · Tୱ୳୰୤
ସ   (4.6) 

 

where RSWୢ and RLWୢ  are downward shortwave and downward longwave 

radiation, respectively, and ߪௌ஻ is the Stefan–Boltzmann constant. emissivity, 

albedo, and Tୱ୳୰୤ are obtained from remote sensing. RSWୢ and RLWୢ are 

retrieved from ECMWF. 

Of all surface balance components, the most widely studied 

relationship is that between R୬ and G. Several studies have explored the 

relationship between these two variables and have evidenced a good 

agreement with observed measurements. One of the simplest equations 

used in the literature is a linear relationship between G and R୬, although 

other relationships might be used (Qian et al., 2010; Santanello and Friedl, 

2003). In this study, a non–linear equation has been used relating G, R୬, 

and LAI as follows (Kustas et al., 1993): 

 

G ൌ  R୬ · C  · expሺെ β  · LAIሻ    (4.7) 

 

where C and β are the amplitude of LAI and the extinction coefficient with 

values of 0.27 and 0.32, respectively. These parameters have been fitted 

for this study using a Marquardt algorithm applied to observed R୬ and G. 

The LAI values used are those obtained from remote sensing (Table 4.1). 

The similarity theory is used when calculating H as described in Su 

(2002) by applying the following equations, 

 

u ൌ ୳כ
୩
ቂln ቀ୸ିୢబ

୸బౣ
ቁ െ Ψ୫ ቀ

୸ିୢబ
L
ቁ ൅ Ψ୫ ቀ

୸బౣ
L
ቁቃ    (4.8) 

θ଴ െ θୟ ൌ
H

୩୳כ஡C౦
ቂln ቀ୸ିୢబ

୸బ౞
ቁ െ Ψ୦ ቀ

୸ିୢబ
L
ቁ ൅ Ψ୦ ቀ

୸బ౞
L
ቁቃ   (4.9) 

 

where u is the wind speed, uכ the friction velocity, k is the von Karman 

constant with a value of 0.4, z is the height above the surface, d଴ is the 
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zero–plane displacement height, z଴୫ and z଴୦ are the roughness height for 

momentum and heat transfer, respectively, and θ଴ and θୟ are potential 

temperatures. The stability correction functions for momentum and heat 

transfers are given by Ψ୫ and Ψ୦, respectively, and L is the Obukhov 

length. z଴୦ is calculated by 

 

z଴୦ ൌ  
୸బౣ

ୣ୶୮ ሺ୩Bషభሻ
     (4.10) 

 

where the parameter kBିଵ depends on the fractional canopy and soil 

coverage. 

H is recalculated iteratively using Monin–Obukhov stability 

parameters until the lowest error is obtained. Actual/instantaneous sensible 

heat H is calculated by the SEBS algorithm taking into account that these 

values must be constrained between H values in dry and wet limits. EF is 

also calculated by studying these two limit cases in the energy balance 

equation. First, the dry–limit is considered, in which LE can be considered 

zero since soil moisture is not present (due to lack of water), and H reaches 

its maximum value. The second limit studied is the wet–limit, in which 

evaporation is not limited by available water but by available energy and 

the minimum value for H is found, with evaporation taking place at 

potential rate. Therefore, relative evaporation can be calculated as 

 

relୣ୴ୟ୮  ൌ 1 െ  
ሺHି HWLሻ

ሺHDLି HWLሻ
     (4.11) 

 

where HWL and HDL are the sensible heat at the wet and dry limit, 

respectively, and EF can be obtained as follows  

 

EF ൌ relୣ୴ୟ୮ ·  
ሺR౤ି Gି HWLሻ

ሺR౤ି Gሻ
     (4.12) 

 

LE is finally obtained as a residual term of the energy balance 

equation (Eq. 4.2), once EF is calculated. 
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4.4.2 SEBS approaches/modifications 

Apart from the original algorithm described in Section 4.4.1, two 

further approaches have also been evaluated in this study. Firstly, a 

modification in the algorithm is applied using a scale factor taking into 

account soil moisture (SEBS–SM). This is one way to correct 

underestimation of H proposed by Gökmen et al. (2012) to avoid 

overestimating LE and EF. This scale factor is applied when calculating the 

parameter kBିଵ, involved in estimating ݖ଴௛ (Eq. 4.10): 

 

scale୤ୟୡ୲୭୰ ൌ   ൤a ൅ 
ଵ

൫ଵାୣ୶୮ሺୠିୡ כSM౨౛ౢሻ൯
൨    (4.13) 

SM୰ୣ୪ ൌ
SMି SMౣ౟౤

SMౣ౗౮ି SMౣ౟౤
      (4.14) 

new_kBିଵ ൌ kBିଵ כ scale୤ୟୡ୲୭୰     (4.15) 

 

where a, b, and c are fixed parameters fitted for our study area with values 

of a ൌ 0.1, b ൌ 1.8, and c ൌ 3. Calculating these parameters has been 

optimized by evaluating BIAS values for H, LE and EF. 

Secondly, a new SEBS approach (SEBS–NDVI) considering the 

influence of temperature and vegetation over fluxes by applying a scale 

factor depending on Tୱ୳୰୤ and NDVI is proposed as a means of improving LE 

and EF results: 

 

scale_EF ൌ ሺscale_Tୱ୳୰୤^aሻ כ ሾexp ሺb כ NDVIሻሿ    (4.16) 

scale_Tୱ୳୰୤ ൌ  
ሺLSTౣ౗౮ିT౩౫౨౜ሻ

LSTౣ౗౮
      (4.17) 

 

where LST୫ୟ୶ is fixed at 320.15 K, and parameters in scale_EF are fitted for 

this study using a Marquardt algorithm (R2 = 0.65) with values of a ൌ 0.65 

and b ൌ 1.99. This scale factor is applied to the EF calculated by SEBS prior 

to calculating LE. 

 

EF ൌ old_EF כ scale_EF     (4.18) 
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Furthermore, since LE has been calculated using the rescaled EF 

(Eq. 4.18), in order to obtain closure in the energy balance, H should also 

be rescaled using EF as follows, 

 

rescaled_H ൌ ሺ1 െ EFሻ כ ሺR୬ െ Gሻ    (4.19) 

 

4.5 Results and discussion 

As stated in Section 4.2, full homogeneity in our fieldwork is 

ensured. However, due to the low spatial resolution of the various remote 

sensing products, the defined pixel covers a greater area than our study 

area. Uncertainties associated with pixel–size or cloud/aerosol presence 

might account for differences between observed data and SEBS results. 

Such uncertainties are evaluated by analyzing some of the main variables, 

which influence the SEBS calculations, and these results are shown in 

Section 4.5.1. 

Moreover, one practical advantage of the SEBS algorithm lies in the 

use of remote sensing, which makes it possible to study a larger area than 

is studied using EC instrumentation. This means that all SEBS results 

consist of a spatial distribution of all variables calculated by the algorithm 

at satellite overpass. However, in this study, SEBS is used at a local scale 

(in a selected plot) to evaluate the model by comparing the final results of 

R୬, G, turbulent fluxes, and EF from SEBS with available observed data. 

Results of this comparison are shown in Sections 4.5.2 and 4.5.3, where an 

overall study is carried out for the whole study period in order to obtain a 

relationship between observed data and SEBS results. This relationship 

could be used in further studies when observed data are not available. 

 

4.5.1 Validation of external products 

Air temperature, Tୱ୳୰୤, and soil moisture are the external products 

evaluated. Air temperature and soil moisture have ECMWF (ERA–Interim) 

and AMSR–E, respectively, as their sole source. However, in order to avoid 
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missing values owing to cloud/aerosol presence (Shen and Leptoukh, 

2011), Tୱ୳୰୤ is primarily obtained from LST–MODIS, and possible gaps are 

filled with LST from AATSR, or ECMWF (ERA–Interim) skin temperature 

products. 

Linear fit regression graphics for air temperature and Tୱ୳୰୤ are 

shown in Fig. 4.2. The best correlation is obtained for air temperature   

(Fig. 4.2a) showing patterns of observed and ECMWF data that are 

approximately the same, and an average slope near 1 (R2 = 0.98;       

slope = 0.96; BIAS = 1.58 K; RMSD = 1.97 K). Results for Tୱ୳୰୤ (Fig. 2b) 

present lower values for the correlation coefficient and slope, although 

acceptable agreement is still found (R2 = 0.93; slope = 0.74;               

BIAS = 6.54 K; RMSD = 7.47 K). Unlike air temperature, overestimation in 

SEBS retrieved values is more marked in the case of Tୱ୳୰୤ as shown in BIAS 

and RMSD values, which are higher for Tୱ୳୰୤ analyses. This overestimation 

increases in the summer of 2009 and 2011 compared to the same period of 

the two other years. It should be mentioned that the relationship between 

in–situ soil temperature and Tୱ୳୰୤ is obtained by a comparison between soil 

temperature, measured with a probe buried below surface (Section 4.3.1), 

and Tୱ୳୰୤ retrieved by remote sensing (Section 4.3.2). This might explain 

the large BIAS found and the significant overestimation in the Tୱ୳୰୤ retrieved 

from SEBS. Moreover, when analysing SEBS results for energy balance 

components and EF (see following sections), we should bear in mind the 

large BIAS and RMSD obtained when validating external products, 

particularly temperature, since this might induce uncertainties in the model 

and influence the final results. 

As regards soil moisture, observed values (Fig. 4.3, solid line) can 

show changes in soil moisture more accurately than the AMSR–E sensor 

(Fig. 4.3, dashed line). AMSR–E is seen to fit ground measurements 

properly, and a good agreement as well as a similar seasonal pattern is 

present between the two databases (R2 =0.52; slope =0.67; BIAS =7.11%; 

RMSD = 10.89%), although AMSR–E overestimates soil moisture values. A 

major difference appears in Fig. 4.3 for May–June and again in December–

January between AMSR–E and observed data for all four years coinciding 

with increased precipitation. This difference might be attributed to cloud 
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presence, a case for which AMSR–E introduces the highest overestimation 

for soil moisture values. It should be remembered that ground–based soil 

moisture measurements are carried out at a single point where the probe is 

installed and measurements are performed continuously, whilst AMSR–E 

soil moisture products have a spatial resolution of 25 km and 

measurements are performed about once a day coinciding with satellite 

overpass. The studied plot is surrounded by others which have a similar 

land use. Validating AMSR–E values with ground–based measurements for 

this area should thus prove fairly reliable, despite the spatial resolution of 

AMSR–E products compared to the studied plot. Further, soil moisture is 

directly influenced by precipitation events, soil composition and, more 

significantly, ground–based measurements may differ enormously 

depending on measurement depth. In agreement with our results, previous 

studies suggest that AMSR–E products are able to provide reliable 

information concerning soil moisture at the same temporal scale as ground 

measurements, clearly showing rain events in the same way as 

experimental instrumentation is able to (Chakraborty et al., 2012; Gruhier 

et al., 2008). 
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Figure 4.2. Correlation between observed data with those retrieved by the 

SEBS algorithm for a) air temperature and b) soil/surface temperature. 
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Figure 4.3. Time series of soil moisture from 2008 to 2011. The graph 

represents observed data (solid line) and SEBS retrieved (from AMSR–E, 

dashed line). 

 

Table 4.1. Summary of the remote sensing products used by SEBS. 
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4.5.2 Intercomparison of Rn and G 

At an initial stage, the algorithm calculates R୬ and G as the first 

components of the energy balance. As regards Eq. 4.5 and Eq. 4.6 in the 

SEBS formulation paragraph, R୬ is dependent on radiation components, 

albedo, emissivity, and Tୱ୳୰୤. Observed and SEBS–based modelled R୬ are 

displayed in Fig. 4.4 where the similar seasonal pattern followed by the two 

variables is shown. Maximum values peaked in July with values up to     

600 W m-2 for the modelled SEBS (Fig. 4.4, dashed line) and were slightly 

lower (~500 W m-2) for observed data (Fig. 4.4, solid line). In winter, 

minimum values are reached for both variables, SEBS–based and observed. 

However, in this case, SEBS values are lower than observed ones. Results 

show that R୬ estimated by SEBS correlates well with observed data    

(Table 4.2), concurring with previous results found in the literature 

(Träger–Chatterjee et al., 2010; Szczypta et al., 2011). During winter, 

SEBS values depicted in Fig. 4.4 are strongly underestimated compared to 

ground–based data. Major differences can thus be found in this period. 

Such differences might possibly be reflected as slightly high values for 

intercept, BIAS, and RMSD, as shown in the summary of the statistical 

results in Table 4.2. These low values obtained for SEBS–R୬ might be 

attributed to low albedo, since this parameter, retrieved from remote 

sensing, is used to calculate the radiation (Eq. 4.5). Since Tୱ୳୰୤ is also used 

to calculate R୬, the large BIAS and RMSD found when analyzing this 

external product (Section 4.5.1) might be responsible for the large BIAS 

and RMSD found in the R୬ analysis. These high values, particularly for 

RMSD, might also influence the validation of H, LE and EF performed and 

described in the following section. In Table 4.3, the results for the 

correlation between experimentally observed and SEBS–based R୬ for each 

year can be found, and the same good correlation is seen for each linear fit 

as the one obtained for the global fit showed in Table 4.2. However, large 

intercepts are also found for each single–year analysis, probably due to 

uncertainty introduced by Tୱ୳୰୤ (Section 4.5.1). 

The seasonal pattern of G is displayed in Fig. 4.5. Average seasonal 

behaviour for G measurements (Fig. 4.5, observed) reveals high values 

during the crop–growing period (Feb–Apr) and a marked decrease during 
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the senescence period (late May/early July) when LE becomes the main 

component of the energy balance rather than G or H. Again, high values 

are reached after harvest (late July–Aug) when the plot is uncovered and 

soil is dry. Finally, minimum values are found during winter. Further, the 

SEBS–based modelled G follows the same seasonal pattern found for R୬ 

(Fig. 4.4, dashed line) as is drawn in Fig. 4.5 (dashed line), since G is 

calculated from R୬ using Eq. 4.7, and maximum values are reached around 

July. Results show a less satisfactory agreement for the G comparison 

between the two databases (Table 4.2) than is obtained for R୬ despite 

being calculated from it. This result is consistent with other results reported 

for G over similar crops (Mo et al., 2012). 

The poorer agreement might be due to a combination of factors; 

firstly, the influence of the phenology and the growing stages of the crop 

types studied in the observed evolution of G. The major discrepancies 

between observed and modelled seasonal courses, which are particularly 

marked in April–July 2011 over rye (Fig. 4.5, solid line), the crop which 

reached the maximum height, appear to support the interpretation given; 

secondly, differences in spatial resolution or unrepresentativeness of the 

two heat plates may have an impact. G calculated by SEBS is derived using 

remote sensing in a wider pixel (Lu et al., 2013) whereas G observed is 

measured at a local scale using two plates. The measurements performed 

with the two plates might not have provided a sufficient description of G  

(Bi et al., 2007) due to the unequal root distribution of crops. Thirdly, 

errors linked to instrumentation (Wilson et al., 2002a). Although the 

devices used here are those typically employed, previous studies report 

that plates can lead to an underestimation of over 20% compared to 

alternative methods (Ochsner et al., 2006). Finally, the influence of the 

other experimental sources of uncertainties, such as instrumentation 

sensitivity to environmental conditions, the number of plates installed 

(Evett et al., 2012; Kustas et al., 2000), and the depth at which plates are 

buried (Evett et al., 2012; Hydrology Handbook, 1996) may also prove to 

be a factor. Moreover, it should be taken into consideration that SEBS–G is 

calculated at the surface, whereas the observed G is measured at 0.05 m 

depth without considering heat storage above the soil. Therefore, a 
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temperature profile (not available for this study) should be used to convert 

observed G to surface values. 

Furthermore, Table 4.3, where a single year linear fit between 

observed and SEBS–calculated G is presented, shows how the best 

correlation of G is for 2009. For this year, not only was accumulated yearly 

precipitation low compared to other years but also the precipitation 

accumulated during the crop growing stage was the lowest of all four years, 

reflected in lower values of observed LE as is shown in Fig. 4.7 (solid line) 

compared to values measured in the same period for the other years. 
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Figure 4.4 Yearly pattern of net radiation, , for observed values and 

SEBS calculated. Only observed and modelled_SEBS appear in the graph 

since modifications in the algorithm do not effect these variables. 

 

 

Figure 4.5 Yearly pattern of ground soil heat flux, G, for observed values 

and SEBS calculated. Only observed and modelled_SEBS appear in the 

graph since modifications in the algorithm do not effect these variables. 
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4.5.3 Intercomparison of H, LE and EF 

The behaviour of H is shown in Fig. 4.6 (solid line), where it 

reached its maximum values in July with values about 250–300 W m-2. 

High values are observed during the whole summer season, although H 

evidences a slight and constant decrease in value until reaching a minimum 

of about 80 W m-2 during the winter period. Observed LE and EF values are 

shown in Fig. 4.7 and Fig. 4.8 (solid line), respectively. The behaviour of 

the two variables is the same, and is opposite to H. LE and EF reach their 

maximum values during the crop growing season (March–June) and rarely 

present high values in early July when crop is in its senescent period. These 

variables suffer a drastic decrease in their values, reaching a minimum just 

after harvest (mid July). For the whole period between harvest and the 

next seeding, LE shows values of about 40 W m-2 (or lower), evidencing a 

slight and continuous increase in values as of late October or November. 

The same seasonal pattern is shown by EF. 

Seasonal dynamics for turbulent fluxes, H and LE, and EF exhibit 

the same trend followed each year. This constant seasonal dynamics 

presents the highest values for H when soil is uncovered, and maximum LE 

and EF values during the growing season. Since evapotranspiration is high 

in the growing period, this leads to high LE values. However, both the 

maximum values and when they are reached depends to a large extent on 

crop type. Hence, rapeseed seeded in 2008 characterized by high 

evapotranspiration leads to maximum LE values compared to the remaining 

years. 

When the SEBS–0 algorithm is applied over our study plot, a large 

underestimation of H (Fig. 4.6, dotted line) is found (Table 4.2, SEBS–0). 

This underestimation of H leads to an overestimation of LE and EF      

(Table 4.2, SEBS–0) as shown in Fig. 4.7 and Fig. 4.8 (dotted grey line), 

respectively. Overestimation in LE and EF is more marked in summer and 

autumn, when soil is dry and lacks vegetation coverage. The explanation 

for the weak positive correlation observed using SEBS–0 might be found 

with an evaluation of the results for each single year during the study 

period. An overview of these results is presented in Table 4.3, where linear 

fit equations are shown for the correlation between observed values and 
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SEBS–based results. All years analyzed present different environmental 

conditions, particularly with regard to precipitation. Indeed, greater 

differences can be found in precipitation between all the years studied as 

mentioned in Section 4.2. Table 4.3 shows how the worst correlation and 

significant discrepancies between SEBS–0 and observed values correspond 

to 2009 and 2010, a dry year and the rainiest year, respectively. Thus, two 

extreme conditions regarding precipitation (slight drought and rainy 

conditions) lead to poor agreement between ground–based data and  

SEBS–0. The difference in the amount of precipitation is one of the main 

factors modifying canopy development, particularly with regard to the 

growing season of the crop. The lack of water during the 2009 growing 

season limited canopy growth, leading to lower crop evapotranspiration 

compared to the other years. This can be seen in Fig. 4.7 (solid line) which 

shows how 2009 evidences the lowest LE values of all the four years 

studied. However, although 2010 is considered a rainy year, LE values 

increase only slightly compared to 2009. As a result, not only moisture but 

also crop type can influence SEBS results. 

To evaluate the influence of soil moisture on SEBS results the 

SEBS–SM algorithm has been applied, as a means to avoid underestimating 

H. An improvement in H is shown in Fig. 4.6 for the dry period (dash–dot 

line). Underestimating H is partially solved (Table 4.2, SEBS–SM) and a 

better correlation coefficient and lower BIAS and RMSD are obtained. 

Results for LE and EF (Table 4.2, SEBS–SM) also show a slight 

improvement, although overestimation is still present as reflected in       

Fig. 4.7 (dash–dot line) for LE and Fig. 4.8 (dash–dot line) for EF. Values 

for modelled LE and EF (Fig. 4.7 and 4.8, modelled SEBS–SM) after harvest 

(late July) are still higher than expected for the period. As regards       

Table 4.3, where fitting results are shown for each year, the worst results 

are again found for 2009 and 2010, although environmental conditions are 

known to differ for those years. These results show that this new scale 

factor depending on soil moisture is not accurate enough for our study 

ecosystem due to the wide variability of LE and EF in this type of 

agricultural cropland, although a clear improvement in H values is 

noticeable when applying this algorithm. 
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The influence of precipitation or soil moisture on the SEBS–0 

algorithm was evaluated by applying SEBS–SM, the poor results for 2009 

and 2010 evidencing that other factors impact SEBS results. As stated 

earlier, not only do meteorological conditions vary but different types of 

crops are also evaluated for the four years analyzed. In 2009 and 2010, 

wheat and green peas, respectively, were grown with a canopy height, hc, 

of about 0.70 m (wheat) and 0.50 m (green peas). In the other two years, 

rapeseed and rye were seeded, reaching heights of about 1.30 and 1.60 m, 

respectively, and better correlations were found for these years between 

SEBS and observed data. 

Differences in crop architecture and features lead to different values 

in the biophysical parameters and vegetation indices characterizing these 

crops. The influence of vegetation growth on EF and LE can thus be 

assumed with NDVI variation (Szilagyi et al., 1998), and this parameter 

might be evaluated to predict seasonal vegetation development. By closely 

following the well–defined NDVI pattern, crop development and the 

duration of the growing season, for which NDVI values reach their 

maximum values, can be determined clearly. In addition, including NDVI 

values might improve EF calculation (Yang and Wang, 2011). Lower values 

for all biophysical parameters can be found for 2009 and 2010 together 

with higher ones for 2008 and 2011. Since the worst results of applying 

SEBS–0 and SEBS–SM were obtained for 2009 and 2010, this suggests the 

strong influence of crop type on the SEBS algorithm, in particular, 

biophysical factors (hc, LAI) related to the different crops, since these have 

a major influence on roughness heights for momentum transfer. SEBS 

sensitivity to hc and NDVI has been studied in previous research (Gibson et 

al., 2011) as has the influence on EF or LE values caused by temperature, 

soil moisture, and NDVI (Wang et al., 2006). When a crop is growing, 

evapotranspiration is the dominant component in the energy balance and 

maximum values for LE and EF can be reached when the crop is fully 

developed (Vinukollu et al., 2011). However, after harvest, H rather than 

LE takes the leading role, bringing about lower LE values (Fig. 4.7, 

observed), whilst the plot can be considered bare/dry soil until the next 

seed time. Therefore, LE and EF emerge as the most sensitive variables to 
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changes in vegetation development (Hua et al., 2008), whilst H is more 

influenced by temperature. 

Dependence of biophysical parameters/vegetation indices on SEBS 

results is thus evaluated by applying the SEBS–NDVI algorithm. Rescaling 

EF has a positive effect on LE and EF values (Fig. 4.7 and Fig. 4.8, modelled 

SEBS–NDVI). Seasonal patterns for these two variables are more similar to 

observed ones, once the rescaling factor has been applied. With this 

modification in the algorithm, it can now be seen how SEBS–NDVI results 

reproduce the LE and EF pattern correctly, showing minimum values for 

these two variables in July and August when vegetation is not present and 

soil can be considered as bare, and maximum values when the crop is fully 

developed (Fig. 4.7 and Fig. 4.8, dashed–line). With this change, a good 

correlation is therefore found for LE and EF (Table 4.2 and 4.3,          

SEBS–NDVI). Results for the rescaled H also improved regarding values 

obtained in the two previous approaches (Table 4.2 and 4.3, SEBS–NDVI). 

Therefore, the underestimated H values found with SEBS–0 are avoided. 
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Table 4.2. Summary of the linear regression parameters and statistics for 

the relationship between observed data and SEBS results using the original 

SEBS (SEBS–0) algorithm and the two modifications; SEBS–SM and   

SEBS–NDVI. 
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Table 4.3. Summary of fitting equations and correlation coefficients found 

between observed values (y) and SEBS–modelled results (x) for each single 

year for Rn, G, energy fluxes and EF for the original SEBS algorithm  

(SEBS–0) and the two modifications: SEBS–SM and SEBS–NDVI. It should 

be noticed that results for Rn and G are common for all the approaches of 

the algorithm. 
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4.6 Conclusion 

In this chapter, one–source model SEBS results have been 

evaluated on an agricultural cropland over four consecutive years and four 

different crop types under varying environmental conditions, particularly 

with regard to precipitation. Components of the energy balance and EF 

obtained from SEBS and observed data have been compared and a 

relationship between them has been found. 

SEBS validation was performed using products from remote sensing 

and external meteorological databases as input for the algorithm in order to 

obtain SEBS results which are totally independent from observed data for 

later comparisons between the two databases. These external parameters 

have also been evaluated, and a satisfactory agreement between them and 

in situ measurements has been found. Using these parameters rather than 

local ground measurements makes it possible to obtain maps of the 

different variables calculated by SEBS for a larger region than the EC 

system is able to cover. Achieving this is one of the advantages of using the 

SEBS algorithm when a wide area needs to be studied. The main 

conclusions to emerge from this study show that combining remote sensing 

with SEBS can provide reliable results for all the components of the energy 

balance and EF. 

Modelled R୬ showed the same seasonal dynamics as the observed 

one, and a good agreement with observed data was found. However, 

modelled G showed less satisfactory results compared to the observed 

database, displaying discrepancies in its seasonal pattern compared to 

observed values. Results obtained for these two variables are common for 

all approaches of SEBS evaluated in this study. 

The original algorithm (SEBS–0) and two modified approaches 

(SEBS–SM and SEBS–NDVI) have been evaluated. Results obtained for 

SEBS–0 showed an underestimation for H values and a poor agreement for 

LE and EF compared to observed data. Lower correlation values were 

obtained for the two years with extreme precipitation conditions, 2009 

(dry) and 2010 (rainiest). The algorithm (SEBS–0) was modified by 

applying a soil moisture dependent scale factor to kB-1 calculation     
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(SEBS–SM) or by applying an NDVI–Tୱ୳୰୤ dependent scale factor to EF 

calculation (SEBS–NDVI). SEBS–SM provided improved results for H and 

the underestimation obtained with SEBS–0 was corrected. However, LE and 

EF results still showed a weak agreement with observed values although a 

slight improvement did emerge. Large discrepancies between SEBS results 

and the observed database are found particularly in summer when soil is 

dry and vegetation is absent. The solution proposed in this study is to apply 

a new scale factor depending on NDVI and Tୱ୳୰୤ rather than the scale factor 

influenced by soil moisture. Results for LE and EF retrieved from the new 

approach proposed in this thesis (SEBS–NDVI) reproduce reliable values for 

these variables for the whole study period, and a satisfactory correlation 

between the two databases was found. Since the new scale factor proposed 

(SEBS–NDVI) is applied to EF, not only LE but H is rescaled and 

underestimating H values obtained with SEBS–0 is avoided. SEBS–based H 

followed the same pattern as observed values, and the correlation between 

the two databases is in good agreement. 

This study has proved that the SEBS model is the most sensitive to 

vegetation development (NDVI can be considered the main driving factor) 

when LE and EF are calculated. Results from this research show significant 

differences in LE and EF values when using each of the approaches 

evaluated. However, no considerable changes are found if different 

approaches are employed when calculating H, R୬, and G. Furthermore, 

reliable results obtained for EF make it possible to introduce these values 

into a LUE model to obtain efficiency in the various ecosystems studied. 
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Resumen 

Mediante el procesado de los datos medidos directamente con la 

instrumentación EC se obtuvieron valores del NEE. Parametrizando sus 

valores nocturnos mediante una ecuación de Van´t Hoff modificada, 

utilizando SM y T, se calculó la RE (Eq. 5.7). El valor de la GPP vendrá 

determinado por la diferencia entre los valores de NEE y RE (Eq. 5.6). Una 

vez conformada la base de datos global se pueden determinar los valores 

acumulados de las variables previamente mencionadas. Los valores anuales 

para el NEE fueron -373, -157, -98, -511 g C m-2 para la colza, el trigo, los 

guisantes y el centeno, respectivamente. Equivalentemente, los valores 

acumulados para la GPP fueron 1684, 714, 733 y 1409 g C m-2. La 

evolución estacional de ambas variables puede verse en la Fig. R.5. La 

cantidad total de NEE representa alrededor de un 13% a un 36% del valor 

total obtenido para la GPP, dependiendo del tipo de cultivo, tal como se ve 

al comparar los valores totales de ambas variables. Las diferencias más 

grandes entre las cantidades totales de NEE y GPP implican altas tasas de 

respiración para alguno de los cultivos estudiados como puede ser el caso 

del centeno o la colza. Sin embargo, como conclusión debemos destacar 

que todos los cultivos estudiados en esta tesis se comportaron como 

sumideros de carbono, aunque existen notables diferencias en la cantidad 

total de CO2 secuestrado por cada uno de los cultivos, dependiente 

claramente de las condiciones ambientales y de sus características 

estructurales. Estas diferencias se aprecian mejor al comparar los valores 

obtenidos para el trigo y los guisantes frente a los obtenidos para la colza y 

el centeno, alcanzando los primeros una menor altura que la que lograron 

los dos últimos. 

 

En este capítulo también se presentan los resultados obtenidos al aplicar un 

modelo LUE a los datos experimentales de la GPP: 
 

APARG0εAPARLUEf0εLUEGPP     (5.2) 
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El modelo utiliza como datos de entrada los valores experimentales de PAR, 

en combinación con datos de 8 días de FPAR del sensor MODIS. En el 

modelo se incluye también un factor de estrés, f, con valores entre 0 y 1, 

que da cuenta de la reducción del valor de eficiencia máximo, ε0, para la 

conversión de PAR en función de las condiciones ambientales limitantes. En 

este estudio, los valores de f, fLUE, fueron considerados dependientes de la 

temperatura del aire, T, y de la fracción evaporativa, EF, que puede ser 

considerada como una aproximación a la disponibilidad de agua. El valor de 

ε0, un parámetro clave en los modelos LUE, dependiente del uso de suelo y 

vegetación, fue derivado a través de los resultados del ajuste de la 

regresión lineal entre la GPP experimental y las estimaciones concurrentes 

de GAPAR definida como el producto de PAR, FPARMODIS y f. 

En conjunto, ε0LUE alcanzó un valor de 3.331±0.104 g C MJ-1
  aunque este 

valor varió dependiendo de la estructura del cultivo, de la fenología y de las 

condiciones meteorológicas predominantes. Cultivo-a-cultivo, ε0LUE varió 

desde 2.738±0.171 hasta 3.954±0.195 g C MJ-1 para los guisantes y el 

centeno, respectivamente, alcanzando valores intermedios para la colza y 

el trigo, 2.916±0.182 y 2.859±0.230 g C MJ-1, respectivamente. 

La intercomparación de los resultados experimentales de la GPP con 

aquellos concurrentes obtenidos del satélite MODIS, GPPMODIS, permitió 

obtener una nueva serie de valores para la eficiencia, ε0MODIS, alcanzando 

un valor de 2.128±0.098 g C MJ-1 para el conjunto total, mientras que 

cultivo-a-cultivo varió desde 1.278±0.173 hasta 2.412±0.117 g C MJ-1 para 

el trigo y la colza, respectivamente. El mejor ajuste correspondió a cultivos 

que se desarrollaron con una buena disponibilidad de agua, la colza y los 

guisantes, y el peor ajuste fue para el trigo. La relación ε0LUE:ε0MODIS, 1.56, 

fue consistente con el radio fLUE:fMODIS, 0.69, revelando el importante papel 

de la formulación de f en los modelos LUE y, por tanto, en el valor de ε0 

obtenido para un específico bioma. En conjunto, el modelo LUE proporcionó 

resultados satisfactorios, R2=86.3%, mejorando significativamente las 

estimaciones de GPPMODIS, R
2=71.8%. Las incertidumbres en GPPMODIS han 

sido ante todo atribuidas a diferencias en el factor de estrés f involucrado 

en su formulación, fMODIS, dependiente del déficit de vapor de presión, D, y 

T, que no describió plenamente las condiciones de estrés ambiental para el 

lugar de medida.  
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Figura R.5. Evolución estacional de la GPP y el NEE observados 

experimentalmente para el periodo de medidas completo abarcando el 

estudio de los cuatro diferentes cultivos/años. 
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Abstract 

This chapter presents: a) results of GPP 8-d estimated values, GPPLUE, using 

a Light Use Efficiency Model, LUE, in a non-irrigated rotating rapeseed crop 

in the upper Spanish plateau, and b) inter-comparison results of observed 

GPP 8-d, GPP, with those concurrently retrieved by MODIS, GPPMODIS. The 

rotation scheme over the four-year study comprised rapeseed, wheat, peas 

and rye. Rapeseed, peas and, in part, rye grew under well-watered 

conditions whereas wheat was dominated by drought. 

Input data for the LUE model were the FPAR 8-d products supplied by 

MODIS, FPARMODIS, in situ PAR measurements, and a scalar f, varying 

between 0 and 1, to take into account the reduction of the maximum PAR 

conversion efficiency, ε0, under limiting environmental conditions. In this 

study, f values, fLUE, were assumed to be dependent on air temperature, T, 

and the evaporative fraction, EF, which was considered a proxy of water 

availability. ε0, a key parameter in LUE models, which varied according to 

land use, was derived through the results of a linear regression fit between 

GPP and concurrent GAPAR estimates defined as the product of PAR, 

FPARMODIS and f. Overall, the LUE model provided satisfactory results, 

R2=86.3%, significantly improving GPPMODIS estimates, R2=71.8%. GPPMODIS 

uncertainties have primarily been attributed to differences in the f stress 

factor involved in its formulation, fMODIS, depending on vapour pressure 

deficit, D, and T, which did not fully describe the environmental stress 

conditions at the measuring site. 

Overall, ε0LUE yielded 3.331±0.104 g C MJ-1
 although this varied depending 

on crop architecture, phenology and prevailing meteorological conditions. 

Crop-to-crop ε0LUE ranged from 2.738±0.171 to 3.954±0.195 g C MJ-1 for 

peas and rye, respectively, yielding intermediate values for rapeseed and 

wheat, 2.916±0.182 and 2.859±0.230 g C MJ-1, respectively. ε0MODIS, 

derived from the linear fit of GPP versus GPPMODIS, yielded        

2.128±0.098 g C MJ-1 and crop-to-crop ranged from 1.278±0.173 to 

2.412±0.117 g C MJ-1 for wheat and rapeseed, respectively. The best linear 

fits corresponded to crops growing under well-watered conditions, rapeseed 

and peas, and the worst fits were for wheat. The ε0LUE:ε0MODIS ratio, 1.56, 

was consistent with the fLUE:fMODIS ratio, 0.69, revealing the central role of f 



CAPÍTULO 5 
 

 
 

 
149 

formulation in LUE models and therefore in the ε0 value obtained at a 

specific biome. GPP annuals were 1684, 714, 733 and 1409 g C m-2 for 

rapeseed, wheat, peas and rye, respectively. 

 

Keywords: biofuel crops, rapeseed rotation crops, GPP, LUE models, 

MODIS GPP calibration  



  CAPÍTULO 5. GPP Y MODELO LUE
 
 

 
150 

5.1 Introduction 

Climate warming is an indisputable fact, as evidenced by changes in 

various indicators over the last 100 years (IPCC, 2007, 2013). At present, 

there is reasonably wide consensus that observed changes might be 

attributed to an increase in greenhouse atmospheric concentrations caused 

by human activities due to a rise in emissions and land use changes 

(Houghton, 1999). Atmospheric CO2 concentrations, the major greenhouse 

contributor, increased from the pre-industrial value, 278 ppm, to        

398.6 ppm in 2014, the longest temporal series recorded in Mauna Loa 

(http://www.cmdl.noaa.gov) showing a steadily increasing trend. In this 

context, predicting gross primary production, GPP, the total amount of CO2 

assimilated by plants, is of crucial importance. 

GPP is indirectly derived by eddy covariance flux towers as the 

difference between net ecosystem exchange, NEE, and respiration, RE, 

during daylight. NEE is measured directly and RE may also be measured 

using chambers or may be parameterized using NEE nocturnal data on soil 

or air temperature. The increasing number of covariance flux towers in 

different biomes around the world has provided insights into significant NEE 

and consequently GPP geographical variability (Baldocchi et al., 2001; 

Baldocchi, 2008; Lafont et al., 2002; Reichstein et al., 2007; Running et 

al., 1999). Among existing predictive methods, light use efficiency models, 

LUE, are considered a robust tool since they describe GPP spatial and 

temporal variation. These models are based on the original concept of 

Monteith who suggested that GPP or NPP, net primary productivity, of well-

watered crops was linearly related to the amount of photosynthetic 

radiation absorbed by vegetation, APAR, the product of photosynthetic 

active radiation, PAR, by the fraction of PAR absorbed, FPAR. A PAR 

conversion efficiency factor, ε, translates APAR into GPP or NPP carbon 

units. FPAR can be measured directly or retrieved by remote sensing. The 

increasing number of orbiting satellites able to supply land vegetation 

products offers a powerful tool to estimate GPP at a global scale. Among 

these satellites, EOS MODIS (Moderate Resolution Imaging 

Spectroradiometer) from NOAA directly computes FPAR, FPARMODIS, with a 

typical spatial resolution of 1km x 1km, thus affording an excellent 
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opportunity to derive GPP and calibrate the results obtained in a specific 

geographical biome using ground measurements. The MODIS satellite also 

retrieves GPP 8-d composites, GPPMODIS, thereby providing an additional 

advantage to inter-compare and validate these results with those derived 

from ground measurements (Fensholt et al., 2006; Gebremichael and 

Barros, 2006; Turner et al., 2003; Turner et al., 2005). 

ε depends on vegetation type and suboptimal climate conditions, 

such as water stress. In order to quantify , one common approach involves 

considering optimal light use efficiency, 0, and including a suitable scalar f 

with values ranging from 0 to 1 to take account of constraints in climate 

conditions: 

 

ε=ε0 f     (5.1) 

 

ε0 values, a key point in LUE models, differ enormously depending 

on their formulation. For instance, MODIS default values for 11 global 

biome classes vary from 0.604 to 1.259 g C MJ-1 (Running et al., 2000), 

whereas the C-fix model (Veroustraete et al., 2002) considers a universal 

value of 1.1 g C MJ-1. Formulating LUE models also depends on how 

environmental stress constraints, namely f, are determined (Fensholt et al., 

2006). Thus, the MODIS algorithm considers a multiplicative combination of 

two factors depending on the vapour pressure deficit, D, and air 

temperature, T, each ranging from 0 to 1 (Leuning et al., 2005). The D 

scalar consideration is based on the fact that high D, typically above        

20 hPa, have usually been linked with inducing stomata closure in non-

irrigated plants. However, it has also been argued that the constraint 

imposed by D does not always adequately describe water availability of 

plants, and several authors (Yuan et al., 2007) have proposed substituting 

the D factor by the evaporative fraction, EF. Other models include a third 

multiplicative factor, e.g., a soil moisture index (Prince and Goward, 1995) 

or a leaf phenology index (Li et al., 2007; Wang et al., 2010; Xiao et al., 

2005). 

Crops are of increasing concern in terrestrial ecosystems. The 

enormous potential of crops in greenhouse mitigation has recently been 
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emphasized (Smith, 2004; Smith et al., 2008). Although crops are 

estimated to be the largest biospheric source of carbon lost to the 

atmosphere, current estimates remain uncertain and their behaviour as 

both a CO2 source (Schulze et al., 2009) or sink (Gilmanov et al., 2013; 

Jaksic et al., 2006; West et al., 2010) has been reported. Different 

management practices, such as tillage type, rotation schemes, irrigation 

and cropland expansion might be some of the reasons why crops are 

sources or sinks in different regions around the world (Tao et al., 2011). 

Climatic conditions are another driver involved in observed inter-annual 

variations (Pei et al., 2013). 

The general aim of this chapter is to present the most relevant 

results of GPP seasonal evolution over four years in a non-irrigated rotating 

biodiesel rapeseed crop in the upper Spanish plateau. The reasons for 

selecting this crop type are: 1) The large increase in cultivated areas in 

recent years due to the environmental benefits attributed to biodiesel fuels. 

2) Biodiesel from rapeseed predominates in Europe, EU25 (Reijnders and 

Huijbregts, 2008). In Spain, rapeseed production and the planting surface 

approximately doubled from 2007 to 2011 and, specifically, the upper 

Spanish plateau has headed national rapeseed production since 2007 

(MAGRAMA, 2013). The rapeseed rotation cycle, which typically extends 

over four or five years, thus provides a good opportunity to describe the 

behaviour of the different crops seeded at the same plot. The rotation cycle 

presented in this study consists of the non-irrigated annual rotation of 

rapeseed, wheat, peas and rye. The inclusion of rye, a crop rarely studied, 

offers an added benefit. 

The specific objectives of this chapter are: 

1) To present and compare crop-to-crop seasonal evolution of 

observed GPP 8-d composites, GPP. 

2) To derive both an overall and a crop-to-crop LUE model. Particular 

attention is devoted to obtaining overall and crop-to-crop ε0LUE 

values. 

3) To calibrate MODIS GPP 8-d composites, GPPMODIS overall and crop-

to-crop. 
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4) To calibrate and assess the accuracy of the MODIS FPAR 8-d 

product, FPARMODIS, using LAI ground-based measurements, LAI, 

performed during the growing season, GS. 

 

5.2 Material and methods 

5.2.1 Site description 

The experimental site is on the Monte de Rocío agricultural farm, 

which covers an area of 400 ha, and is located in the centre of the upper 

Spanish plateau (41º 46´44.4” N, 4º52´19.19” W, 849 m a.m.s.l). The 

region is semi-arid with a Mediterranean-Continental climate characterized 

by low temperatures in winter months and warm and dry summers. The 

overall annual mean rainfall recorded at Villanubla Airport (close to the 

farm) is 450 mm. The land use of the farm is a mosaic of rotating cereal 

crops, with wheat and barley predominating. The selected plot covers 36 ha 

and has its own electrical facilities in the centre, a feature which, combined 

with the very flat terrain of the area, offered extremely suitable conditions 

for micrometeorological measurements and hence, for providing accurate 

NEE and GPP results. Agricultural practices at the selected plot applied 

during the period of measurements, 2008-2011, consisted of annual 

rotation of non-irrigated rapeseed, wheat, peas and rye crops, respectively. 

Reduced tillage practices were used which, as already reported (Sánchez et 

al., 2002), contribute to reducing CO2 soil efflux. Soil composition is sandy 

loam with an organic content between 60 to 65% sand, 20% clay, about 

15% silt, and about 3% organic matter. 

 

5.2.2 Eddy covariance and meteorological 

data 

CO2 and water vapour fluxes were measured using a typical eddy 

correlation system consisting of a Licor 7500 infrared analyzer and a METEK 

USA-1 sonic. The system operated at 10 Hz and was installed on a mast 

3.5 m above the soil. Raw data were dually stored on a data logger and on 

a PC. These data were transferred daily by remote control to the Faculty of 
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Sciences at the University of Valladolid and processed as 30-min averages. 

Raw data processing was performed by means of the TK2 software 

developed by the University of Bayreuth (Mauder and Foken, 2004). The 

processing steps included despiking, coordinate rotation, time lag 

correction, frequency response correction and WPL correction (Paredes, 

2013). A second mast measuring 2.5 m was installed and equipped with 

slow response probes, a quantum sensor to measure PAR (LI–190Sz, Li–

Cor Inc., Lincoln, NE, USA), net solar radiation (model 8110, Ph. Schenk), 

relative humidity and air temperature, T, (model STH–5031), wind speed 

and wind direction (wind sentry, model 03002, Young, Campbell Scientific, 

Inc.). Two soil heat flux plates (HFP01, HukseFlux, Delft, The Netherlands) 

and one soil moisture probe, SM, (model 6545, type ML2x, ThetaProbe) 

completed the instrumentation. All these data were continuously recorded 

on another data logger (Model Meteodata, Geónica), transferred daily by 

remote control to the Faculty of Sciences and finally processed as 30-min 

mean values. 

NEE eddy correlation measurements commenced at the beginning 

of March 2008. The slow response meteorological probes were fully 

operational at the beginning of April in the same year. NEE 30-min diurnal 

gaps were filled using the Michaelis Menten equations fitted using PAR as 

input data on a monthly or fortnightly basis, the latter being used during 

the GS (from March to June). Nocturnal NEE gaps were filled using the 

results of the respiration fit equation (see below, Eq. 5.7). The large gap, 

from November 2007 to February 2008, was filled using the results of a 

linear regression between GPP and concurrent LAIMODIS 8-d composites (see 

5.2.4). Most meteorological data gaps from October 2007 to March 2008 

were filled using the records from another station located some 10 km from 

the measuring site, which can be considered representative enough at the 

plot site due to the flat terrain and homogeneity in the meteorological 

conditions prevailing in the study area. The exception to this rule was SM 

and soil flux data, which were not available at the second station. The SM 

gaps in March 2008 were filled using the results of the linear regression 

between diurnal SM and diurnal EF obtained by averaging the 30-min 

concurrent records from April to October. From the relatively satisfactory 

correlation found between both variables, the determination coefficient R2 
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was 64%. Important inaccuracies in the RE calculation in March were 

neither expected nor detected after a detailed examination of the data set. 

 

5.2.3 Ancillary data (LAI) 

Except for peas, concurrent measurements of the canopy height 

and of the effective LAI evolution were performed during the GS. LAI 

measurements were carried out using a LAI-2000 (Plant canopy analyzer, 

Li-Cor) following Licor manual guidelines. Two series of five readings, with 

a sequence one above the canopy and four below the canopy, were 

performed in ten plants regularly distributed on a diagonal transect. 

Measurements were performed during daylight using a 270º view cap. 

Readings were processed using the software provided by the manufacturer. 

Finally, the results obtained in individual plants were averaged each day of 

measurements. The number of measurements, limited to green canopy 

phenology, was 20, 7 and 12, for rapeseed, wheat and rye. Whenever 

several measurements per week were performed, as in the case of 

rapeseed, LAI 8-d composites concurrent with LAIMODIS were obtained by 

averaging available ground data. 

 

5.2.4 Remote sensing data 

MODIS/Terra 8-d products, MOD15 for FPARMODIS and LAIMODIS and 

MOD17 for GPPMODIS, were loaded from http://reverb.echo.nasa.gov/ during 

the whole period of study. From all the data extracted, in this study we 

used those retrieved in the central pixel. To minimize the impact of noise, 

each final 8-d composite was obtained by averaging the corresponding data 

and the two neighbouring 8-d ones. Available MODIS data sets correspond 

to the V005 collection and have a spatial resolution of 1 km x 1 km. 

Although the spatial resolution of the pixel is higher than the plot size, due 

to the excellent MODIS geolocation accuracy, around 50 m (Hashimoto et 

al., 2012; Wolfe et al., 2002; Wolfe et al., 2012), the very flat terrain and 

the location of the eddy-covariance system, centered in the plot, only minor 

inaccuracies could be expected in the borders of the pixel. This issue is 
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addressed using the LAI ground measurements performed as described in 

section 5.4.3. 

 

5.2.5 Model approach 

The methodology used in this chapter is shown in the flow chart 

included in the Fig. 5.7. A detailed description is given below. 

GPPLUE was computed as follows: 

 

APARG0εAPARLUEf0εLUEGPP    (5.2) 

 

where APAR was determined using FPARMODIS retrievals and direct ground 

PAR measurements. In this study, the stress f factor considered, fLUE, is the 

product of two indexes, EF, and a factor Ts depending on T: 

 

fLUE= f(EF,Ts)    (5.3) 
 

EF is:  

 

EF ൌ LE

LEାH
    (5.4) 

 

where LE and H represent the latent and sensible heat concurrently 

measured in the eddy covariance tower. Low EF values, usually associated 

to low available LE, are expected to be linked to water stress, and 

moderate or high values to sufficient water availability. EF can be derived 

using models based on satellite imagery (Elhag et al., 2011; Lu et al., 

2013; Pardo et al., 2014; Venturini et al., 2008; Wang et al., 2006), which 

represents an additional advantage for upscaling purposes. 

Ts index is given by 

 

Tୱ  ൌ  
ሺT – Tౣ౟౤ሻ ሺTି Tౣ౗౮ሻ

ሾሺT – Tౣ౟౤ሻ ሺT – Tౣ౗౮ሻሿ – ሺT – T౥౦౪ሻమ
   (5.5) 
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T is the air temperature and Tmin, Tmax, Topt the maximum, minimum and 

optimum air temperatures. In this study, Tmin and Tmax considered were 0 

and 36 ºC. Negative T values were set to zero. For Topt, we followed the 

same criteria as proposed by Albergel et al. (2010) based on the 

assumption that maximum efficiency is reached at the same temperature 

as GPP peaks. The optimum value was 18 º C, a result that is slightly lower 

than others reported in the literature, which range from 22 ºC (Patel et al., 

2010) to 20.3 ºC (Yuan et al., 2007). 

GPP were obtained by subtracting direct NEE measurements 

obtained by the eddy covariance tower and the respiration term, RE: 

 

GPP ൌ െNEE ൅ RE   (5.6) 
 

Since GPP only occurs during daytime, RE was computed using NEE 

nocturnal 30-min data by means of a modified Van’t Hoff equation 

depending on T, which also takes SM into account: 

 

RE ൌ a SM exp ሺbTሻ   (5.7) 
 

Both unknowns, a and b, were estimated using the Marquard 

algorithm for each type of crop during the period March-October. For the 

remaining months of the year, no distinction was made between crop type, 

and a similar simplified equation only dependent on T was used. SM was 

excluded in this case because it did not lead to any improvement in the 

non-linear fit. Nocturnal NEE 30-min observations were filtered using a 

friction velocity, u*, threshold of 0.15 m s-1. This threshold was determined 

using a combination of visual methods based on the analysis of nocturnal 

NEE statistical results at different u* intervals and the optimization of 

determination coefficients, R2, of non-linear fits (Papale et al., 2006; 

Reichstein et al., 2005). Diurnal RE 30-min were computed using nocturnal 

fitted equations by considering diurnal T and SM 30-min data. 8-d 

composites were determined by averaging 30-min data in each 8-d time 

period. For EF 8-d composites, EF, the same procedure was applied. Finally, 
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ε0LUE was derived through the slope of the linear regression fit of the GPP 

values against concurrent GAPAR estimates. 

 

5.2.6 Statistical analysis 

To evaluate the performances of the GPPLUE, GPPMODIS and inter-

comparison results in general, we used the following metrics in this study: 

-The coefficient of determination, R2, which represents how much variation 

in the observations is explained by the model. 

-The mean absolute error, MAE. It gives the average magnitude of the 

errors in a set of forecasts without considering their direction. It is 

computed by the following equation: 

 

MAE ൌ
ଵ

୬
∑ |y୧ െ o୧|
୬
୧ୀଵ     (5.8) 

 

where yi and oi are the simulated and observed values, respectively  

-The root-mean-square error, RMSE. This metric, one of the most 

frequently used, gives the standard deviation of the model simulated error 

using the following equation: 

 

RMSE ൌ ටଵ

୬
∑ ሺy୧ െ o୧ሻଶ୬
୧ୀଵ      (5.9) 

 

Since the errors are squared before bring averaged, RMSE gives a 

relatively high weight to large errors. 
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5.3 Results 

Table 5.1 shows the period of seed of each crop type. As derived 

from this Table, seed time varied and ranged from mid September for 

rapeseed to late January in the case of peas. Harvest was always in mid 

July (from 12th to 18th). 

The maximum canopy height of rapeseed, wheat and rye was 1.30, 

0.60 and 1.60 m respectively, the values being reached at the end of May. 

Although no measurements were performed in the pea crop, according to 

the farmer’s information the maximum height was approximately        

0.45-0.50 m, a typical value for this crop in the upper Spanish plateau. 

 

 

Table 5.1. Time of seed and harvest, maximum canopy height, H and 

maximum ground-based LAI, LAI, for each type of crop. 

Crop 
Time of 

seed 

Time of 

Harvest 
H (m) LAI 

Rapeseed 20/09/2007 18/07/2008 1.30 2.56 

Wheat 06/11/2008 14/07/2009 0.60 2.17 

Peas 25/01/2010 12/07/2010 ~ 0.45-0.50 - 

Rye 22/10/2010 13/07/2011 1.60 2.28 

 

 

5.3.1 Meteorological driving variables 

Fig.5.1a shows the patterns of daily T 8-d, T, and PAR 8-d, PAR, 

over the study period. Mean T was 11.5 ºC and extreme values were          

-1.8 ºC and 24.2 ºC. Maximum and minimum values were reached in July-

August and in December-January. PAR mean and extreme values were 

56.3, 7.0 and 106.4 MJ m-2. 2008 was the most temperate year, with 

extreme values of 0.0 and 21.0 ºC, and also the cloudiest, especially in 

May. The remaining years displayed similar seasonal features. Fig.5.1b 

depicts the rainfall 8-d, RF, and SM 8-d, SM, patterns. RF patterns show 

the typical seasonal variation in the studied area featured by two peaks, 
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the first in spring, April-May, and the second in autumn-winter, from 

October to January, depending on the years. RF in summer, July-August 

and to some extent September, is normally very weak. From the 

comparison between RF year-to-year patterns, substantial variability is in 

evidence. 2008 was a “normal” year, with the yearly accumulated rainfall 

being 447 mm, although it was also the rainiest in the GS (March-June, 

DOY 57-177), with an accumulated rainfall of 252 mm. 2010 was the 

rainiest year, with an accumulated yearly rainfall of 517 mm which dropped 

dramatically to 336 mm in 2009. This latter year was dominated by 

drought. In the GS, accumulated rainfall dropped to 106 mm in contrast to 

2010, 220 mm. 2011 can be considered as a “normal-dry” year, with the 

accumulated yearly rainfall and in the GS being 426 and 161 mm, 

respectively. As expected, year-to-year SM patterns were consistent with 

those for RF; 2010 exhibited the highest SM records and 2009 the lowest, 

particularly in spring, with mean annual values being 25.4 and 17.6%, 

respectively. Extreme SM values ranged from 3.7 to 40.8%. The very low 

values recorded in mid summer, July-August, and even the first fortnight of 

September reveal the low soil water availability due to the increased 

temperature, lack of vegetation after harvest and weak rainfall at the 

measuring site. Another interesting feature is the similarity in SM and 

rainfall events. SM peaks tended to occur in phase with RF events. The SM 

lags occasionally found, e.g. mid September 2008 (DOY 265) and early 

June 2010 (DOY 153), might be attributed to heavy or moderate rainfall 

occurring over the last few days of the 8-d composite. The lack of 

agreement of peaks sometimes found in late spring or summer could be 

due to the local character of rainfall. One example is mid July, 2009 (DOY 

193), in which rainfall was not measured at Villanubla station, yet when an 

increase in SM, indicative of rainfall occurrence, was recorded at the 

measuring site. 
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5.3.2 Stress indexes 

Fig.5.2a depicts the seasonal course of EF, Ts, and fLUE over the 

study period. The comparison between the EF year-to-year patterns reveals 

certain analogies and differences. Amongst the analogies, the systematic 

increase in EF during autumn and winter (October-January) is worthy of 

note, reaching maximum values of 0.6. This behaviour is consistent with 

the increase in SM resulting from increased rainfall. Abrupt visible peaks, as 

in the case of SM, tended to occur in phase with rainfall events or with an 

eight-day delay (see Fig.5.1b). Another common feature was the EF decline 

during summer, from July to September, dropping by up to around 0.1. 

These low values are a result of the dramatic decline in LE (values rarely 

exceeded 60 W m-2) and the increase in H (values above 520 W m-2). 

Despite the similarities between EF seasonal patterns in the GS, 

seasonal EF courses evidenced substantial variability. Rapeseed, the crop 

with the highest evapotranspiration, showed the greatest EF value, 0.73, as 

well as a marked seasonal pattern. EF progressively rose from March to 

early May, reached a plateau until approximately mid June (DOY 169) and 

then declined sharply. Rye behaved in a similar manner, with the EF peak 

reaching 0.69, although the decline was earlier, and occurred in mid May 

(DOY 129). Differences in the seasonal shape of both crops are in 

agreement with prevailing environmental conditions, especially rainfall, as 

well as their different architecture and phenology. Although both crops 

grew under well-watered conditions, May 2008 was the rainiest month, with 

a rainfall of 130 mm, whereas May 2011 was significantly drier, with rainfall 

being 23 mm. The higher and lower accumulated rainfall during the 

rapeseed and rye growing period, might have contributed to significantly 

delaying and bringing forward the senescence period, respectively. 

Rapeseed commenced the flowering period in early April, pod formation 

started in early June, and senescence was clearly visible in late June. 

During these phenological stages, LE remained relatively high (upper 

quartiles, 241 and 298 W m-2 in May and June as compared with those for 

H, 143 and 172 W m-2), resulting in elevated EF values in May and most of 

June. Rye behaved similar to conventional grain crops at the measuring 

site. Heading took place in early May, and the onset of senescence was 
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visible in early June, particularly in the lower and mid canopy. The LE upper 

quartiles were 236 and 224 W m-2 in April and May, exceeding those for H, 

100 and 187 W m-2. 

In contrast, wheat and especially peas did not show such an evident 

EF seasonal variation during growing. Peaks were significantly lower, 0.54 

and 0.57, and were recorded in mid April 2009 (DOY 105) and mid-late 

April 2010 (DOYS 105, 113), respectively. In the case of wheat, EF likely 

remained lower than the expected values in well-watered conditions due to 

drought in 2009. Maximum LE values tended to be below 250 W m-2 (upper 

quartile, 155 and 142 W m-2 in April and May) and were generally lower 

compared to H, (upper quartile, 172, 255 W m-2 the same months). The 

irregular EF shape of peas, another well-watered crop, might be attributed 

to the superimposed effects of rainfall peaks, e.g., DOY 49 and 81, the later 

emergence period and lower evapotranspiration due to its architecture and 

a lower canopy height. Maximum LE values in the GS generally remained 

below 250 W m-2, (upper quartiles 180 and 168 W m-2 in April and May), 

and were of a similar order of magnitude to H (upper quartile                

158 and 192 W m-2 the same months). 

From late February to late June, Ts values ranged from 0.7 to 1, 

most data being close to 1, leading to a great similarity between EF and fLUE 

patterns. Similar results were obtained in summer and autumn. The lowest 

Ts values were reached in winter, dropping by up to 0.2-0.3. These results 

suggest that the Ts stress index has no significant impact on GPP most of 

the time, except in winter, a period in which GPP reaches the minimum 

values (see below). 

 

5.3.3 FPAR MODIS retrievals 

The FPARMODIS patterns depicted in Fig.5.2b followed the expected 

seasonal evolution consistent with growing. FPARMODIS progressively 

increased from late February, peaked in May and then began to decline, 

reaching minimum values in central summer and winter. Despite the 

similarities in the year-to-year patterns, some differences in magnitude and 

shape can be distinguished. Rapeseed exhibited the greatest FPARMODIS 
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value, 0.68, as well as amplitude, with a plateau spreading over April-May 

and early June. As mentioned above, the plateau corresponded to flowering 

and the initial stage of pod formation. Despite the weak FPARMODIS seasonal 

amplitude, peas behaved in a similar manner, with a plateau lasting 

approximately three months, from mid April to late June (DOY 97-176). 

Peas exhibited the lowest FPARMODIS peak, 0.40, and values remained 

relatively high, close to 0.23, in most of July. The shape of these seasonal 

courses contrasts with those corresponding to wheat and rye. In both 

cases, FPARMODIS also showed a progressive increase followed by a decline 

although no significant plateau was observed. As in the two preceding 

crops, maximum values, 0.45 and 0.55, were reached in mid May. The 

comparison between year-to-year patterns reveals that MODIS 

satisfactorily reflected the main features of the crops as well as the 

expected FPARMODIS decline in 2009 that affected wheat due to the drought 

as compared with rapeseed and rye. The contrast between FPARMODIS of 

rapeseed and peas is an evident example consistent with the different 

architecture of both crops. 

 

5.3.4 GPP-LUE model results 

The crop-to-crop GPP seasonal pattern is depicted in Fig.5.2c. GPP 

rose from March to May and then declined sharply, reaching minimum 

values in central summer and winter. Rapeseed, pea and rye GPP peaks, 

110, 56 and 110 g C m-2 8-d respectively, occurred in mid May (DOY 129), 

late May (DOY 145) and early May (DOY 121) whereas in the case of 

wheat, the peak, 53 g C m-2 8-d, was earlier, in mid to late April (DOY 

113). The different crops again showed certain differences in seasonal cycle 

amplitude. Rapeseed and rye presented the broadest seasonal cycle, 

spanning from March to mid-early July, 143 days (DOY 57-200) and 135 

days (DOY 57-192), respectively, whereas in the case of wheat and peas 

said cycles were 123 and 104 days, from late February to late June (DOY 

41-184) and from early April to early July, (DOY 89-193), respectively. 

Annual accumulated GPP was 1684, 714, 733 and 1409 g C m-2 for 

rapeseed, wheat, peas and rye. 
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As pointed out earlier, ε0LUE was derived through the slope of a 

linear regression fit between the GPP and GAPAR results as defined in        

Eq. 5.2. Fig. 5.3 shows the results of the linear fit. Coloured symbols, red, 

green, pink and blue, correspond to rapeseed, wheat, peas and rye, with 

the bold black line corresponding to the overall fit. Table 5.2 summarizes 

the parameter estimates overall and for each individual crop, the intercept, 

a, the slope, ε0, R
2, MAE, and RMSE. From this Figure, the goodness of the 

fit can be inferred. Overall, R2 yielded 86.1%, the intercept was close to 

zero, 2.747 g C m-2 8-d, and the slope, ε0LUE, 3.331±0.104 g C MJ-1. Crop-

to-crop results also proved satisfactory, with R2 ranging from 90.8 to 

77.8% for rapeseed and wheat, respectively. The ε0LUE extreme values 

obtained were 3.954±0.195 g C MJ-1 for rye, and 2.738±0.171 g C MJ-1 for 

peas, respectively. ε0LUE for rapeseed and wheat yielded intermediate 

values of 2.916±0.182 and 2.859±0.230 g C MJ-1, respectively. 
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The comparison between the GPP and GPPLUE results plotted in 

Fig.5.2c illustrates the general good agreement of the modelled results. 

However, from this Figure certain discrepancies between both temporal 

series in GS are evident, especially in April. Most of these and, in particular, 

underestimation of the modelled results, occurred under partly cloudy 8-d 

days, shown as black dots in this Figure. During these days, PAR declined 

leading to a decrease in GPPLUE as a result of its direct influence on LUE 

model formulation in contrast to GPP which remained significantly higher. 

The GGPLUE underestimation obtained suggests that the light use efficiency, 

ε, on partly cloudy days tends to increase compared to that on clear days, a 

result which concurs with others reported. 

 

5.3.5 Inter-comparison between GPP and 

GPP MODIS retrievals 

Fig.5.4 depicts the results of the linear fit of GPP versus GPPMODIS 

retrievals. Coloured symbols, red, green, pink and blue, correspond to 

rapeseed, wheat, peas and rye, and the bold black line corresponds to the 

overall fit. All linear fits were performed by dividing GPPMODIS retrievals by 

the one originally prescribed for crops in the MODIS look up table,      

0.604 g C MJ-1 (Running et al., 2000). Therefore, the slope of the linear fit 

accounts for the ε0MODIS values based on validation results at our measuring 

site without any prior assumption of prescribed values. The results of the 

overall and individual crop-to-crop linear fits are shown in Table 5.2. 

Overall, the fit proved moderately satisfactory, R2=71.7%, with the 

intercept being close to zero, -3.214 g C 8-d, and the slope, namely ε0MODIS, 

2.128±0.098 g C MJ-1. Crop-to-crop results showed a strong correlation for 

rapeseed, R2=89.8%, ε0=2.412±0.117 g C MJ-1, and peas, R2=85.9%, 

ε0=1.747±0.107 g C MJ-1 in contrast to rye, R2=66.5%,      

ε0=2.301±0.246 g C MJ-1 and wheat, R2=55.5%, ε0=1.278±0.173 g C MJ-1, 

for which the worst results were obtained. The calibrated GPPMODIS temporal 

series (original retrievals multiplied by ε0MODIS of each individual crop) are 

depicted in Fig.5.2c. 
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The comparison between Fig.5.3 and 5.4 and the statistics shown in 

Table 5.2 reveals the better accuracy of the LUE model against the MODIS 

estimates overall. The first point worthy of note is the higher scatter of 

GPPMODIS against GPP as compared with those obtained for GPPLUE modelled 

results. This conclusion is also derived through the values of all the 

statistics, a lower R2, and a higher MAE and RMSE. The second point worth 

noting is the GPPMODIS overestimation during summer, from July to 

September, a period of time during which GPPMODIS are significantly higher 

than GPP (see Fig.5.2c). As the LUE model and MODIS results have the 

same APAR, the differences found depend on the stress factors considered 

in each formulation, fLUE(EF,Ts) in this study and fMODIS(D,T). The main 

conclusion to be drawn from the preceding results is that the fLUE considered 

here describes the GPP seasonal variation more realistically than fMODIS 

does. This is particularly true in summer when EF and SM drop dramatically 

to values as low as 0.1 and less than 5%, respectively. It should also be 

noted that the best linear fits between GPP and GPPMODIS corresponded to 

rapeseed and peas, the two well-watered crops, the worst fits being for 

wheat affected by drought. 
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Figure 5.3. Linear fit of observed GPP versus modelled GAPAR for each crop 

type. Red, green, pink and blue symbols correspond to rapeseed, wheat, 

peas and rye, respectively, seeded in 2008, 2009, 2010 and 2011. The 

black line shows the overall linear fit for rapeseed, wheat, and rye. 
 

 

Figure 5.4. Linear fit of observed GPP versus GPPMODIS 8-d composites for 

each crop type. Red, green, pink and blue symbols correspond to rapeseed, 

wheat, peas and rye, respectively, seeded in 2008, 2009, 2010 and 2011. 

The black line shows the overall linear fit for rapeseed, wheat, and rye. 
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5.4 Discussion of the results 

5.4.1 GPP 

The comparative analysis of the GPP patterns of each crop stresses 

the influence of the architecture, phenology and climatic conditions. The 

highest GPP values were obtained for crops with a denser and greater 

canopy height, rapeseed, 1.30 m and rye, 1.60 m, which also exhibited the 

longest seasonal cycle, lasting around 143 and 135 days. The wider 

seasonal cycle of rapeseed could be attributed to the more temperate 

climatic conditions from mid May to mid June, 2008, T being 3.6 ºC lower 

than in 2011, and to the higher accumulated rainfall, 80 mm against        

50 mm. 

Rapeseed, peas and, in part, rye grew under well-watered 

conditions at the measuring site, accumulated rainfall during GS being 252, 

220 and 161 mm, respectively. Conversely, wheat growing was affected by 

water stress, with rainfall in the GS dropping to 106 mm. The influence of 

drought contributed greatly to an early GPP peak, which occurred in late 

April, and to reducing the maximum height of the canopy, which under 

well-watered conditions is usually 0.7-0.8 m. Differences in the emergence 

and growing phenological stages in the case of peas, the crop seeded 

latest, in January, also explain the delay in the seasonal cycle, from April to 

late June. 

Annual rapeseed and rye GPPs, 1684 and 1409 g C m-2, respectively 

were rather high compared to other results reported for winter crops 

including rapeseed (Béziat et al., 2009). In particular, the annual rapeseed 

GPP obtained in this study, a C3 plant, was comparable to C4 species, like 

corn, featured by higher light use efficiency and biomass production (Zhu et 

al., 2010). Reported annual GPP values for corn are1 789-1171 g C m-2 (Yan 

et al., 2009), and 1567 g C m-2 (Wang et al., 2012). The annual GPP of rye, 

although also high, is in the range of other results published,                

744-2097 g C m-2 (Koizumi, et al., 1990)1. The same occurred in the case 

                                                 
1 NPP data reported by authors have been transformed to GPP using a ratio of 
0.55 (see Eqs. 5.10-5.11 in section 5.4.2) 
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of wheat and peas, 714 and 733 g C m-2, both values being in the range 

similar to those reported for crops (Zhao et al., 2005). In the case of peas, 

the annual GPP obtained in this study, 733 g C m-2 was lower than reported 

results of irrigated peas ~1014-1180 g C m-2 (Giunta et al., 2009)1 and in 

the range of some similar legumes, e.g, chickpea, under and without water 

stress (Tesfaye et al., 2006)1 ~ 528-930 g C m-2. For wheat, annual GPP, 

714 g C m-2 was similar to that reported by Yan et al. (2009),               

602-729 g C m-2, and intermediate to extreme values, 907 and              

499 g C m-2, recorded at another agricultural site located close to the 

measurement station (unpublished results) in 2003, a rainy year          

(602 mm), and 2005 affected by severe drought (276 mm). The dramatic 

decline in 2005 proves the significant impact of droughts on GPP and 

therefore on crop inability to sequester CO2. This result emphasises the 

adverse consequences of climate change not only on crop production but 

also on a possible increase in atmospheric CO2 which might take place in 

the Southern Mediterranean, one of the most vulnerable regions foreseen 

by the IPCC (2007) in future years. Rapeseed, wheat, pea and rye 

accumulated GPP in GS was 1219, 551, 521 and 1134 g C m-2. Despite the 

large differences found between the different crops, the contribution of the 

GS to the annuals was rather conservative, and accounted for 72.4, 77.2, 

71.2 and 80.4% for the same crops. 

The LUE model applied has properly fitted overall GPP (R2=86.1%) 

as well as crop-to-crop (R2 ranged from 90.8 to 77.8 %), showing a 

significant improvement compared to concurrent GPPMODIS retrievals      

(R2= 71.7%). The main GPPMODIS inaccuracies have primarily been 

attributed to differences in the defined stress factor, fMODIS on D and T with 

respect to fLUE on EF and Ts used in this study. GPP exhibited a satisfactory 

correlation with fLUE in GS, R2=59.7% proving its suitability to describe 

water availability in contrast with the weak correlation found when fMODIS is 

considered, R2=12.4%. This result, together with the better linear fits of 

GPP versus GPPMODIS obtained for crops less affected by environmental 

stress, rapeseed and peas, supports the interpretation given. 

Another interesting result concerns the different order in magnitude 

of ε0LUE and ε0MODIS, overall, 3.331 and 2.128 g C MJ-1, respectively.  
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ε0LUE:ε0MODIS ratio was 1.56 overall and varied, depending on crop type, the 

values being 1.21, 2.24, 1.57 and 1.72 for rapeseed, wheat, peas and rye, 

respectively, the lower the ratios the better the watered conditions 

prevailing in GS (rapeseed and peas) and conversely, the greater the ratios 

the worse the watered conditions (wheat). Indeed, ε0LUE:ε0MODIS was 

inversely proportional to the fLUE:fMODIS, 0.69 on average (the ratio was 

computed using the overall individual 8-d composites data). This result 

highlights the important role in the f formulation included in the LUE model 

on ε0 results. 
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5.4.2 Maximum Light Use Efficiency, ε0 

Despite the abundant literature existing on ε values for different 

crop type, comparisons of our results with others reported are difficult 

given the different experimental methods used for NPP or GPP estimates 

and units used by authors. Thus, in some of the many field experiments 

based on NPP measurements, either total or above ground biomass 

production, results are expressed in g DM MJ-1 of dry matter, DM, whereas 

in others, e.g. eddy correlation measurements, results are expressed in     

g C MJ-1 absorbed by photosynthesis uptake. For unit conversion here, we 

use a similar approach to that reported by Lobell et al. (2002): 

 

εNPP (g C MJ-1)= εbiomass (g DM MJ-1) F S-1  (5.10) 
 

where F is the conversion unit of g DM to g C and S the carbon production. 

In this study, we considered F to be equal to 0.467. S was considered 1 or 

0.8 depending on the reported values, namely, total or above ground 

carbon, respectively. Whenever no information was found, we assumed 

S=1. Finally, conversion to εGPP was performed: 

 

εGPP (g C MJ-1)= R εNPP (g C MJ-1)  (5.11) 
 

where R is the NPP:GPP ratio, considered here to be 0.55, the average 

value of those reported for crops (Aubinet et al., 2009; Beer et al., 2010; 

King et al., 2011; Moureaux et al., 2008). 

An additional remark concerns solar radiation. Here, we normalize 

all results to PAR MJ-1. Results expressed as a function of solar radiation, 

SR, were converted to PAR by dividing SR by 2. Finally, it should also be 

highlighted that a number of ε results reported based on biomass 

measurements were obtained under the climate conditions driving field 

experiments, meaning they may have been affected by water stress. In 

fact, the influence of an increase in D on subsequent ε decline is discussed 

by Kemanian et al. (2004). As a result, such comparisons with our results 

should be treated with caution. In contrast, results may be better compared 

when LUE models are applied to GPP or NPP results from eddy covariance 
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fluxes, since they usually include stress factors in their formulation and, 

hence, report ε0. 

The ε0 value obtained in this study, 3.331 g C MJ-1, is in the range 

of those reported for the crops studied, ranging from                          

1.613 to 3.600 g C MJ-1 (Akmal and Janssens, 2004; Lobell et al., 2002). 

Although various studies have shown that different crops have differing ε0 

values (Chen et al., 2011; Turner et al., 2006), the results published for a 

specific crop also present significant variability. For wheat, they range from 

1.921 to 3.417 g C MJ-1 (García et al., 1988; Lobell at al., 2002; Muurinen 

and Peltonen-Sainio, 2006; O’Connell et al., 2004). Reported values for 

peas range from 1.525 to 2.112 g C MJ-1 (Giunta et al., 2009; Lecoeur and 

Ney, 2003; Worku and Demisie, 2012). For canola and rapeseed, the 

values are 2.165 and 2.049, g C MJ-1, respectively (Justes et al., 2000; 

Soetedjo et al., 1998), and for rye they range from 2.038 to 3.600 g C MJ-1 

(Akmal and Janssens 2004). The significant differences reported might be 

attributed to many factors, such as irrigation, climate conditions, rotation 

schemes and agricultural management practices. Our results are in 

agreement with the variability observed for a specific crop and crop-to-

crop, ε0LUE ranging from 2.738 to 3.954 g C MJ-1 for peas and rye, 

respectively, the larger values tending to be associated to crops with 

denser and taller canopies, rapeseed and rye. In dense canopies, more 

leaves are shaded and operate in the linear portion of the light response 

curve increasing the ε of the canopy as a whole. Conversely, in sparse 

canopies most leaves experience a similar light regimen, resulting in a 

decline in ε. It is also usually assumed that erect canopies of tall species, 

rye being one clear example, absorb incident radiation very efficiently 

without starving the shaded component optimal levels of transmitted 

radiation (Yahuza, 2011). 
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5.4.3 Calibration of FPARMODIS using LAI 

ground measurements 

GPP seasonal evolution at our measuring site was regulated by EF, 

the major stress factor, and FPAR. Both variables correlated well with 

GPP/PAR during the GS, (R2=71.2%), EF and FPARMODIS accounting for 49.9 

and 61.1% of the variance of the linear fit, thus indicating their joint 

contribution to GPP seasonal evolution. Hence, bias in EF or FPAR might be 

considered as an important error source of GPP estimates. Based on the 

satisfactory closure of energy balance, 93% (Chapter 3), bias in EF is not 

expected to lead to any significant error in GPP. Regarding FPAR, MODIS 

captured seasonal and inter-annual variations of each crop type reasonably 

well, retrievals proving consistent with their architecture and water stress. 

However, underestimation or overestimation of FPAR, the major driver of 

GPP at our measuring site, causes the opposite effects on ε0. In an attempt 

to analyse possible FPARMODIS inaccuracies and their influence on ε0, as 

pointed out earlier (see section 5.2.4), we used the ground measurements 

performed at the plot as a support. The procedure followed is described 

below. 

FPAR direct measurements are usually sparse. An alternative is to 

estimate FPAR on NDVI (Sims et al., 2005). Another commonly used 

approach is to derive FPAR from direct measurements of LAI using the 

Lambert-Beer equation: 

 

FPAR ൌ 1 െ expሺെK. LAIሻ   (5.12) 
 

where K is the light extinction coefficient. 

As stated earlier, LAI measurements were regularly performed 

during the GS covering the main phenological stages of rapeseed and rye. 

In the case of peas, no measurements were conducted, and for wheat the 

number of measurements was primarily limited to May. These data enable 

us to perform an inter-comparison exercise between concurrent LAI and 

LAIMODIS products. The results of the linear regression of LAI versus the 

LAIMODIS composites are depicted in Fig.5.5. The black line shows the linear 
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fit for the three crops, and red, green, and blue symbols identify the 

individual results for each crop type. A quick look at this Figure allows us to 

conclude the systematic underestimation of LAIMODIS versus LAI on overall 

as well as for each individual crop type. Since the intercept of the fit was 

close to zero, the slope, 1.334, directly accounts for MODIS 

underestimation. R2 of the linear fit was moderately satisfactory, 67.6%, 

the greater deviations being for rye. Based on this finding, the FPARMODIS 

composites were re-computed using Eq. 5.12 as follows: 1) The K 

parameter of FPARMODIS was fitted using the LAIMODIS composites retrieved 

in the central pixel. The K parameter estimates yielded 0.686±0.016 

(R2=86.9%), a value in the range of other reported results (Atwell et al., 

1999; O’Connell et al., 2004). This approach allows the original FPARMODIS 

computed with a robust algorithm to be preserved, deriving the K values by 

using the Lambert-Beer equation. 2) A new FPAR 8-d temporal series, 

FPARRMODIS, was re-computed using the product of K parameter estimates 

by the re-computed LAIMODIS retrievals (LAIMODIS retrievals multiplied by 

1.334). Due to limited ground data, no distinction between crops was 

made. Hence, the new FPARRMODIS temporal series (see Fig.5.2b) should be 

considered as a calibration of the MODIS results at the central pixel based 

on ground LAI observations over the whole period studied. As expected, the 

re-computed FPARRMODIS series exhibited a strong correlation with the 

original temporal series, R2=88.2%, although it obviously yielded higher 

values, which were higher by an average factor of 1.23, leading to the 

subsequent decline in ε0N, (values obtained with the LUE model using 

recomputed FPARRMODIS derived from LAI ground measurements) 

2.597±0.088 g C MJ-1 (R2=83.4%). Crop-to-crop re-computed FPARRMODIS 

series yielded ε0N values of 2.593±0.091 (R2=83.0%),             

2.415±0.145 g C MJ-1 (R2=90.5%), 1.993±0.184 g C MJ-1, (R2=72.7%), 

1.989±0.112 g C MJ-1 (R2=87.7%) and 3.050±0.187 g C MJ-1 (R2=85.9%) 

overall, for rapeseed, wheat, peas and rye, respectively. The linear fit of 

these values versus the canopy height, depicted in Fig.5.6, was statistically 

significant at 95% significance level, thus indicating the dependence of 

canopy height and architecture on ε0N, the greater the values, the denser 

and taller the canopies and conversely. 
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Figure 5.5. Linear fit of ground based LAI versus LAIMODIS 8-d composites. 

The black line shows the overall linear fit for rapeseed, wheat, and rye. 

Red, green, and blue symbols show the individual data for each crop type. 

 

Figure 5.6. Linear fit of optimal light use efficiency, ε0N, versus canopy 

height, h. ε0N values correspond to those obtained with the LUE model using 

recomputed FPARRMODIS input data derived from LAI ground data. Dotted 

lines are the confidence intervals at 95% significance level. 
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5.5 Conclusions 

We present the most salient results of GPP seasonal evolution 

observed and modelled for a biofuel crop in the Spanish Plateau, consisting 

of annual rotation of non-irrigated rapeseed, wheat, peas and rye. The 

influence of crop architecture, phenology and climatic conditions dominated 

crop-to-crop seasonal evolution of EF, FPARMODIS and GPP seasonal 

evolution. Higher GPP were obtained for denser and higher canopy height 

crops, rapeseed and rye. Both exhibited a marked EF seasonal variation 

driven by evapotranspiration, higher FPAR peaks and the longer seasonal 

cycle, lasting around 143 and 135 days, respectively. Rapeseed and rye 

also yielded high GPP annuals, 1684 and 1409 g C m-2 almost comparable 

to C4 plants. Wheat exhibited the lowest annual, 714 g C m-2 followed by 

peas 733 g C m-2. Lower values might partially be attributed to their 

shorter seasonal cycle, 123 and 104 days, respectively. The influence of 

drought during 2009 on the Spanish plateau was another expected factor 

contributing to a drop in the normal annual GPP of wheat. 

The LUE model applied to derive GPP provided satisfactory overall 

(R2=86.1%) and crop-to-crop, (R2 ranging from 77.8 to 90.8%) results and 

a significant improvement in GAPAR estimates compared with concurrent 

MODIS 8-d. (R2 =71.7%) retrievals. The slope of the linear fit of GPP 

versus GAPAR, namely ε0LUE, also varied depending on crop type, with higher 

values tending to be linked to higher density and canopy height, 

2.916±0.182 and 3.954±0.195 g C MJ-1 for rapeseed and rye. ε0LUE for peas 

and wheat yielded intermediate values 2.738±0.171 and         

2.859±0.230 g C MJ-1. Underestimating the LUE model in most of April 

under partially cloudy sky, particularly affecting wheat, was a major reason 

for the worst results obtained for this crop. This result confirmed the 

increase in ε in the presence of clouds reported in other studies (King et al., 

2011; Sims et al., 2005), and hence, the potential importance of 

considering variability in ε0 in LUE models to improve results compared to 

those obtained by considering a constant value throughout the year. 

Although MODIS captured crop-to-crop FPARMODIS seasonal 

evolution quite well, it tended to underestimate derived ground based FPAR 
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by a factor close to 1.2. Indeed, observed underestimation led to the 

opposite effects on ε0, in a similar ratio. Using the reprocessed FPARRMODIS 

temporal series, the ε0N obtained were 2.593±0.091, 2.415±0.145, 

1.993±0.184, 1.989±0.112, 3.050±0.187 g C MJ-1 overall, for rapeseed, 

wheat, peas and rye, respectively. These new values were linearly related 

with canopy height. However, even though the linear fit was statistically 

significant at 95% significance level, the influence of canopy height on ε0N 

obtained in this study should be treated with caution given the limited data 

available, four years. Additional measurements with variable canopies 

heights would be necessary in order to confirm whether this conclusion is 

maintained or not. 

The less accurate results of GPPMODIS have been attributed to 

differences in the formulation of fMODIS versus fLUE considered in this study. 

In particular, EF provided a better description of the environmental stress 

conditions. This conclusion is supported by: a) GPPMODIS overestimation in 

summer, during which EF and SM drop to values as low as 0.1 and <5%, 

respectively. b) The best linear fits for well-watered crops, rapeseed and 

peas R2=89.8% and R2=85.9%, and, conversely, the poorer results for 

wheat, R2=55.5% affected by water stress. Despite the less accurate 

GPPMODIS compared to the results obtained with the LUE model, inter-

comparison results with GPP evidence the satisfactory potential of MODIS 

to routinely quantify GPP of crops at our measuring site. Improving current 

GPPMODIS retrievals could likely be achieved by updating the original look-

up-table and including crop type discrimination. However, despite this, 

validation and calibration experiments will continue to be necessary at 

specific sites due to the significant impact of agricultural management 

practices, including rotation cycles, on CO2 photosynthetic uptake. 
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Figure 5.7. Flow chart of the methodology followed when estimating 
maximum light use efficiency.  
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6.1 Conclusiones (español) 

A continuación enumeramos los principales resultados y conclusiones 

obtenidos de este amplio estudio: 

1. La fiabilidad de las medidas EC fue evaluada mediante el estudio 

del cierre en el balance de energía. Hemos obtenido satisfactorios 

resultados para dicho cierre, alcanzando un valor del 86% 

(R2=0.95). Este valor aumentó hasta un 92% (R2=0.96) cuando se 

tuvo en cuenta el término de almacenamiento para el flujo del calor 

del suelo. Estos resultados indican la buena calidad de los flujos 

medidos con la instrumentación EC. Al estudiar la evolución 

estacional en el cierre del balance de energía, los resultados 

mostraron mejores valores para el cierre, por encima del 90%, 

desde abril hasta septiembre, incluyendo el MIP. La evolución 

estacional obtenida para el cierre del balance de energía revela, por 

tanto, la influencia de las condiciones meteorológicas en las 

medidas realizadas. 

2. Hemos estudiado el reparto de energía por parte del ecosistema en 

los diferentes procesos biofísicos. Para el periodo global de 4 años, 

H fue el principal contribuyente, participando con aproximadamente 

un 52% de la energía disponible, seguido de LE, con un porcentaje 

del 40%. Sin embargo, cuando el periodo se limitó al MIP, estos 

papeles se invirtieron, pasando a ser LE el principal término 

utilizando cerca del 50% de la energía, en detrimento de H, que 

participó con un 38%. Frente a este comportamiento general, hay 

que destacar el papel de la colza en comparación al resto de 
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cultivos estudiados. En este caso, LE desempeñó el papel principal 

en el reparto de energía independientemente del periodo evaluado, 

alcanzando valores de hasta un 70% para el MIP. 

3. Se ha utilizado el algoritmo SEBS para modelar las largas series 

temporales de los flujos de energía y EF empleando datos 

satelitales y la base de datos meteorológica del ECMWF. El análisis 

comparativo entre los valores de dichas bases de datos y los 

concurrentes medidos in situ para dos de las principales variables, 

la temperatura del aire y la temperatura del suelo, han revelado 

resultados satisfactorios, con pendientes de 0.96 (R2=0.98) y 0.74 

(R2=0.93), respectivamente. Para la humedad del suelo la 

comparación con los datos suministrados por el sensor AMSR-E 

mostró un coeficiente de determinación menor, 0.52. No obstante, 

los datos de dicho sensor, a pesar de su amplia resolución espacial, 

suministraron una evolución estacional similar a la de las medidas 

in situ. El buen acuerdo obtenido entre las series de datos 

experimentales y las bases de datos externas utilizadas nos permite 

concluir que los valores perdidos debidos a fallos en la 

instrumentación podrían ser rellenados mediante el uso de 

teledetección o las mencionadas bases de datos meteorológicas. 

4. La formulación original del modelo de una fuente SEBS condujo a 

resultados poco satisfactorios para H, LE y EF, especialmente en 

verano durante el periodo de barbecho. Para este periodo los 

valores de LE y EF fueron altamente sobreestimados a la vez que 

los valores de H fueron subestimados, lo que implica que el 
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algoritmo original del modelo no se adapta a las condiciones 

presentes en la zona de estudio. 

5.  Para solventar la sobreestimación de LE y EF obtenida con la 

versión original del modelo hemos propuesto y calibrado una nueva 

versión, SEBS_NDVI, utilizando un factor de escala dependiente del 

NDVI y de la temperatura del suelo, LST. Esta nueva versión ha 

mejorado sustancialmente la evolución estacional modelada, en 

particular para LE y EF, alcanzando coeficientes de determinación 

de 0.70 y 0.65, respectivamente. 

6. Como medio para obtener los valores anuales, tanto del NEE como 

de la GPP, para cada uno de los años de medida, hemos rellenado 

satisfactoriamente los huecos inevitables en las largas series 

temporales de datos medidos con la instrumentación EC. En el 

primer caso hemos utilizado los resultados del modelo de Michaelis-

Menten, ajustado cada 15 días ó 1 mes, durante todo el periodo de 

estudio. Para la respiración hemos empleado una ecuación de Van´t 

Hoff modificada utilizando los datos nocturnos obtenidos para cada 

tipo de cultivo, en función de la humedad del suelo y la 

temperatura del aire. 

7. El comportamiento global/neto como sumidero de carbono de cada 

uno de los cultivos estudiados destaca como una de las principales 

conclusiones. Los valores acumulados de NEE fueron: -373, -157,   

-98, -511 g C m-2, para la colza, el trigo, los guisantes y el centeno, 

respectivamente. Del mismo modo, los valores acumulados para la 

GPP fueron: 1684, 714, 733 y 1409 g C m-2. Las diferencias en los 

órdenes de magnitud demuestran la influencia del tipo de cultivo y 
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de las condiciones climáticas dominantes sobre el ciclo global del 

carbono. En particular, los bajos valores obtenidos para el NEE y la 

GPP del trigo probablemente se justifican por las condiciones de 

sequía; la precipitación acumulada durante el MIP fueron sólo     

106 mm. 

8. Para el periodo global de estudio y para cada uno de los cultivos 

hemos aplicado un modelo LUE a la GPP que utiliza como 

parámetros de entrada los datos experimentales de EF, 

temperatura del aire y PAR, y datos satelitales de FPAR del sensor 

MODIS. El valor máximo de la eficiencia en el uso de la luz, ε0LUE, 

parámetro clave, ha sido determinado a partir de la pendiente de la 

regresión lineal entre los valores experimentales de GPP y el 

producto de los restantes términos, incluyendo el factor de estrés. 

Todos los ajustes han mostrado resultados satisfactorios, revelando 

por tanto la bondad del modelo. Este modelo presenta una mejora 

notable al aplicado en los datos de GPP MODIS, obteniéndose una 

buena correlación sólo para el caso de buena disponibilidad de 

agua. La intercomparación entre ambos valores de GPP (R2=0.71) 

reveló una clara subestimación de los datos de la GPP del MODIS, 

resultado que hemos atribuido a la formulación de los factores de 

estrés empleados, diferente a la utilizada en el modelo aplicado en 

este estudio. 

9. Hemos obtenido un valor global de ε0LUE para el periodo de estudio 

de 4 años de 3.331 g C MJ-1. Así mismo, hemos determinado 

valores característicos de ε0LUE para cada uno de los cuatro cultivos 

estudiados: 2.916, 2.859, 2.738, y 3.954 g C MJ-1, para colza, 
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trigo, guisantes y centeno, respectivamente, con coeficientes de 

determinación entre 78 y 91%. Estos resultados revelan la gran 

variabilidad en la eficiencia dependiendo del tipo de cultivo, de sus 

respectivas características y de su estructura. 

10. Los valores de FPAR procedentes del sensor MODIS subestimaron 

los datos medidos en superficie, calculados a partir de medidas in 

situ del LAI. Para solventar este problema, hemos recalibrado las 

series temporales del MODIS utilizando datos de LAI 

experimentales. La inclusión de las series temporales de FPAR 

recalibradas en el modelo LUE condujeron a valores inferiores de 

ε0LUE: 2.593, 2.415, 1.993, 1.989, y 3.050 g C MJ-1, para el 

conjunto global, la colza, el trigo, los guisantes y el centeno, 

respectivamente. Los coeficientes de determinación oscilaron entre 

73 y 91%. 

11. De todo ello se desprende como conclusión final que los resultados 

del estudio de los flujos de energía y de CO2 realizados en un 

cultivo rotante en una parcela agrícola de la meseta castellana han 

contribuido a conocer mejor los cultivos más representativos de la 

zona de estudio como son la colza, el trigo, los guisantes, y el 

centeno. En particular, su comportamiento dentro del ciclo de 

carbono y su eficiencia en el uso de la luz. 
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6.2 Conclusions (english) 

The following results and conclusions can be drawn from the study 

presented in this thesis: 

1. Reliability in EC measurements was evaluated by means of the 

energy balance closure. Satisfactory results were found for the 

closure, and reached a value of 86% (R2 = 0.95). This value 

increased up to 92% (R2=0.96) when the storage term for the 

soil heat flux was taken into consideration. These results 

indicate the good quality of the fluxes measured with the EC 

instrumentation. When analyzing the seasonal trend for the 

energy balance closure, the results showed better values for 

closure, close to 100%, from April to September, including the 

MIP. The determined seasonal pattern for the energy balance 

closure therefore revealed the influence of meteorological 

conditions on measurements. 

2. We studied energy partitioning in the various processes 

involved in the ecosystem. For the period as a whole, H was the 

main driver, participating with approximately 52% of available 

energy, followed by LE, with 40%. However, when the period 

was constrained to the MIP, said roles were inverted, with LE 

being the main term using over 50% of the energy to the 

detriment of H, which contributed 38%. Regarding this general 

behavior, the role played by rapeseed in comparison with the 

remaining crops studied should be highlighted. In this case, LE 

played the main role in energy partitioning, regardless of the 

study period, and reached values up to 71% for the MIP. 
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3. The SEBS algorithm was used to model the long term series of 

energy fluxes and EF using remote sensing data and the 

meteorological database from the ECMWF. The comparative 

analysis between those databases and their concurrent in situ 

measurements for two of the main variables, air temperature 

and soil temperature, revealed satisfactory results with slopes 

of 0.96 (R2=0.98) and 0.74 (R2=0.93), respectively. For soil 

moisture, comparison with the data retrieved from the AMSR-E 

sensor showed a lower determination coefficient, 0.52. 

However, despite its coarse spatial resolution, data from said 

sensor provided a similar seasonal pattern to in situ 

measurements. The good agreement obtained between 

experimental and external databases allows us to conclude that 

missing values due to instrumentation failures could be gap 

filled using remote sensing or the mentioned external 

meteorological databases. 

4. The original formulation for the SEBS one-source model led to 

unsatisfactory results for H, LE, and EF, particularly in summer 

during the fallow period. For this period, LE and EF values were 

highly overestimated while H values were underestimated, 

implying that the original algorithm does not adapt to the 

conditions present in the study area. 

5. To solve the overestimation obtained for LE and EF with the 

original version of the model, we proposed and calibrated a new 

version, SEBS_NDVI, using a scale factor depending on NDVI 

and land surface temperature, LST. This new version 
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substantially improved the modeled seasonal pattern, 

particularly for LE and EF, reaching determination coefficients of 

0.70 and 0.65, respectively. 

6. As a means of obtaining the annual values for both NEE and 

GPP for each measured year using EC instrumentation, we 

satisfactorily gap-filled the inevitable gaps in the long temporal 

data series. In the NEE case, we used the results of the 

Michaelis-Menten model, fitted for 15 days or 1 month, 

throughout the whole of the period studied. For respiration, we 

employed a modified Van’t Hoff equation using the nocturnal 

data obtained for each crop type, depending on the soil 

moisture and air temperature. 

7. The global/net behavior as carbon sink for each studied crop 

emerged as one of the main conclusions. Accumulated NEE 

values were: -373, -157, -98, -511 g C m-2, for rapeseed, 

wheat, peas, and rye, respectively. Similarly, accumulated GPP 

values were: 1684, 714, 733 and 1409 g C m-2. The differences 

in their magnitude evidenced the influence of crop type and the 

prevailing meteorological conditions on the global carbon cycle. 

In particular, low values for NEE and GPP obtained for wheat 

could be likely justified by drought conditions, the cumulative 

rainfall during the MIP being only 106 mm. 

8. For the overall study period and for each crop, we applied a LUE 

model to the GPP, using experimental data of EF, air 

temperature and PAR, and remote sensing data of FPAR from 

the sensor MODIS as input parameters. The maximum value for 
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the light use efficiency, ε0LUE, a key parameter, was determined 

from the slope of the linear regression between the 

experimental values of GPP and the product of the remaining 

terms, including the stress factor. All the fits showed 

satisfactory results, thus revealing the goodness of the model. 

The model presents a marked improvement on that applied for 

GPP MODIS data, obtaining a good correlation only for the case 

of good water availability. Intercomparison between both GPP 

values (R2=0.71) revealed a clear underestimation for GPP 

MODIS data, a result we attribute to the formulation of the 

stress factors employed, which are different to those used in 

this study. 

9. We obtained an overall value of ε0LUE for the 4-year study 

period of 3.331 g C MJ-1. Likewise, we determined characteristic 

values of ε0LUE for each of the four studied crops: 2.916, 2.859, 

2.738, and 3.954 g C MJ-1, for rapeseed, wheat, peas, and rye, 

respectively, with determination coefficients between 78 and 

91%. These results revealed the great variability in light 

efficiency depending on crop type, their respective 

characteristics, and their structure. 

10. FPAR values retrieved from MODIS underestimated in situ 

measurements, calculated from experimental LAI 

measurements. To solve this problem, we recalibrated the 

MODIS time series using experimental LAI values. Including the 

recalibrated FPAR time series in the LUE model led to lower 

values of ε0LUE: 2.593, 2.415, 1.993, 1.989, and 3.050 g C MJ-1, 
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for the overall period, rapeseed, wheat, peas, and rye, 

respectively. The determination coefficients ranged between 73 

and 91%. 

11. It follows as a final conclusion that the results for the study of 

the energy and CO2 fluxes performed in a rotating crop over an 

agricultural plot of the Castilian plateau have contributed 

towards a better understanding of the most representative 

crops in the study area such as rapeseed, wheat, peas, and rye, 

and in particular, their behavior in the carbon cycle and their 

light use efficiency. 
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Las definiciones que se muestran a continuación han sido 

recopiladas de la bibliografía (Kirschbaum et al., 2001; Chapin et al., 2002; 

Steffen et al. 1998). El criterio de signos seguido en esta tesis considera 

negativos los valores de NEE y RE correspondientes a la absorción de CO2 

por parte del ecosistema. El signo de GPP debería ser siempre positivo 

durante el día y 0 durante la noche por falta de actividad fotosintética. Sin 

embargo, existen casos excepcionales como es el caso de sequía para los 

cuales se podrían obtener valores negativos de GPP (Baldocchi  and 

Valentini, 2004). 

 GPP: total amount of carbon fixed in the process of photosynthesis 

by vegetation in an ecosystem. 

 NPP: net production of organic carbon by vegetation in an 

ecosystem. Net carbon gain defined as the primary production 

minus the plant respiration (Rplant or Ra). 

 Rh: carbon lost through microbial and animal (heterotrophic) 

respiration, which converts organic matter into CO2. 

 Ra: (autotrophic) respiration from plant roots. 

 RE ó Reco: combined respiration from plants (Ra) and animals and 

microbes (Rh). 

 NEE: net ecosystem exchange between ecosystem and 

atmosphere. 

 NEP: net primary production minus carbon losses in Rh. 

 NBP or NBE: NEP integrated at large spatial scales. Change in 

carbon stocks after episodic carbon losses due to natural or 

anthropogenic disturbances have been taken into account. This 

variable is usually employed as a measure of the carbon flux at 

larger temporal and spatial scales. 
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Figura A1. Diagrama de flujo que muestra la interrelación entre los 

diferentes flujos de CO2 descritos en este apéndice. 
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