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Abstract 

The Mediterranean region is characterized by hot summers with long dry periods, a 

situation that may be exacerbated by the progressive global warming. In these water-limited 

environments where productivity of the ecosystems depends mainly on water availability, 

the reduction of freshwater resources can have severe consequences. An increase in aridity 

may lead to low productivity, land degradation and unwanted changes in land use. To 

reduce the vulnerability of Mediterranean landscapes it is important to improve our 

knowledge of the hydrological processes conditioning the water exchanges, with 

evapotranspiration (ET) being a key indicator of the state of ecosystems and playing a 

crucial role in the basin's water and energy balances. The goal of this dissertation is to 

improve our understanding of the evapotranspiration dynamics over Mediterranean 

heterogeneous and complex vegetation covers, with a focus on the dehesa ecosystem. The 

final aim is to contribute to the conservation of the water resources in these regions in the 

medium to long term, supporting the decision-making processes with quantitative, 

distributed, and high-quality information.  

To reach this goal, in this research the evaluation of remote sensing-based soil water 

balance (SWB) and surface energy balance (SEB) models was proposed to monitor the 

water consumption and water stress of typical Mediterranean vegetation at different spatial 

and temporal scales. In particular, the VI-ETo methodology (SWB) and the 

ALEXI/DisALEXI approach (SEB) have been adapted and applied. ET modeling using the 

VI-ETo scheme has been improved through the assessment of the vegetation layers' 

effective parameters. A data fusion algorithm was applied to the ET maps produced by the 

SEB model over the dehesa ecosystem, and we analyzed the opportunities that this high-

resolution ET product in time and space can provide for water and vegetation resource 

management. The results have demonstrated the feasibility of both approaches (SWB and 

SEB models) to accurately monitor ET dynamics over the dehesa landscape, adequately 

reproducing the annual bimodal behavior and the response of the vegetation in periods of 

water deficit.  

The error obtained using the SWB approach (the VI-ETo method) was RMSE = 0.47 mm 

day
-1

 over the whole dehesa system (grass + trees) and over an open grassland. The 

monitoring of water stress for both systems with different canopy structure, using as a 

proxy the ET/ETo ratio, and the stress coefficient (Ks), was successful. Improvements on 

the specific spectral properties of oak trees and layer-specific parameters were included into 

the modeling. We also analyzed the influence of the spectral properties of oak trees and 

another typical Mediterranean tree canopy, the olive orchard, in the VI-ETo model. We 

found that the use of appropriate values of the parameter SAVImax (0.51 for oak trees and 

0.57 for olive trees) had notable implications in the computation of ET and water stress, in 
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contrast to using a generic value for Mediterranean crops (SAVImax= 0.75). The accuracy of 

this water balance-based approach was also evaluated over two heterogeneous 

Mediterranean basins, with a mosaic of holm oaks and grasslands, shrubs, coniferous 

plantations, and irrigated horticultural crops. The annual discharge flows of both 

watersheds, which were determined from the modeled ET data and using a simple surface 

water balance, were very similar to those obtained with the HBV hydrological model, and 

to the values measured at the outlet of one of the basins, corroborating the usefulness of the 

VI-ETo methodology on these vegetation types. 

On the other hand, the resulting ET series (30 m, daily) derived with the SEB approach 

(ALEXI/DisALEXI method) and the STARFM fusion algorithm provided an RMSE value 

of 0.67 mm day
-1

, which was considered an acceptable error for management purposes. 

This error was slightly lower compared to using simpler interpolation methods, probably 

due to the high temporal frequency and better spatial representation of the flux tower 

footprint of the fused time series. The analysis of ET patterns over small heterogeneous 

vegetated patches that form the dehesa structure revealed the importance of having fine 

resolution information at field scale to distinguish the water consumed by the different 

vegetation components, which influences the provision of many ecosystem services. For 

example, it was key for identifying phenology dates of grasslands, or understanding the 

hydrological functioning of riverside dense evergreen vegetation with high ET rates during 

the whole year, in contrast with the herbaceous areas. Accurately modeling these different 

behaviors of dehesa microclimates is useful to support farmers‘ management and provide 

recommendations tailored for each structural component and requirements. 
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Resumen 

La región mediterránea se caracteriza por veranos calurosos con largos períodos sin 

precipitaciones, situación que puede agravarse con el progresivo calentamiento global. En 

estos ambientes donde la productividad de los ecosistemas depende principalmente de la 

disponibilidad de agua, la reducción de los recursos hídricos puede tener graves 

consecuencias. Un aumento de la aridez puede conducir a una baja productividad, 

degradación de la tierra y cambios no deseados en el uso del suelo. Para reducir la 

vulnerabilidad de las zonas mediterráneas es importante profundizar en el estudio de los 

procesos hidrológicos que condicionan los intercambios de agua, siendo la 

evapotranspiración (ET) un indicador clave del estado de los ecosistemas y jugando un 

papel crucial en los balances hídricos y energéticos de la cuenca. El objetivo de esta tesis es 

mejorar nuestro conocimiento sobre la dinámica de la evapotranspiración en cubiertas 

mediterráneas heterogéneas y complejas, con el foco en el ecosistema de dehesa. El 

objetivo final es contribuir a la conservación de los recursos hídricos de estas regiones en el 

medio-largo plazo, apoyando en los procesos de toma de decisiones con información 

cuantitativa, distribuida y de calidad. 

Para alcanzar este objetivo, en esta investigación se propuso evaluar modelos de balance de 

agua en el suelo (SWB) y balance de energía en superficie (SEB) basados en el uso de 

sensores remotos, para el seguimiento del consumo de agua y el estrés hídrico de la 

vegetación mediterránea a diferentes escalas espaciales y temporales. En particular, se ha 

adaptado y aplicado la metodología VI-ETo (SWB) y el enfoque ALEXI/DisALEXI (SEB). 

Se ha mejorado el modelado de ET utilizando el esquema VI-ETo mediante la evaluación 

de los parámetros efectivos de las capas de vegetación. Se aplicó un algoritmo de fusión de 

datos remotos a los mapas de ET generados por el modelo SEB sobre el ecosistema de 

dehesa, y estudiamos las oportunidades que este producto de ET con alta resolución 

espacial y temporal puede aportar en la gestión de los recursos hídricos y de los 

ecosistemas. Los resultados han demostrado la viabilidad de ambos enfoques (modelos 

SWB y SEB) para monitorear con precisión la dinámica de la ET sobre el ecosistema de 

dehesa, reproduciendo adecuadamente el comportamiento bimodal anual y la respuesta de 

la vegetación en períodos de déficit hídrico. 

El error obtenido usando el enfoque SWB (el método VI-ETo) fue RMSE = 0.47 mm día
-1

, 

tanto para el sistema dehesa (pasto + árboles) como para una zona de pastizal. El 

seguimiento del estrés hídrico para ambos sistemas con diferente estructura de vegetación, 

utilizando la relación ET/ETo y el coeficiente de estrés (Ks), fue satisfactorio. Se incluyeron 

en el modelado mejoras sobre las propiedades espectrales específicas de las encinas y los 

parámetros específicos de los diferentes estratos de vegetación. También analizamos la 

influencia de las propiedades espectrales de las encinas y otra cubierta mediterránea, el 

olivar, en el modelo VI-ETo. Encontramos que el uso de valores apropiados del parámetro 
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SAVImax (0,51 para robles y 0,57 para olivos) tuvo un efecto significativo en la 

determinación del consumo de agua y estrés hídrico, en comparación con usar un valor 

genérico para cultivos mediterráneos (SAVImax = 0,75). La precisión de este enfoque 

basado en el balance hídrico también se evaluó en dos cuencas mediterráneas heterogéneas, 

con un mosaico de encinas y pastizales, arbustos, plantaciones de coníferas y cultivos 

hortícolas de regadío. Los caudales de descarga anual de ambas cuencas, determinados a 

partir de los datos de ET modelados y utilizando un balance hídrico superficial muy simple, 

fueron muy similares a los obtenidos con el modelo hidrológico HBV, y a los valores 

medidos en la salida de una de las cuencas, corroborando la utilidad de la metodología VI-

ETo sobre estas formaciones vegetales. 

Por otra parte, la serie final de ET (30 m, diaria) derivada del enfoque SEB (método 

ALEXI/DisALEXI) y del algoritmo de fusión STARFM proporcionó un valor de RMSE de 

0,67 mm día
-1

, considerado un error aceptable para fines de manejo. Este error fue 

ligeramente inferior a los obtenidos usando métodos de interpolación más simples, debido 

probablemente a la alta frecuencia temporal y una mejor representación espacial del 

footprint de la torre de medida de flujos en la serie temporal fusionada. El análisis de los 

patrones de la ET sobre pequeñas manchas de vegetación heterogéneas, que forman la 

estructura de la dehesa, reveló la importancia de tener información con alta resolución a 

escala de campo para distinguir el agua consumida por los diferentes componentes de la 

vegetación, que tienen influencia en el aprovisionamiento de muchos servicios 

ecosistémicos. Por ejemplo, fue clave para identificar ciertas fechas fenológicas de los 

pastizales, o entender el funcionamiento hidrológico de la vegetación densa de hoja perenne 

en zonas de ribera con altas tasas de ET durante todo el año, en comparación con zonas de 

especies herbáceas. Modelar con precisión estos comportamientos diferentes de los 

microclimas de la dehesa es útil para apoyar la gestión de los agricultores y ofrecer 

recomendaciones adaptadas a cada componente y necesidades estructurales. 
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1.1. Water scarcity in Mediterranean basins. Research motivation 

The Mediterranean climate, located between latitudes 30° and 40° on the west side of 

continents, is characterized by mild wet winters and warm to hot, dry summers (Peel et al., 

2007). This climate prevails in the lands around the Mediterranean Sea but it is also found 

in other parts of the world, including California, Central Chile, Southwestern South Africa, 

Central Asia, and Western and Southern Australia (Strahler and Strahler, 1989). The 

average temperature in warm months is around 22°C, with mild temperatures in the cold 

ones (Peel et al., 2007). Near the coast, due to the moderating influence of the sea, the 

average winter temperature does not exceed 10ºC. Rainfall is low and irregular, with a 

marked seasonality (Martín-Vide and Olcina, 2001), ranging from 400 to 600 mm per year, 

although there are areas where it exceeds 1000 mm, and distributed mainly in autumn and 

spring.  

Climate models suggest that these regions are especially vulnerable to global warming, 

with higher occurrence of heat waves (Jacob et al., 2014; Lionello and Scarascia, 2018) and 

an increase in the frequency and severity of droughts (Schleussner et al., 2016; Thiébault et 

al., 2016). The higher variability in climate patterns, coupled with an increase in water 

demand is expected to reduce the quality and quantity of available freshwater resources, 

intensifying these basins‘ recurrent water scarcity problems (Figure 1.1.) (Milano et al., 

2013; Cramer et al., 2020).  

Under these conditions, a general increase in aridity is expected, and the subsequent 

desertification may affect many Mediterranean ecosystems (Cramer et al., 2020), for which 

water availability is the main climate factor controlling vegetation growth and productivity. 

It may lead to the abandonment of farmland and grazing areas and cause land-use changes 

(García-Ruíz et al., 2011; Turco et al., 2014; Cramer et al., 2018).  

 

 

Figure 1.1. The situation of a reservoir in a Mediterranean basin after the summer season. 
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The soil moisture dynamics play a crucial role in the ecosystems of these semiarid 

regions, conditioning the existence and spatial distribution of the different vegetation 

functional types (Rodríguez-Iturbe et al., 2001; Rundel et al., 2016). The discontinuities in 

the functioning of these environments are related to an alternation in the dry and wet 

periods (Gauquelin et al., 2016). A feedback relationship is observed in these environments, 

where the vegetation water consumption strongly conditions the hydrological balance of the 

system, while plants are impacted by water stress situations.  

In this context, it is essential to improve our knowledge about the hydrological 

processes that control the functioning of these systems at the field and the basin scales, and 

about the role of the vegetation in them, in order to reinforce ecosystem water resource 

management and planning, reducing their vulnerability to global warming. 

Evapotranspiration (ET), i.e. the water transferred to the atmosphere by evaporation from 

the soil and by transpiration from vegetation, is considered a useful indicator of ecosystem 

health (Moran et al., 2004), linking the soil-atmosphere-vegetation interactions. The global 

land surface ET represents about 60% of the terrestrial precipitation (Zhang et al., 2016), 

becoming greater than 80% in some desert places (Glenn et al., 2007). The use of models 

that estimate ET, integrating remotely sensed data as inputs, enables extending their 

application from local to large scale, and provides water demand information at different 

spatial and temporal scales. To offer accurate and reliable estimations, these models need to 

be validated with in-situ observations, and they also require an adequate characterization of 

the specific properties and the complex structure of Mediterranean vegetation. A regular 

and accurate estimation of the vegetation water consumption is a key tool for hydrological 

planning, watershed management, and drought impact evaluations in semi-arid ecosystems. 

 

1.2. Mediterranean vegetation: the dehesa ecosystem 

The vegetation that dominates the Mediterranean areas is adapted to the seasonal 

variability, and has developed control mechanisms to face the frequent droughts and the 

high atmospheric evapotranspiration rates. For example, we find evergreen sclerophyll trees 

and bushes with deep roots that reach groundwater, small coriaceous or needle-like leaves 

for stomatal regulation, annual grasses dead in the dry season and deciduous tree 

formations that reduce the time period when the vegetation transpires (Ehleringer and 

Mooney, 1983; Baldocchi and Xu, 2007, Cubera and Moreno, 2007; David et al., 2007; 

Baldocchi et al., 2010). Understanding how these ecosystems cope with water scarcity is 

extremely useful in the current context of global warming. 

A representative ecosystem of Mediterranean vegetation is the oak savanna or dehesa, 

a system with a great natural, economic, and social value.  It is a man-made landscape that 

covers 3.5 million hectares in the Southwest of the Iberian Peninsula. It has a complex 

canopy structure composed of sparse clumped trees (mostly evergreen Quercus Ilex L. and 

Quercus Suber L.) with grassland, scrubs, and/or crops understory (Figure 1.2). The main 
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economic activity is extensive livestock production fed with acorns and pastures, but the 

system also provide other uses (e.g. cork, cereal production, hunting, mushroom harvesting, 

and beekeeping), playing a key role in the economy of rural areas (Moreno and Cáceres, 

2016). Dehesas offer multiple environmental services such as biodiversity hotspots, water 

provisioning, CO2 fixation, and high diversity of habitats (Campos et al., 2013; Moreno and 

Cáceres, 2016). It is listed in the EU directive as a habitat with community-wide interest 

(Díaz et al., 2013). Despite its relevance, in the last decades numerous threats, such as the 

lack of natural regeneration of tree species (Plieninger et al., 2010), profitability problems, 

or soil degradation, mainly caused by the intensification of agricultural and livestock 

activities (Coelho et al., 2004; Moreno and Pulido, 2009), are endangering the conservation 

of the dehesa ecosystem.  

  

Figure 1.2. Dehesa landscape (left) and Mediterranean high mountain ecosystem (right). 

 

Other Mediterranean canopies have developed similar strategies to improve their 

tolerance to water stress, and their study in comparison with oak trees is also addressed in 

this dissertation. Some Mediterranean tree crops, for instance olive orchards, one of the 

major crops of the Guadalquivir River Basin, present leaf morphological characteristics that 

favor a high water use efficiency (e.g. thickness and size), as well as extensive roots to 

extract water from deeper layers during the dry season (Barranco et al., 2005; Santos et al., 

2007). Another example of a typically Mediterranean landscape with sclerophyllous 

vegetation is the high-altitude ecosystem of Sierra Nevada Mountains (Figure 1.2). It is 

considered one of the most important biodiversity hotspots in the Mediterranean region 

(Blanca et al., 2001). The main vegetation types of this landscape are: sclerophyllous 

natural formations of olm oak forests, Pyrenean oak forests (Quercus ilex and Quercus 

pyrenaica) and coniferous forests, pine plantations (Pinus sylvestris, Pinus nigra, Pinus 

halepensis, and Pinus pinaster), evergreen sclerophyll shrubs (great variety of species, 

highlighting Juniper, Genista, Cytisus, Rosmarinus and Thymus), high mountains 

grasslands, river vegetation, and extensive mountain crops (Moreno et al., 2011). 

https://en.wikipedia.org/wiki/Shrubs
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1.3. Evapotranspiration: measurements and modeling 

Evapotranspiration is a key ecological process that stems from the interaction between 

climate, soil, and vegetation, and connects the water and energy cycles (Jin et al., 2017). ET 

is defined as the water loss by a vegetated surface in the form of vapor, through 

transpiration from plants and by evaporation from the soil; and it is normally expressed in 

mm. The change of phase from liquid to vapor water requires an amount of energy called 

latent heat flux (LE) measured as energy flux density (W m
-2

). This is a different way to 

express and measure the same process, with ET being the single most important mechanism 

of mass and energy exchange between the hydrosphere, biosphere and atmosphere (Sellers 

et al., 1996). Both exchanges can be described by balance equations. 

The water balance equation is based on the principle of mass conservation, and applied 

to the soil root zone is expressed as: 

𝑅 + 𝐼 + ∆𝑆 + 𝐶𝑅 = 𝐸𝑇 + 𝑅𝑂 + 𝐷𝑃                                       (1.1) 

where R is rainfall, I represents the incoming water by irrigation, ∆S is the change in 

soil water content, CR is the water transported upward by capillary rise, whereas RO is the 

loss by surface runoff and DP by deep percolation, all terms expressed in mm. Some fluxes 

such as DP and CR are difficult to assess and short periods cannot always be considered 

(Allen et al., 1998). 

The energy conservation balance equation in the surface is expressed in a simplified 

way as: 

𝑅𝑛 = 𝐿𝐸 + 𝐻 + 𝐺                                                           (1.2) 

where Rn is the net radiation or incoming energy that reaches the surface (sum of 

incident downward and upward shortwave and longwave radiation), H is the heat exchange 

by convection in the air (sensible heat flux), and G (soil heat flux) represents the heat 

exchange by conduction into the soil, all variables expressed in W m
-2

. According to the 

estimates of some models, LE uses between 48% to 88% of Rn (Wang & Dickinson, 2012).  

ET can be measured in the field with different instruments described below. However, 

its application is limited to points or small areas, and models are used to estimate ET at 

large scale and under different vegetation and soil moisture conditions. The parametrization 

of these models is often derived using Earth Observation (EO) technologies. 

 

1.3.1. In-situ measurements methods  

The measurement of ET is not simple. In addition to specific and expensive 

instrumentation, complex physical principles and techniques are needed (Allen et al., 

2011). The main disadvantage of most techniques is that they are limited to points or small 
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experimental fields. In-situ measurements are thus generally used with validation purposes, 

as the ground truth data used to evaluate models feasibility. The methods for determining 

ET, directly or indirectly, are divided in different categories according to the approach 

used: hydrological, micrometeorological, and plant physiology, each one suitable for a 

given space and time scales, and applications (Rana and Katerji, 2000). In this section, the 

most commonly used methods in each category are briefly reviewed.  

 

1.3.1.1. Lysimetry 

Weighing lysimeters were developed to give a measurement of ET through the water 

budget. They are tanks (Figure 1.3) containing soil cultivated with the same vegetation as 

around them, with an electronic sensor, for example, a load cell to weight variations of the 

tank content. The losses or gains of weight in the lysimeter determine changes in soil water 

storage. This system also measures rainfall and drainage directly for obtaining ET by mass 

balance (Wang and Dickinson, 2012). It is considered a suitable tool that provides accurate 

water requirements, commonly used as a standard for the comparison with other procedures 

(Jensen et al, 1990). On the other hand, non-weighing lysimeters determine ET indirectly 

by volume balance (Howell et al., 1991). Although they have a lower cost, they are only 

suitable for long term measurements, while the weighting equipment is more reliable for 

short-term values (Wang and Dickinson, 2012). 

Lysimeters take point measurements, representing ET observations from areas 

generally ranging from 0.05-40 m
2
 (Allen et al., 2011). Other disadvantages of this system 

that can severely affect ET observations might be the differences in height and vegetation 

density inside and outside the lysimeter, the tank rims, or the presence of cracks on the 

edges in contact with the soil (Rana and Katerji, 2000). 

  

Figure 1.3. Weighing lysimeter system installed in a crop field of IFAPA Alameda del Obispo 

experimental farm: load cell connected to datalogger (left) and counterbalanced platform (right). 
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1.3.1.2. Eddy covariance system 

The eddy covariance (EC) technique is a micrometeorological approach designed to 

measure carbon, water and energy exchanges, depending on the equipment configuration 

(Allen et al., 2011). This measurement method was used in this dissertation to test the 

performance of the models employed. It assumes that the air turbulence behaves as a 

horizontal flow of numerous rotating eddies, each one with tridimensional components, 

including the vertical movement of the air (Figure 1.4) (Burba and Anderson, 2010). The 

energy fluxes from the surface can be measured correlating (with statistical covariance) the 

vertical wind fluctuations from the mean with the fluctuations from the mean in the 

concentration of the transported admixture (e.g. water vapor or temperature) (Rana and 

Katerji, 2000). Because fluctuations happen very quickly, and changes in concentration, 

density or temperature are small, it is required to take high speed measurements, usually at 

frequencies of 5-20 Hz, using quick response sensors of high cost (Burba and Anderson, 

2010; Allen et al., 2011).  

In this way, the eddy flux is approximately equal to the product of mean air density 

(𝜌𝑎 ; Kg m
-3

) and the covariance between deviations in instantaneous vertical wind speed 

(w‘; m s
-1

), and the mixing ratio of the gas of interest (s‘), with some assumptions such as: 

(1) the density fluctuations are assumed to be negligible and (2) the mean vertical flow is 

assumed to be negligible for horizontal homogeneous terrain (Burba and Anderson, 2010). 

The generic flux is therefore expressed with the following equation: 

𝐹 ≈ 𝜌𝑎𝑤
′𝑠′                                                                  (1.3) 

 

 

Figure 1.4. Representation of air turbulence as a horizontal flow of numerous rotating eddies 

(Source: Andreu et al., 2017). 
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Particularizing for the case of the latent and sensible heat turbulent fluxes (LE and H), 

they can be computed with Equations 1.4 and 1.5: 

𝐿𝐸 = 𝐿𝜌𝑎𝑤
′𝑞′                                                                   (1.4) 

𝐻 = 𝐶𝑝𝜌𝑎𝑤
′𝑇′                                                                   (1.5) 

where the instantaneous fluctuations of vapor density and temperature are represented 

with q‘ (g m
-3

) and T‘, and Cp is the air specific heat (J Kg
-1

 C
-1

). 

Three-dimensional sonic anemometers collect observations of sonic temperature and 

wind speed, while the water vapor can be measured using a quick response hygrometer or, 

together with carbon dioxide and/or methane, N20, or other gases, using gas analyzers 

(Figure 1.5) (Fekete et al., 2021). LE flux can also be computed as a residual of the energy 

balance (Equation 1.2), for which it is necessary to accurately measure the convective 

fluxes Rn and G. 

  

Figure 1.5. Equipment of eddy covariance systems installed over a dehesa ecosystem in Sta. 

Clotilde farm (Córdoba). 

 

The EC system is a reliable technique with good results at hourly and daily scales, also 

over semi-arid landscapes (Rana and Katerji, 2000), with the fluxes being representative of 

medium sized areas (or footprint). Water vapor and air density corrections are an important 

aspect to be considered (Webb et al., 1980), particularly relevant in semiarid ecosystems 

(Rana and Katerji, 2000). This method presents the disadvantage that the sum of turbulent 

fluxes measured (H+LE) is generally less than the available energy (Rn-G), obtaining a 

―closure error‖ of around 5-30% (Twine et al., 2000; Foken, 2008). Several networks of 

eddy covariance measurements, such as FLUXNET with more than 900 tower sites around 

the world (Chu et al., 2017; Baldocchi, 2020), have been established.  
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1.3.1.3. Sap flow method 

It is a plant physiology approach, being the heat balance method the most popular. The 

plant transpiration is determined by estimating the sap mass flow using gauges attached or 

inserted in the plant stem. In the heat balance method, the stem is heated electrically, and 

the difference between that supplied heat and the conducted one is assumed to be related 

with the sap flow and the plant transpiration (Rana and Katerji, 2000; Wang and Dickinson, 

2012). 

The scaling up of the transpiration rate measurements from plant level to field scale is 

only possible if we know the vegetation structure and their spatial variability. Another 

limitation is that the sap flow method only measures transpiration, neglecting soil 

evaporation. Nevertheless, in Mediterranean areas, evaporation from the soil is a very 

important fraction (up to 20% of total evapotranspiration) (Rana and Katerji, 2000). A first 

global database of plant-level sap flow measurements (SAPFLUXNET) has been built 

(Poyatos et al., 2016).  

 

1.3.2. ET modeling  

The difficulties to collect the ET observations in the field, besides the high cost and 

maintenance of instrumentation, and the short spatial representation, have promoted 

significant research efforts to estimate ET by using models. These models can be broadly 

classified into analytical and empirical approaches (Rana and Katerji, 2000). The Penman-

Monteith combination equation (Penman, 1948; Monteith, 1973) for estimating the latent 

heat flux is the most widely used analytical method. It recognizes that this flux is due both 

to net radiation and to "mass transfer" and takes into consideration the meteorological 

variables and the canopy properties. 

Within the empirical approaches, the crop coefficient method recommended by FAO 

(Doorenbos and Pruit, 1992; Allen et al., 1998) to compute the crop water requirements is 

the most extended. The ET is computed as the product of a crop coefficient (Kc) 

characterized through the growth cycle and a reference evapotranspiration (ETo). The FAO 

Penman-Monteith method is recommended for determining ETo, and Allen et al. (1998) 

compiled a set of Kc for different conditions and management practices. 

For applications at large scale, the parametrization of most currently used models to 

estimate ET is derived using remotely sensed data. The integration of this distributed 

information into models allows for ET mapping, scales expanding from local to regional 

and continental areas. Moreover, mosaic-type Mediterranean areas' hydrological regime 

strongly relies on the local environmental conditions; EO data provides a representation of 

that vegetation and climate heterogeneity. There are currently two general types of 

approaches to model ET using EO data: methods based on a soil water balance, and those 

based on a surface energy balance, described in Section 1.5. 
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1.4. Remotely sensed-based data to estimate ET 

Nowadays, EO techniques have become an essential tool to support management and 

planning in many areas, such as agriculture, forestry, hydrology, meteorology, or ecology, 

and in many other sectors not related to Earth sciences, such as the humanitarian or the 

military. The images are acquired using sensors mounted on aircraft or spacecraft  

platforms, or from field equipment. EO technology can provide real-time distributed data, 

with a sufficient temporal frequency, digital format, and with a global coverage. Moreover, 

many space agencies offer the images free of charge. 

The characteristics of each sensor are defined according to the combination of the 

following types of resolution: (1) spatial resolution or capability to distinguish the smallest 

object; (2) spectral resolution or bandwidth in which the data is collected; (3) temporal 

resolution or frequency of image acquisition on the same area; and (4) radiometric 

resolution or sensor ability to discriminate different radiation intensities (Joseph, 2005). 

Figure 1.6 shows an example of some images acquired by airborne and satellite-borne 

sensors over a farm with a dehesa ecosystem, which present different spatial resolutions 

from higher resolution of less than 1 m (left) to moderate resolution (right). The spatial 

resolution influences the type and scale of environmental applications. While the finer 

resolution (<1 m) is more appropriate for local or experimental applications, as we 

approach moderate resolution images, applications have a regional or global scale. In the 

case of the dehesa landscape, with a complex structure of sparse trees and scrubs, and an 

understory of grasses and soil, all influencing the microclimate variables and 

radiative/turbulent exchanges differently, the information availability at high spatial 

resolution is relevant to study each vegetation layer and their distribution in a separate 

manner. 

 

 

Figure 1.6. Images over a dehesa landscape farm (Santa Clotilde, in Sierra de Cardeña y Montoro 

Natural Park) with different spatial resolutions.  

 

In this dissertation a set of satellite images, listed below following a decreasing order 

of spatial resolution, has been used. All of them are provided by passive sensors: 
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● Sentinel 2A and 2B satellite images are acquired by the MSI (MultiSpectral 

Instrument) sensor, with a temporal frequency of 10 days (5 days when both 

satellites are combined). They have a spectral resolution of 13 bands, ranging from 

0.44 to 22 μm, a spatial resolution of 10 m (bands 2 to 4 and 8), 20 m (bands 5 to 7, 

8a, 11 and 12), and 60 m (bands 1, 9 and 10), and a radiometric resolution of 12 

bits. These images are supplied by the European Space Agency (ESA) 

(https://scihub.copernicus.eu/). 

● Landsat 7 and 8 satellite images are acquired by the ETM+ (Enhanced Thematic 

Mapper Plus) and OLI/TIRS (Operational Land Imager/Thermal Infrared) sensors. 

They have an overpass frequency of 16 days, with a spectral resolution of 8 bands in 

Landsat-7 (0.45-12.50 μm) and 11 bands in Landsat-8 (0.43-12.51 μm). The spatial 

resolution is 60 and 100 m in the thermal region (band 6 in Landsat 7 and bands 10-

11 in Landsat-8), 15 m in the panchromatic region (band 8), and 30 m in the rest. 

The radiometric resolution of these images is 8 bits and 12 bits respectively, and 

they are provided by the North American Geological Survey 

(http://espa.cr.usgs.gov).  

● Aqua and Terra satellite images were acquired by the MODIS (Moderate Resolution 

Imaging Spectroradiometer) sensor. They have a daily temporal resolution, a 

spectral resolution of 36 bands ranging from 0.4 to 14 μm, a spatial resolution of 

250 m (bands 1 and 2), 500 m (bands 3 to 7), 1 km (bands 8 to 36), and a 

radiometric resolution of 12 bits (https://modis.gsfc.nasa.gov).  

Field equipment, such as the spectroradiometers used in this research, determinate the 

curve of spectral reflectance along different regions of the electromagnetic spectrum, which 

is characteristic of each surface and state; and could be utilized for recognizing and 

mapping all kinds of surface features (Rajendran et al., 2009). Figure 1.7 shows some 

examples of spectral signatures in the regions VIS/NIR/SWIR of bare soil and 

photosynthetic and non-photosynthetic natural grass on a dehesa farm in Cardeña 

(Córdoba), measured with a field spectroradiometer. The typical spectral behavior of 

vigorous vegetation makes certain bandwidths to be frequently used in environmental 

monitoring applications. 

Spectral data in the VIS and NIR regions are used to characterize the vegetation 

canopies state through an algebraic relationship between bands, which forms the vegetation 

indices (VI). The most commonly employed indices as descriptors of the vigor and density 

of vegetation are the normalized difference vegetation index, NDVI (Rouse et al., 1974), 

and the soil adjusted vegetation index, SAVI (Huete, 1988). From these indices, certain 

properties and parameters of the vegetation, such as the leaf area index, the soil cover 

fraction, or the fraction of photosynthetically active radiation intercepted are derived 

(Choudhury et al., 1994; Carlson and Ripley, 1997). These indices are, thus, useful in 

monitoring processes related to photosynthesis or canopy transpiration (Glenn et al., 2008). 

http://espa.cr.usgs.gov/
https://modis.gsfc.nasa.gov/
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Figure 1.7. Spectral signature (measured with the spectroradiometer ASD FieldSpec3) of bare 

soil,  photosynthetic and non-photosynthetic grass under full vegetation conditions. 

 

On the other hand, the thermal infrared region is useful in assessing and detecting 

vegetation water stress, due to the direct relationship between the transpiration process and 

the canopy temperature (Sobrino et al., 2016). When transpired water is evaporated, the 

leaves get cold below the air temperature around them. Similarly, in situations with limited 

water availability that reduce plant transpiration, the temperature of the leaves increases 

(Jackson, 1982; Moran, 2003). This relationship provides thermal measurements with great 

potential for monitoring and managing plant ecosystem health (Moran, 2003). 

In this dissertation, the information provided by remote sensors in the VIS/NIR and 

thermal regions has been used for ET modeling by using the approaches described below. 

 

1.5. Remote sensing-based approaches to estimate ET 

The integration of remotely sensed data into models to estimate water consumption 

provides maps of vegetation water use with different spatial and temporal resolutions, 

defined by the characteristics of the sensors used (Glenn et al., 2007). In this dissertation, 

we used two types of approaches to estimate water consumption using remote data, based 

either on the soil water balance (section 1.5.1), or on the surface energy balance (section 

1.5.2). Figure 1.8 schematically shows the different processes involved in the water and 

energy cycles, as well as their balance equations, where ET is the nexus between both 

budgets. The figure also picks the remote information needed for the ET modeling, where 

each scheme uses reflectance data from a different spectral bandwidth. 

The first modeling scheme (soil water balance, SWB) uses the canopy reflectance in 
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the VIS and NIR regions of the spectrum to characterize the vegetation and its role in this 

process through the computation of vegetation indices (Neale et al. 1989; González-Dugo 

and Mateos, 2008; Poças et al., 2020). On the other hand, those models based on the 

surface energy balance use the radiometric temperature registered by the sensors in the 

thermal band as the primary input to derive the ET, which is computed as the residual of the 

energy balance (Kustas and Norman, 1997; Bastiaanssen et al., 1998). 

 

 

Figure 1.8.  Components of the water and energy budgets. 

 

1.5.1. Remote sensing-based soil water balance models 

The model proposed in FAO-56 guidelines to determine crop water requirements 

estimates the canopy ET as a product of reference ET (ETo), representing the atmospheric 

evaporative demand, and a crop coefficient (Kc) used to account for crop factors, applying a 
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surface and root zone soil water balance (Allen et al., 1998). This approach can be 

combined with the computation of vegetation indices (VI-ETo method), to provide a 

distributed basal crop coefficient, Kcb, that determines the transpiration of the plant, and 

takes advantage of the spatial and temporal resolutions of remote data. There are numerous 

VI-Kcb empirical relationships for different crops, besides multiple applications that 

validate this proposal with good results over agricultural areas (Bausch and Neale, 1987; 

Padilla et al., 2011; Mateos et al., 2013; Calera et al, 2017). Applications over natural 

ecosystems are substantially fewer than over crops, with the difficulties derived from the 

higher heterogeneity of the vegetation properties. Some studies over Mediterranean and 

African savannas were conducted by Campos et al., (2013) and Andreu et al. (2019), and 

highlighted the difficulty of taking into account the complexity of the system in the 

estimation of effective model parameters. 

An advantage of this approach is that information on optical regions is available with 

higher spatial resolution than thermal bands and they have a relatively simpler formulation. 

As disadvantages, local meteorological and soil data are required, and it does not account 

for the reduction of transpiration due to stomatal closure under water stress conditions, nor 

changes in ET at time scale of hours (Glenn et al., 2007; González-Dugo et al., 2009). 

 

1.5.2. Remote sensing-based energy balance models 

As described before, the radiometric temperature (TRAD) is the input information 

provided by the remote sensors, although it differs from the aerodynamic temperature (T0), 

necessary to estimate the sensible heat flux (Kustas, 1990). The way to deal with this 

temperature difference characterizes the various types of energy balance models, which are 

generally classified into one-source, two-source, and multi-layer models (Kalma et al, 

2008). 

The one source models are characterized by considering the surface as a single layer, 

without separating the vegetation and soil components. Some examples are the Surface 

Energy Balance Algorithm for Land (SEBAL; Bastiaanssen et al., 1998), the Mapping 

EvapoTranspiration at high Resolution Internalized with Calibration (METRIC; Allen et 

al., 2007) or the Surface Energy Balance System (SEBS; Su, 2002). 

Mediterranean landscapes can not be considered as a single spatially uniform layer for 

ecosystem exchanges, and we should include their characteristics into the models, 

developing methodologies to account for the non-homogeneous canopy covers. Therefore, 

dual source models which make the partition into vegetation and soil fluxes, have shown its 

utility in partially covered canopies (Timmermans et al., 2007; González-Dugo et al., 

2009). However, one-source models have also presented satisfactory results at coarse scale 

(Gonzalez-Dugo et al., 2021). 



Chapter 1 

16 

 

An example of a dual source scheme is the Two Source Energy Balance model (TSEB; 

Norman et al, 1995; Kustas and Norman, 1999). The TSEB gives a physical representation 

of the evapotranspiration process by means of distinguishing between soil and vegetation 

contribution to the satellite-derived temperature and to the exchange of superficial energy 

fluxes. Anderson et al. (1997) proposed an improvement to the two-source scheme by 

incorporating a simple description of the dynamics of the atmospheric boundary layer. The 

result was the Atmosphere-Land Exchange Inverse (ALEXI) model and an associated flux 

disaggregation technique (DisALEXI). This approach uses thermal data from multiple 

sensors to estimate ET, without the need for local observations as input data, and 

minimizing the effect of deviations in the temperature recorded by the sensor due to the use 

of data obtained twice in the morning hours (Anderson et al., 2007). 

These models have the advantage that they are capable of capturing plant stress 

without the need for precipitation data or soil properties (Anderson et al., 2007). Among the 

disadvantages of these models are the complexity of their formulation, the accuracy of 

TRAD observations due to atmospheric factors and surface emissivity (Kalma et al., 2008), 

and the limitations of thermal observations coverage. Normally, satellites that provide high-

frequency surface temperature data have a coarse spatial resolution, and vice versa. 

 

1.6. Remote data fusion techniques and coupling models 

Satellites have capabilities and limitations for providing the necessary data, hampered 

by cloud coverage, sensor failures, and the sensor‘s own characteristics. However, many 

ecosystem management applications often require high resolution in both time and space. 

To address this issue, some procedures such as gap filling methods, flux disaggregation 

(Anderson et al., 1997), thermal sharpening (Gao et al., 2012), or multiple satellite data 

combinations (Gao et al., 2006; Renzullo et al., 2008; Guzinski and Nieto, 2019) have been 

developed. 

The direct fusion of remote data from multiple sensors is an interesting approach for 

downscaling ET maps, and has been addressed in this dissertation. In this context, the 

Spatial and Temporal Adaptive Reflectance Fusion Model (STARFM) developed by Gao et 

al. (2006) stands out. STARFM was developed for the integration of surface reflectance 

data from Landsat and MODIS platforms (Singh, 2012; Walker et al., 2012), and has been 

later extended to fusing multisensory ET retrievals with satisfactory results in agricultural 

(Cammalleri et al., 2014; Semmens et al., 2016) and heterogeneous areas (Yang et al., 

2017; Anderson et al., 2018). The working scheme of this method (reflected in Figure 1.9) 

is based on generating ―predicted images‖ between Landsat overpasses at 30 m spatial 

resolution. To do that, it used the spatial differences in Landsat-MODIS on known dates 

and temporal differences from MODIS images. 

Another alternative is the coupling of models based on different remote sensed input 

data (of different temporal and spatial scales), which can be carried out because the 
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schemes are physically coupled through ET. Some works have been developed using one of 

the modeling approaches as the central nucleus and the other as support to solve specific 

problems. In this sense, Tasumi et al. (2005) calculated the crop coefficients from real ET 

values derived from the METRIC energy balance model. Similarly, Andreu et al. (2019) 

integrated two different ET-estimation approaches: the Kc-FAO56 model and the TSEB 

methodology. 

 

 

Figure 1.9. Working scheme of the Spatial and Temporal Adaptive Reflectance Fusion Model 

STARFM (Gao et al., 2006). 

 

 

1.7. Objectives and thesis structure 

The general objective of this dissertation was to advance in the knowledge of the 

evapotranspiration estimation processes at the field and basin scales over heterogeneous 

vegetation covers, with special attention paid to dehesa ecosystems and their response to 

water stress conditions. To fulfil this goal, this research has focused on the evaluation of 

remote sensing-based soil water balance (SWB) and surface energy balance (SEB) models, 

to monitor the water consumption by the Mediterranean vegetation at different spatial and 

temporal scales. In order to achieve this goal, the following specific objectives were 

proposed: 

1. Evaluate the suitability of a remote sensing-based SWB approach, the VI-ETo 

method, for monitoring the evapotranspiration dynamics of Mediterranean 

vegetation canopies. This objective was divided into three sub-objectives: 
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1.1. Improve the knowledge of the spectral response of Mediterranean tree species, 

both natural and cultivated, and improve their modeling by providing effective 

vegetation parameters that influence the VI-ETo method. 

1.2. Explore the capability of this model to quantify water resources over 

Mediterranean watersheds with mosaic and complex vegetation canopies, with a 

special focus on dehesa ecosystems.   

1.3. Improve our understanding of the varying role of the two main vegetation 

components of dehesa ecosystems (oak-grass) in the system hydrology and the 

ability of VI-ETo methodology to model them separately. 

2. Assess the use of a SEB model, in particular, the combination of the 

ALEXI/DisALEXI approach, to reproduce the temporal dynamics of ET over the 

dehesa landscape, analyzing the effects of spatial and temporal resolutions of 

estimated water consumptions. 

3. Increase the spatial and temporal resolution of water monitoring with a data fusion 

algorithm, and analyze the opportunities that a high-resolution ET product in time 

and space (daily, 30 m) can provide for water and vegetation resource management 

at field scale.  

4. Explore the potential for monitoring the water stress of the vegetation canopy, 

through the ratio between the real ET and the reference ET. 

 

The main body of this document consists of four chapters where the objectives 

proposed were addressed. These chapters are the result of the publication of four research 

papers in peer-reviewed journals. The PhD candidate is the first author in three of them 

(Chapters Two, Three and Five), while she collaborated as a co-author in Chapter Four. A 

final chapter (Chapter Six) is included with the general conclusions obtained from this 

research. 

Chapter Two evaluated the differences in spectral response of holm oak trees and olive 

trees compared to other plant species under full cover conditions. A canopy-specific 

parameter, used as input in the VI-ETo model (SAVI for full-cover), was determined in 

each case, assessing the effect of this parameterization in estimating water consumption and 

water stress monitoring (objective 1.1).  

Chapter Three estimated ET and analyzed dynamics over a dehesa ecosystem located 

in Southern Spain, by using the SWB approach known as VI-ETo model, and validating the 

modeled water use values with in-situ flux measurements. The two main canopy system 

components (tree + grass) were studied separately by estimating ET at different spatial 

scales, in order to characterize the differential contribution of each one to the system‘s 

hydrology (objectives 1.2 and 1.3). Moreover, some effective vegetation parameters to 
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model the water balance were provided (objective 1.1), and water stress was monitored 

with the ET/ETo ratio (objective 4). 

Chapter Four contains the publication by Jódar et al. (2018), in which the PhD 

candidate collaborated as a co-author. This research focused on assessing water resources 

in Mediterranean high altitude watersheds of the Sierra Nevada Mountains, by combining a 

lumped hydrological model (HBV model) and the VI-ETo approach. The PhD candidate 

participated in this publication by generating spatially distributed daily ET at watershed 

scale estimated with the VI-ETo model, and annual flow of discharge considering a simple 

surface water balance (objective 1.2).  

 

Table 1.1. Titles of the papers related to the chapters of the dissertation and the corresponding 

journal. 

Chapter Article Title Journal 

2 

Carpintero, E., Mateos, L., Andreu, A., González-Dugo, M.P., 

2020. Effect of the differences in spectral response of 

Mediterranean tree canopies on the estimation of evapotranspiration 

using vegetation index-based crop coefficients. Agric. Water 

Manag. 238, 106201. https://doi.org/10.1016/j.agwat.2020.106201 

Published in 

Agricultural 

Water 

Management 

3 

Carpintero, E., Andreu, A., Gómez-Giráldez, P.J., Blázquez, Á., 

González-Dugo, M.P., 2020. Remote-Sensing-Based Water Balance 

for Monitoring of Evapotranspiration and Water Stress of a 

Mediterranean Oak-Grass Savanna. Water 12, 1418. 

https://doi.org/10.3390/w12051418 

Published in 

Water 

4 

Jódar, J., Carpintero, E., Martos-Rosillo, S., Ruiz-Constán, A., 

Marín-Lechado, C., Cabrera-Arrabal, J.A., Navarrete-Mazariegos, 

E., González-Ramón, A., Lambán, L.J., Herrera, C., González-

Dugo, M.P., 2018. Combination of lumped hydrological and 

remote-sensing models to evaluate water resources in a semi-arid 

high altitude ungauged watershed of Sierra Nevada (Southern 

Spain). Sci. Total Environ. 625, 285–300. 

https://doi.org/10.1016/j.scitotenv.2017.12.300 

Published in 

Science of the 

Total 

Environment 

5 

Carpintero, E., Anderson, M.C., Andreu, A., Hain, C., Gao, F., 

Kustas, W.P., González-Dugo, M.P., 2021. Estimating 

Evapotranspiration of Mediterranean Oak Savanna at Multiple 

Temporal and Spatial Resolutions. Implications for Water 

Resources Management. Remote Sens. 13 (18), 3701. 

https://doi.org/10.3390/rs13183701  

Published  in 

Remote 

Sensing 
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Chapter Five monitored ET over the oak-grass savanna landscape by using a SEB 

model (the combination of ALEXI/DisALEXI approach) at field and watershed scale, 

vaidalting the results with flux tower measurements (objective 2). In addition, the 

STARFM data fusion technique was applied and the effects of the different spatial and 

temporal resolutions were assessed at field scale, analyzing the opportunities offered by 

these high resolution ET maps to provide information that is useful to improve water and 

vegetation management (objective 3). 

Chapter Six presents the main findings and general conclusions of this dissertation. 
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Abstract 

The vegetation index (VI)-reference evapotranspiration (ETo) method incorporates the 

estimation of basal crop coefficients from spectral VIs into the FAO56 guidelines for 

computing crop evapotranspiration (ET). Previous research pointed to the possibility of the 

differential spectral response of some Mediterranean crops, specifically olive trees. To 

evaluate this hypothesis and the potential related effects on the VI-ETo method, this work 

studied the spectral response of four Mediterranean canopies under full vegetation 

coverage: three fruit trees (olive, orange and almond trees), and the holm oak trees of the 

dehesas ecosystem. Spectral measurements were taken on dense vegetation placed on a 

workbench and over dense treetops, avoiding in both cases the effect of soil background. 

The results showed that the soil adjusted vegetation index (SAVI) for full-cover olive trees 

was significantly lower than for other fruit trees (0.57 for olive trees vs. 0.71 for orange tree 

and 0.70 for almond tree). SAVI of olive vegetation measured on the workbench was lower 

than that measured over treetops, probably due to the effects of canopy architecture and 

shadowing. SAVI obtained on oak treetops (0.51) was even lower than that on olive 

treetops. This differential spectral response of olive and oak trees influenced the estimation 

of ET (and water stress). The validation using ET measurements obtained with the eddy 

covariance method in the olive orchards showed a reduction of root mean square deviation 

(RMSD) from 0.73 to 0.6 mm day
-1

 when daily ET was estimated assuming SAVImax = 

0.57 in comparison with a generic value for Mediterranean crops.  
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Abstract 

Mediterranean oak savannas (known as dehesas in Spain) are exposed to numerous threats 

from natural and economic causes. A close monitoring of the use of water resources and the 

status of the vegetation in these ecosystems can be useful tools for maintaining the 

production of ecological services. This study explores the estimation of evapotranspiration 

(ET) and water stress over a dehesa by integrating remotely sensed data into a water 

balance using the FAO-56 approach (VI-ETo model). Special attention is paid to the 

different phenology and contribution to the system‘s hydrology of the two main canopy 

layers of the system (tree + grass). The results showed that the model accurately reproduced 

the dynamics of the water consumed by the vegetation, with RMSE of 0.47 mm day
-1 

and 

low biases for both, the whole system and the grass layer, when compared with flux tower 

measurements. The ET/ETo ratio helped to identify periods of water stress, confirmed for 

the grassland by measured soil water content. The modeling scheme and Sentinel-2 

temporal resolution allowed the reproduction of fast and isolated ET pulses, important for 

understanding the hydrologic behavior of the system, confirming the adequacy of this 

sensor for monitoring grasslands water dynamics. 

 

3.1. Introduction 

Water availability is the main climate factor limiting the primary production of 

Mediterranean agroforestry systems. Recurrent water scarcity conditions are likely to 

worsen, with a decrease in the quality, quantity, and resilience of freshwater resources 

predicted for the Mediterranean region under the current global change scenario (Birot et 

al., 2011; Milano et al., 2013). In this context of increased variability, improved knowledge 

of hydrological process dynamics and its impact on vegetation is essential to reinforce 

ecosystem water resource management and planning, which may contribute to reducing 

vulnerability to climate change. Metrics describing the ecosystem‘s status regarding water 

consumption and vegetation growth, as well as its general stability, can facilitate regular 

monitoring and the implementation of conservation strategies at different scales (regional, 

national, or European policies), while maintaining the productivity required to support the 

rural economy. Earth observation technologies provide timely and quantitative open data to 

assist in the calculation of these metrics at different resolutions. 

Oak savannas growing in the Mediterranean region, known as dehesa in Spain and 

montado in Portugal, are structurally and physiologically adapted to survive under extreme 

seasonal water scarcity conditions, including high temperatures and soil dryness levels for 

several months every summer (Baldocchi and Xu, 2007; David et al., 2007). This landscape 

is a complex mosaic of widely-spaced oak trees (mostly Quercus Ilex L. and Quercus Suber 

L.), combined with pastures, shrubs, and crops. The low ground fractional coverage of the 

oak trees constrains the leaf area index (LAI) of the ecosystem and enables light to enter the 
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understory, meaning that grass production can be maintained in these soils, usually with a 

low fertility (Moreno and Pulido, 2009). In addition, scattered tree roots can explore a large 

volume of soil (Moreno et al., 2005; Cubera and Moreno, 2007), with pasture tapping 

shallow water supplies. This structure imposes a marked spatial heterogeneity on the 

functioning of the ecosystem, with additional differences in the water use below and 

outside the tree canopy (Joffre and Rambal, 1993; Gauquelin et a., 2016). 

This human-induced ecosystem has historically offered a compromise between 

production and conservation, satisfying the population‘s economic needs while providing 

multiple environmental services, such as biodiversity hotspots, landscape, water 

provisioning, or CO2 fixation (Campos et al., 2013). However, it is currently being exposed 

to numerous threats, such as the lack of the natural regeneration of tree species (Plieninger 

et al., 2010), its low profitability, the intensification of agricultural and livestock activities, 

and changes in soil properties and hydrological processes, increasing soil erosion (Coelho 

et al., 2004; Moreno and Pulido, 2009). The situation might worsen due to climate change, 

with prediction models forecasting warmer and drier summers, a growing occurrence of 

extreme high-temperature events and heatwaves (Giorgi and Lionello, 2008; Jacob et al., 

2014), and increased drought frequency and intensity (Mishra and Singh, 2010; Milano et 

al., 2011; Polade et al., 2014; Schleussner et al., 2016). The abandonment of farmland and 

grazing areas due to the aforementioned processes will also trigger changes in land use and 

management (García-Ruíz et al., 2011; Seneviratne et al., 2018), leading to an additional 

risk to dehesa conservation. 

Remote sensing is widely used in agricultural areas to assist in the computation of crop 

water requirements, using an adaptation of the Food and Agriculture Organization (FAO) 

Irrigation and drainage paper-56 approach (Allen et al., 1998, 2005). This model estimates 

crop evapotranspiration (ET) as being the product of reference evapotranspiration (ETo), 

representing the atmospheric evaporative demand, and a crop coefficient (Kc) used to 

account for crop factors, such as crop type, developmental stage, ground cover, or soil 

water content. The integration of vegetation indices (VIs) derived from remote sensing into 

this model (herein called VI-ETo) improves the estimation of canopy transpiration (Bausch, 

1995; Jayanthi and Neale, 2001; Er-Raki et al., 2007; González-Dugo and Mateos, 2008; 

Consoli and Vanella, 2014; Odi-Lara et al., 2016) and takes advantage of the spatial and 

temporal resolutions (daily, weekly, monthly) of remotely sensed data. Different 

approaches and applications of this method have been reviewed by Glenn et al. (2011), 

Calera et al. (2017), and Pôças et al. (2020). Applications over natural ecosystems are 

substantially fewer than over crops, and present additional difficulties due to the higher 

heterogeneity in plant properties. The adjustments proposed by Allen et al. (1998) for using 

this method in native vegetation under water deficit conditions, and the good estimations of 

the vegetation ground cover fraction (fc) and LAI produced by remote sensing over mixed 

vegetation types and natural ecosystems (Glenn et al., 2010), are the basis for applications 

in non-cropped areas. 
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Previous studies have given good results in the application of VI-ETo over savanna 

landscapes in Mediterranean and African semi-arid areas (Campos et al., 2013; Andreu et 

al., 2019). However, these studies highlighted the difficulty of taking into account the 

heterogeneity of the system in the estimation of effective model parameters. Another factor 

that needs to be considered in the use of this method over dehesas is the differential spectral 

response of holm oak trees (similar to olive trees) compared to other plant species under 

full cover conditions, which may condition ET and water stress monitoring when VI-based 

techniques are used (Carpintero et al., 2020). On the other hand, Mateos et al. (2013) 

underlined the importance of the accurate computation of fc for incomplete canopies when 

applying this method. In this case, the frequent presence of a senescent or dead grass layer 

during the summer and the low tree cover, as the only photosynthetic vegetation during this 

season, might reduce the ability of broadband VIs to accurately estimate fc in the dry period. 

Depending on the sensor and the spectra of the soils, the non-photosynthetic vegetation 

may be spectrally indistinguishable from the soil (Roberts et al., 1993). Xu et al. (2014) 

found a linear relationship between Normalized Difference Vegetation Index (NDVI) and 

dead cover in grasslands, with a variable contribution to NDVI depending on the dead cover 

fraction. This study uses both measurements and models to explore the factors influencing 

the estimation of ET and water stress over a dehesa ecosystem in an attempt to provide 

effective vegetation parameters to model the water balance with the assistance of remote 

sensing. Special attention is paid to the different behavior and phenology of the two main 

canopy layers of the ecosystem (tree + grass) and to the varying contribution to the 

system‘s hydrology. The use of layer-specific parameters and the effect of the non-

photosynthetic vegetation on the modeling scheme are evaluated. 

 

3.2. Materials and Methods 

3.2.1. Study Site 

The study was conducted over a dehesa farm (Santa Clotilde, 38°12′ N; 4°17′ W, 736 

m a.s.l.; Figure 3.1a) located in the Natural Park of the Sierra de Cardeña y Montoro, in 

Southern Spain. It is a homogeneous landscape with gentle slopes and multiple uses 

(agriculture, extensive livestock grazing, and hunting). The continental Mediterranean 

climate of the area is characterized by a strong seasonality, with moderately cold winters 

alternating with long, hot, and dry summers. The rainfall presents intra- and interyear 

variability, with an annual average of 895 mm (from 1990 to 2015), concentrated during 

spring and fall. 

The study site vegetation consists of widely-spaced oak trees (mostly Quercus ilex L., 

with a scattering of Quercus faginea Lam. and Quercus pyrenaica Willd. individuals) 

combined with a subcanopy composed of annual grassland. The layer of annual species 

emerges after the first rainfall in autumn and dries out in late spring. The majority of the 

herbaceous species belong to the Stellarieteamediae class, and more specifically to the 
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Bromo scoparii-Hordeetumleporini association (Rivas Martínez, 1988), according to field 

visual identification based on the work of Melendo (Melendo, 1998). This grass cover 

corresponds to annual ephemeral, ruderal, and nitrophilous weed communities as a result 

ofmoderately intense continuous grazing. The predominant species are: Bromus 

hordeaceus, Hordeum leporinum, Bromus diandrus, Echium plantagineum, Lolium 

rigidum, Anthemis arvensis, Plantago lagopus, Raphanus raphanistrum, Sisymbrium 

officinale, and Avena barbata. 

 

 

Figure 3.1. (a) Distribution of the dehesa ecosystem in the Iberian Peninsula (in green) and the 

study area location (b) Eddy covariance tower (ECT) over open grassland. (c) ECT over the 

combined tree + grassland system; (d) Aerial photograph showing the locations of validation sites. 

 

In relation to the soil‘s properties, the prevailing textural class in the area is sandy 

loam, with variations in soil depths generally ranging between 0.5 and 2.40 m. The bulk 

density increases linearly with depth, from a mean value of 1.3 Mg m
-3

 at the surface to 1.6 

Mg m
-3 

at around 25-30 cm. This increase with depth is commonly linked to a lower C 

content and higher compaction, but in this area it is also related to the increase in stoniness 

(Román-Sánchez et al., 2018). 

 

3.2.2. Ground Validation Measurements 

Ground validation measurements were taken at the study area using two eddy 

covariance towers (ECT), one over the combined tree + grassland system and another over 

open grassland (Figure 3.1b,c,d). Measurement sites to complement the flux towers data 
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were located on two grazing exclusion enclosures, over open grassland and under a holm 

oak tree, to assess the heterogeneity of the study area. The setup encompasses all the 

instruments required for continuous measurement of all energy balance components, 

including the turbulent fluxes of sensible (H) and latent heat (LE), the net radiation (Rn), 

and the soil heat flux (G). 

The ECT system over the dehesa was installed on a tower at a height of 18 m in April 

2012, registering the ecosystem response as a whole (Figure 3.1c). A 3D sonic anemometer 

(model CSAT3 Campbell Scientific Inc., Logan, UT, USA) measuring horizontal and 

vertical fluctuations of temperature and wind speed, and a hygrometer (model KH20, 

Campbell Scientific Inc., Logan, UT,USA) used to estimate water vapor fluctuations were 

installed at the beginning, with the latter being replaced in 2015 by a LICOR-7500 open 

path CO2/H2O gas analyzer (IRGA; model LI-7500A, Li-Cor, Lincoln, NE, USA), taking 

simultaneous measurements of carbon dioxide and water vapor in turbulent air structures. 

These measurements were recorded with high frequency (10 Hz), and half-hourly averages 

were computed after applying corrections of density effects due to heat and water vapor 

transfer (Webb et al., 1980). The net radiation was first obtained with a net radiometer 

(model NR-Lite,Kipp and Zonen, Delft, Netherlands), which was also replaced by a four-

component net-radiometer (model NR01, Hukseflux Thermal Sensors, Delft, The 

Netherlands) in 2015. The relative humidity and air temperature were also measured with a 

probe (model HMP155, Vaisala, Helsinki, Finland). More information on the study area 

and the equipment can be found in the work of Andreu et al. (2018). 

The soil heat flux was measured by soil heat flux plates (model HFP01, Huseflux 

Thermal Sensors, Delft, Netherlands) buried in the two grazing exclusion areas together 

with soil thermocouples, which were used to calculate the temporal variation of the soil 

temperature above the plates. The data were corrected with the soil moisture obtained with 

five humidity soil probes (model EnviroSCAN, Sentek Pty. Ltd., Stepney, Australia) 

located in grazing exclusion areas 1 and 2 (Figure 3.1d), which were continuously 

measured at depths of 10, 30, and 50 cm. The ground cover fraction of trees and pasture 

was integrated into a weighted average to estimate the ecosystem G value. 

The quality of the measurements was tested by Andreu et al. (2018) for the 2012 

summer season, resulting in an average closure balance (Rn − G = LE + H) of 86%. For the 

period 2014-2015, the closure balance was 91%. The energy balance closure method used 

in this study preserves the Bowen ratio (the residual of the available energy is allocated to 

H and LE, depending on their relative proportions), and the corrector factor is subsequently 

estimated on a daily basis (Mauder et al., 2018). 

The second ECT over the open grassland was installed in February 2015, taking 

measurements at 1.5 m of surface energy exchanges (Figure 3.1b). This tower had a CSAT 

three-dimensional (3D) sonic anemometer, a KH20 hygrometer, and a NR-1 four-

component net radiometer (all from Campbell Sci. Inc., Logan, UT, USA). A humidity and 

temperature probe (Vaisala model HMP45A, Helsinki, Finland) was also installed, and soil 
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heat flux plates and soil thermocouples were buried to determine the G flux. The ECT 

measurements were recorded with high frequency (20 Hz), and half-hourly averages were 

computed after applying the corrections regarding density effects due to heat and water 

vapor transfer (Webb et al., 1980). Two soil water content probes were installed under this 

grass eddy tower in 2017; no data were available for the study period. For the period when 

all the probes located over open grassland were measuring, a correlation between the 

grazing exclusion 1 probes and the grass ECT probes was computed, finding an R
2
 = 0.92. 

The humidity values shown in the Results section were computed using the correlation 

equation. 

A footprint analysis was performed over both ECT by estimating the contribution areas 

to daily fluxes for the years studied, as described by Hsieh et al. (2000). From the analysis, 

it was observed that 100% of the system ECT fluxes were collected from an area within 

130 m upwind in 78% of the cases, with the maximum contribution to the energy fluxes 

measured being approximately found at 33 m upwind over the period analyzed. According 

to these results, average values of a 3 × 3 grid cell (with 30 × 30 m cell and oriented 

towards the predominant south-west footprint direction of the ECT) of the modeled fluxes 

were evaluated. At the open grass ECT, the peak contribution was 8.5 m, with 76% of the 

fluxes being measured within the first 10 m. A grid cell with 2 × 1 pixels (with a 10 × 10 m 

cell) was selected; due to the characteristics of the installation, all the fluxes recorded at the 

tower came from the herbaceous vegetation area. 

 

3.2.3. Remote-Sensing-Based Soil-Water Balance Model 

The VI-ETo approach applied in this work to assess vegetation water requirements is 

based on the concepts of ETo, calculated using the Penman-Monteith equation, and the crop 

and vegetation coefficients (Kc), which are partly derived from satellite VIs. ETo takes into 

account the atmospheric evaporative demand, while the Kc accounts for the influence of the 

plant properties on the ET, considering the growth of the canopy and the related changes in 

its biophysical properties. Kc is estimated daily by means of the FAO-56 dual method, 

which separates crop transpiration from soil surface evaporation (Wright, 1982; Allen et al., 

1998): 

𝐸𝑇 =  𝐾𝑐𝑏𝐾𝑠 + 𝐾𝑒 𝐸𝑇𝑜  (3.1) 

Where Kcb is the basal canopy coefficient determining canopy transpiration; Ks is the 

water stress coefficient, quantifying the reduction in transpiration due to soil water deficit; 

and Ke is the soil evaporation coefficient. 

The Kcb of the whole system and that of the grass were derived from satellite spectral 

information provided by VIs, combining bands in the near-infrared and red domains. 

Numerous VI-Kcb empirical relationships can be found in the literature for different crops 

(Hunsaker et al., 2003; González-Piqueras et al., 2004; Hunsaker et al., 2005; Jayanthi et 
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al., 2007; Campos et al., 2010). This work used the generalized linear equation proposed by 

González-Dugo et al. (2009) through the soil adjusted vegetation index (SAVI, (Huete, 

1988)), as follows: 

𝐾𝑐𝑏 =
𝐾𝑐𝑏𝑓𝑢𝑙𝑙

𝑓𝑐𝑒𝑓𝑓 −𝑓𝑢𝑙𝑙
 

𝑆𝐴𝑉𝐼 − 𝑆𝐴𝑉𝐼𝑚𝑖𝑛

𝑆𝐴𝑉𝐼𝑚𝑎𝑥 − 𝑆𝐴𝑉𝐼𝑚𝑖𝑛
  𝑖𝑓      𝑓𝑐 < 𝑓𝑐𝑒𝑓𝑓 −𝑓𝑢𝑙𝑙  (3.2) 

𝐾𝑐𝑏 = 𝐾𝑐𝑏𝑓𝑢𝑙𝑙                                                  𝑖𝑓     𝑓𝑐 ≥ 𝑓𝑐𝑒𝑓𝑓 −𝑓𝑢𝑙𝑙  (3.3) 

Where fc eff-full is the ground cover fraction at which Kcb is at its maximum (Kcb full), and 

the subscripts max and min refer to the values of SAVI for high LAI and bare soil, 

respectively. The Kcb values distributed over the study area were linearly interpolated 

between satellite overpasses in order to obtain a daily Kcb image throughout the study 

period. 

The energy available at the topsoil was calculated to compute Ke with Equation (3.4): 

𝐾𝑒 = 𝐾𝑟 𝐾𝑐𝑚𝑎𝑥 − 𝐾𝑐𝑏   (3.4) 

Here, Kr is a dimensionless evaporation reduction coefficient that depends on topsoil 

water depletion (Allen et al., 1998) and Kc max is the maximum value of Kc following a 

rainfall or irrigation event. Ke should be lower than few × Kc max, with few being equal to the 

fraction of the soil surface that is both exposed and wetted. 

A daily soil root zone water balance test was carried out in order to determine the 

vegetation water stress coefficient (Ks). The variation in the root zone water content, ΔSw, 

was computed as the balance between water inflows and outflows: 

∆𝑆𝑤 = 𝑆𝑤𝑓 − 𝑆𝑤𝑖 = 𝑅 − 𝐸𝑇 − 𝐷 (3.5) 

Where Swi and Swf (mm) are the root zone water contents at the beginning and end of 

the water balance period, R is infiltrated rainfall, and D is deep drainage during the balance 

period. 

The root zone water daily deficit can be expressed with Equation (3.6), as below: 

𝑅𝑍𝑊𝐷𝑖 = 𝑅𝑍𝑊𝐷𝑖−1 + 𝐸𝑇𝑖 + 𝐷𝑖 − 𝑅𝑖  (3.6) 

where the subscript i indicates the balance day, and RZWDi and RZWDi-1 are the root 

zone water deficits on days i and i-1, respectively. The water depth between the soil field 

capacity and wilting point extremes is called the root zone water holding capacity 

(RZWHC). 
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Equation (3.7 and 3.8) calculates the stress coefficient, Ks, based on the relative root 

zone water deficit: 

𝐾𝑠 =
𝑅𝑍𝑊𝐻𝐶 − 𝑅𝑍𝑊𝐷𝑖

 1 − 𝑝 𝑅𝑍𝑊𝐻𝐶
   𝑖𝑓   𝑅𝑍𝑊𝐷𝑖 <  1 − 𝑝 𝑅𝑍𝑊𝐻𝐶 (3.7) 

𝐾𝑠 = 1                                      𝑖𝑓    𝑅𝑍𝑊𝐷𝑖 ≥  1 − 𝑝 𝑅𝑍𝑊𝐻𝐶 (3.8) 

Where p is the fraction of the RZWHC that can be reduced before water stress occurs 

(depletion fraction). This stress coefficient is equal to 1 for non-stress conditions and less 

than 1 when a shortage of water is found in the root zone (Allen et al., 1998). A complete 

description of the model can be found in the work by Allen et al. (1998, 2005). 

This approach was applied at a daily time step (1) over the whole dehesa ecosystem 

(integrating the tree cover layer and the herbaceous understory) at the farm scale over the 

Santa Clotilde area and (2) over the open grassland area, in order to exclusively model the 

water balance of the herbaceous layer to improve our understanding of the function of each 

canopy component separately. The water balance calculation over the combined tree + 

grassland system was initiated in September 2012 at the end of a dry summer and ended in 

August 2017. For the initiation of the balance and due to a longtime without rainfall events, 

the soil was considered to be completely dry and the root zone water deficit was assumed to 

be equal to the soil water holding capacity. Over grass, the VI-ETo model was applied 

during the hydrological years 2015-2016 and 2016-2017. The starting-out soil water deficit 

was taken as the value estimated for the dehesa for that exact period but related to its root 

zone water holding capacity. To model the water balance in the soil, the strategies have to 

be assessed, followed by each of the vegetation clusters, trees, and grass, and later 

implemented into the balance, using tabulated and calibrated input parameters to reproduce 

the behavior of the different components. 

To quantify the impact of water stress over the whole ecosystem, the ratio of ET to 

reference ET (ET/ETo) was computed at a daily time step for the period 2013-2017. This 

ratio is a widely used drought indicator (Anderson et al., 2016). 

 

3.2.4. Tree-Grass Cover Fraction during the Dry Season 

The evidence shows a medium to high coverage of senescent or dead grass in this 

ecosystem during the summer. This coverage is highly variable and depends on the annual 

climatology and farm management strategies. This could challenge the application of the 

VI-ETo methodology in the dehesa, given the high sensitivity of this model to the estimation 

of fc, with significant ET inaccuracies when this variable is poorly determined, as Mateos et 

al. (2013) concluded over an olive orchard. 

The main spectral differences between non-photosynthetic grass and bare soil are 

located in shortwave infrared regions, and spectral mixture analysis is normally used to 
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discriminate both covers from hyperspectral data (Roberts et al., 1993). Bare soil and dead 

grass are not easily discriminated by only using visible (VIS) and near infrared (NIR) 

(Nagler et al., 2003) due to neither of them having a unique spectral feature in that region, 

and due to the fact that the reflectance of the dead grass can be higher or lower than that of 

the soil (Aase and Tanaka, 1991). The absorption of senescent grass at 2.1 μm in the 

spectra is associated with its cellulose and lignin contents. Thus, the shortwave infrared 

region ranging from 2.0-2.2 μm is used to discriminate plant litter from soil, defining a 

spectral variable called cellulose absorption index (CAI, (Nagler et al., 2000), which 

describes the depth of the lignocellulose absorption. However, Xu et al. (2014) found a 

linear relationship between NDVI and dead cover in grasslands, having a variable 

contribution to NDVI depending on the dead cover fraction. It can be hypothesized that the 

effect of the non-photosynthetic grass layer on summer VIs might produce a slight 

deviation in tree fc estimation in using these VIs, leading to an overestimation of the 

transpiration rates during this season. 

To evaluate this effect, ground spectral measurements over the non-photosynthetic 

grass (100% of ground cover) were conducted at the Santa Clotilde farm with a 

spectroradiometer (model ASD FieldSpec 3, ASD Inc., Boulder, CO, USA). This 

instrument provides uniform VIS/NIR/SWIR data collection, with a spectral range from 

350 to 2500 nm (the sampling interval is 1.4 nm from 350 to 1050 nm, and 2 nm from 1000 

to 2500 nm). The spectral measurements were referenced with regular ones over a white 

Spectralon panel (Labsphere, North Sutton, NH, USA) with 100% reflectance across the 

entire spectrum. The spectral data were taken on 7 July 2015 over 20 sampling points, and 

this information was later integrated into the Landsat Operational Land imager (OLI) 

sensor bandwidths, using the spectral response function for those wavelengths in order to 

compute the broadband VIs. 

In addition, in order to accurately compute the fractional cover of the multiple 

ecosystem layers (grass, tree), digital classification was performed during the dry season 

using an airborne hyperspectral image (39 bands ranging from 400.8 to 680.8 nm) with a 

high spatial resolution (1 m). The image was acquired on 27 August 2015 at 12:00 pm with 

the Micro-Hyperspec visible/near infrared VNIR model sensor (Headwall Photonics, MA, 

USA). This high-resolution image was classified (using a trained maximum likelihood 

classification algorithm) into the different components (shadow, tree, and grass + soil). To 

validate this image, 70 ground truth points for each component were used. To choose the 

classification training vectors, the spectra of the different components were analyzed, with 

bare soil + plant litter, green canopy, and dark shadows being clearly identified. On the 

other hand, some mixed pixel spectra located in between the tree spectrum and nearby 

shadows were more difficult to isolate, and a new class was derived (mixed tree-shadow). 

For the final assessment, the pure shadow class was added to the soil-dry grass fraction and 

the mixed pixels were added to the tree fraction. The results were then compared with the 
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estimation of the tree and dead grass + soil ground coverage fractions using summer 

satellite VIs. 

 

3.2.5. Satellite Remote Sensing Dataset 

A set of 84 cloud-free images provided by Landsat-8, Sentinel-2, and MODIS 

satellites, collected between September 2012 and September 2017, were employed for the 

application of the VI-ETo model over the system. The frequency of images was variable 

between seasons due to cloudiness. Most of the images were Landsat-8 images (46 images), 

with 30 m spatial resolution in the visible and NIR spectral bands, which were provided 

geometrically and atmospherically corrected by the Landsat surface reflectance climate data 

record (SR CDR) (http://espa.cr.usgs.gov). MODIS (product MOD09GQ, 12 images) was 

used at the beginning of the study period to complete the data series, due to the lack of 

Landsat images and Sentinel-2A (subsequently resampled at 30 m for the analysis). 

Georeferenced surface reflectance from Sentinel-2A (17 images) was generated with the 

Sen2cor processor, which performs the atmospheric, terrain, and cirrus correction of top-of-

atmosphere input data (Mueller-Wilm et al., 2017). In addition, the Spatial and Temporal 

Adaptive Reflectance Fusion Model (STARFM) (Gao et al., 2006) data fusion technique 

was applied on nine dates to fill a long period without cloudless images. This approach 

compares one pair of observed Landsat or MODIS images acquired on the same day to 

predict maps at the Landsat spatial scale on other MODIS observation dates. In order to 

apply the method over grassland, a set of 99 Sentinel-2 images (10 m spatial resolution), 

collected between August 2015 and September 2017, was used for the two hydrological 

years. The processing was by using a Google Engine processor. 

 

3.2.6. Meteorological Information and Soil Properties 

Meteorological data and spatially distributed soil properties are required to apply the 

soil-water balance model. Daily meteorological data, including rainfall, solar radiation, air 

temperature, humidity, and wind speed, were provided by two ground stations operated by 

the Spanish Meteorological Agency (AEMET) near the study area (~3 km). 

Soil parameters were supplied by Rodríguez et al. (2008), who offer distributed 

information at 250-m spatial resolution. Maps of soil texture (sand, clay, and silt), water 

content at field capacity, and water content at the wilting point were used. The saturation 

point was also determined by performing a daily analysis of the soil moisture content for 

several years. From this information, and using the expressions proposed by Mbah (2012), 

we computed the water content at field capacity and at the wilting point, adjusting the 

values provided by the distributed map. Finally, the employed land cover map was based on 

the Information and Soil Uses System of Spain (SIOSE 2013), which groups classes with 

similar characteristics and spectral responses. 
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3.2.7. Obtaining Soil and Vegetation Parameters 

3.2.7.1. Tabulated and Measured Soil and Vegetation Parameters 

The vegetation root depth determines the control volume of soil for water balance. 

Grass roots are found mostly in the upper 30 cm, with the root length density decreasing 

exponentially until 100 cm depth, while the oak root density is lower in the first 10 cm of 

the soil, remaining almost uniform with depth at a given distance from the tree (Moreno et 

al., 2005). Pulido-Fernández et al. (2013) showed the low dependence of oak trees on water 

in the uppermost soil layer. A high dependence on the water located below a depth of 3 m 

during summer, when the herbaceous layer is dry, was shown by Cubera and Moreno 

(2007). These limited vertical overlaps of grass and oak root profiles suggest that the 

competitive effects of the understory are unimportant for tree water uptake in dehesa 

landscapes (Moreno and Cáceres, 2016). In this work, to account for the whole system, the 

average root depth of oak trees was considered as being equal to 4 m (Moreno et al., 2005), 

while that of grasslands was considered as being equal to 1 m (Canadell et al., 1996; 

Moreno et al., 2005; Rolo et al., 2012; Pierret et al., 2016). These values were linearly 

combined, considering the area covered by each component to estimate the maximum 

effective root depth over the tree + grassland system of 2 m. The average coverage fraction 

in the study area of 0.25 for oak trees (estimated from the classification of the high-

resolution image) was increased by 50% to account for the fact that tree roots explore a 

larger area than that occupied by their treetops (Moreno et al., 2005). For the modeling of 

the grassland area, a constant effective depth equal to 1 m was used (Canadell et al., 1996; 

Moreno et al., 2005; Rolo et al., 2012; Pierret et al., 2016). 

The minimum SAVI was assumed to be 0.09 for bare soil (González-Dugo and Mateos, 

2008), while SAVI under full vegetation cover conditions (SAVImax) was determined from 

ground radiometric measurements at the site, measured over the tree and herbaceous 

canopies, using aspectroradiometer (model ASD FieldSpec3, ASD Inc., Boulder, CO, 

USA). A SAVImax value equal to 0.51 was measured for oak trees (Carpintero et al., 2020). 

For pasture, a SAVImax value equal to 0.70 was determined from field measurements on 29 

April 2015, when full vegetation conditions were reached. Finally, a value of 0.65 for the 

combined system (weighted with the coverage fraction of each vegetation type) was used. 

 

3.2.7.2. Calibration of Vegetation Parameters 

Due to the lack of information on the value of some vegetation parameters in this 

ecosystem, such as Kcb under full vegetation conditions (Kcb full), as well as the depletion 

fraction (p), a calibration process was followed to determine the optimal values for the best 

model‘s performance. The fc eff-full was assumed to be equal to 0.8, as the average fc at the 

beginning of the effective full cover is supposed to be reached at about 0.7-0.8 in most 

crops (Stegman et al., 1980; Allen et al., 1998). The model was run in multiple simulations, 

with a wide range of Kcb full varying between 0.7 and 1.1 (the minimum corresponds to the 
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value for pastures with extensive grazing, while the maximum corresponds to the tabulated 

annual herbaceous crops in FAO-56 guidelines) in increments of 0.05; p varied between 0.3 

and 0.7 (interval taken from the same guidelines and Campos et al. (2013)) in increments of 

0.1. 

In this work, we used the cross-validation method to evaluate the performance of the 

different water balance simulations (Browne, 2000). Cross-validation is a model validation 

technique that assesses how the performance of a model will generalize to an independent 

dataset. Various methods of cross-validation are available to partition a set of data and to 

validate a model, including the k-fold cross-validation used here (Arlot and Celisse, 2010; 

Lee et al., 2019). In k-fold cross-validation, the data is divided into k subsets. Then, the 

holdout method is repeated k times, so that each time one of the k subsets is used as the 

validation set and the other k-1 subsets are put together to form a training set. The error 

estimation is averaged over all k trials to obtain the total effectiveness of the model 

(Browne, 2000). This method has been applied to evaluate the accuracy of some hydrologic 

models (Schoups et al., 2008; Tegegne et al., 2017). In this case, the cross-validation 

method was preferred to a conventional one (partitioning the dataset into two sets for 

training and testing) due to the existing inter- and intra-annual differences, which may 

result in the pool data selected for calibration not being able to encompass all the different 

scenarios and climate variability, meaning the calibrated model would end up being a 

biased framework. We used the k-fold cross-validation with k = 4 folds, 3 hydrological 

years for calibration, and 1 year for validation. The performance indicator used in this study 

was the root mean square error (RMSE). The Kcb full and p parameters with the minimum 

validation error were selected as the optimal values. 

In the grassland area modeling, a similar analysis as for the whole system (trees + 

grass) was performed to determine the best model performance, evaluating in the analysis a 

range of Kcb full for fc eff-full = 0.8 (0.7-1.1) based on tabulated literature values (Allen et al., 

2005). The cross-validation algorithm was not considered to be necessary here due to the 

low variability of the two hydrological years of study (2015-2016 and 2016-2017). 

 

3.3. Results and Discussion 

3.3.1. Parametrization of the VI-ETo Model over the Dehesa Ecosystem and Open 

Grassland 

The application of the VI-ETo model to the study site has combined measured and 

estimated soil and vegetation parameters. Regarding the soil, the observed physical 

properties and the computed vegetation root depth resulted in a total amount of water being 

available for evaporation in the root zone of 283 mm, a value similar to the 280 mm zone 

computed by Campos et al. (2013) for the same landscape. For the vegetation, the 

calibrated model parameters were Kcb for full cover vegetation, Kcb full, and the depletion 

fraction, p. As can be observed in Figure 3.2, the sensitivity of the model to the depletion 
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factor is very low in both the whole system and the open grassland components, providing 

very similar results in the range of 0.4-0.6. Allen et al. (1998) discussed the variability of 

the fraction p as a function of the evaporation power of the atmosphere and the soil type. 

However, a constant value of p = 0.5 is commonly used for a wide variety of crops, rather 

than a daily variation. Attending to the results (Figure 3.2), p was chosen to be equal to 0.5 

here for the two situations studied. This value was higher than the 0.3 selected by Campos 

et al. (2013) in the same type of ecosystem. However, different soil or evaporative 

conditions could contribute to this difference, which as can be derived from Figure 3.2, has 

a limited impact on the final ET estimations. 

 

 

Figure 3.2. Performance (Root Mean Square Error, RMSE) of the soil water balance over the (a) 

Dehesa ecosystem and (b) grassland area, with a range of basal crop coefficients for full cover 

vegetation (Kcb full) (0.7-1.1) and depletion fractions (p) (0.3-0.7) parameters. 

 

On the other hand, the selection of Kcb full = 1 for the whole system resulted in a 

reduction in RMSE of 0.2 mm when compared with the minimum value considered (Kcb full 

= 0.7). Therefore, the values of the parameters selected for the model application were Kcb 

full = 1 and p = 0.5 (with RMSE =0.47 mm day
-1

). In open grassland modeling (Figure 3.2b), 

the simulation of increasing Kcb full seemed to improve the final RMSE, until it reached a 

minimum of around Kcb full = 1.1, corresponding to the tabulated value of annual herbaceous 

crops used in previous works (Allen et al., 1998; González-Dugo et al., 2009; Padilla et al., 

2011). These results are consistent with the results for the combined dehesa system and the 

tabulated values for other Mediterranean tree crops (e.g., olive trees) that have similarities 

with oak trees. The consideration of a Kcb full value equal to 1 for the whole system and to 

1.1 for grassland implies that Kcb full for oak trees might be around 0.7, which is a reasonable 

value considering that it is similar to the values recommended by some authors for other 

Mediterranean tree species (Allen et al., 1998; Mateos et al., 2013). The selected values of 
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the parameters for model application over grassland, producing a RMSE = 0.47 mm day
-1

, 

were Kcb full= 1.1 and p = 0.5. 

 

3.3.2. Dead Grass Impact on ET Estimations during the Dry Season 

Figure 3.3 presents the measured spectral signatures of green grass, senescent grass, 

and bare soil, with the red and near-infrared regions used to compute NDVI and SAVI 

highlighted in dark and light pink, respectively. One can observe the low separability of the 

bare soil and non-photosynthetic grass in the VIS–NIR region (Nagler et al., 2003), as well 

as the differences in the shortwave infrared region (2.0–2.2 μm), which can be useful for 

distinguishing both covers. 

 

Figure 3.3. The spectral response measured with the spectroradiometer of bare soil, along with 

images of photosynthetic and non-photosynthetic grass under full vegetation conditions. 

 

The field measurements resulted in NDVI and SAVI values of 0.24 and 0.19, 

respectively, for dead grass, which were significantly higher than values commonly used 

for soils, with SAVI in the range of 0.08-0.09 and NDVI of 0.1-0.14 (Pôças et al., 2020). Xu 

et al. (2014) obtained an NDVI of about 0.12 from a simulated relationship between the 

index and the dead cover, while the NDVI determined by Nagler et al. (2000) ranged 

between 0.25 and 0.3 for dry and wet forest litter, respectively, which was more similar to 

the values measured in this study. Summer SAVI values derived from the satellite data over 

the footprint of the open grassland tower when only dead grass is present are always higher 

than the selected value for soil, which is equal to 0.09, confirming the contribution of dead 

grass cover to the SAVI values used to estimate fc. 

In the final classification map of land cover on Santa Clotilde farm (Figure 3.4a), 

96.6% of the validation points were classified correctly. The highest mismatches were 
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found in mixed tree and shadow pixels and pure shadows. The classification map obtained 

for the 1 × 1 km area surrounding the installation (Figure 3.4c) showed 75% background 

area (bare soil or non-photosynthetic grass, fc grass+soil) and 25% tree fractional cover (fc tree), 

similar to the fractional cover computed by Andreu et al. (2018). Considering only the 

tower footprint area used to compute the whole system VIs, fc grass was equal to 78.5% and fc 

tree equal to 21.5%. The tree fractional cover on the pasture lower tower footprint was 

confirmed to be equal to 0%, as originally designed. 

 

Figure 3.4. Classification map for the ecosystem eddy covariance tower. 

 

The average estimation of the oak tree fractional cover of the ecosystem tower 

footprint area using satellite-derived SAVI values of the end of the summer (August) and all 

the years studied yielded a value of fc tree = 24%. The specific value corresponding to 28 

August 2015 (when the reference flight was conducted) was equal to 23%. Both values are 

slightly higher than the 21.5% tree fractional cover computed with the reference 

classification method. Over the open grassland tower footprint, satellite-estimated summer 

fc tree was always >0%. 

The difference of 1.5% in fc suggests a certain influence of the dead grass on the 

satellite VI. However, its size does not seem large enough to justify the use of more precise 

spectral mixing models or higher complexity algorithms. The accuracy analysis presented 

in Section 3.3.3 was also used to support this decision. 

 

3.3.3. Daily ET and Water Stress Monitoring over the Dehesa Ecosystem (Tree + 

Grass) 

The modeled daily evapotranspiration is in reasonable agreement with the tower 

observations for the four hydrological years of the study (2013-2014 to 2016-2017; Figure 

3.5), yielding an RMSE of 0.47 mm day
-1

 and a relatively low bias of -0.15 mm day
-1

. This 

deviation is consistent with previous studies using the VI-ETo FAO-56 dual crop coefficient 
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method in similar ecosystems (Campos et al., 2013; Andreu et al., 2019) for woody, sparse, 

semi-arid crops (Cammalleri et al., 2013; Consoli and Vanella, 2014; Campos et al., 2016) 

and for field crops (Padilla et al., 2011; González-Dugo et al., 2013; Mateos et al., 2013). 

Despite the low bias, a slight underestimation of the ET rates can be observed, with a 

greater impact on the highest ET rates (>4mm) in spring and a higher dispersion during this 

season. This underestimation might have an influence on the seasonal or annual 

computations of water consumption by the system. As an example, during the hydrological 

year 2016-2017, average weekly ET underestimation changed from 1.8 mm week
-1

 on 

average to values of around 5-7 mm week
-1

 for the springtime (between mid-May and mid-

June 2017), decreasing again to 1.6 mm week
-1

 for the summer. The observed 

underestimation might be caused by a slight overestimation of some canopy parameters 

limiting the estimations (SAVImax, fc,full). The selection of representative values, accounting 

for the inter- and intra-annual variability and the behavior of the two vegetation layers, is a 

challenge, especially if ones wishes to avoid increasing the model‘s complexity, which 

could hinder the final operative applications. Adaptations to account for the major 

phenological periods were applied over savanna systems to estimate ET using a surface 

energy balance model (Burchad-Levine et al., 2020), which had a high sensitivity to fc and 

to parameters related to the vegetation structure. Nevertheless, a daily error of 0.47 mm 

day
-1

can be considered to be admissible to support management actions in the dehesa, with 

the precision reaching the accuracy requirements for agriculture and water management 

applications. 

 

Figure 3.5. Comparison between observed and modeled daily evapotranspiration (ET) values (mm) 

for the dehesa system (tree + grass) for the four hydrological years analyzed (between 2013-2014 

and 2016-2017). Root Mean Square Error (RMSE) and Mean Absolute Error (MAE) are presented 

in the figure. 
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Figure 3.6 shows a daily time step ET series generated for the four hydrological years 

analyzed (between 2013-2014 and 2016-2017) by the VI-ETo approach, together with ET 

measurements acquired by the dehesa ECT system and the rainfall data for the period. It 

can be seen that ET rates present an annual bimodal behavior, with two clear peaks of 

different sizes. The largest one occurs during the spring, reaching maximum values of 

around 4-4.5 mm day
-1

 in the first two years and higher ones of around 5 mm day
-1

 in the 

following years. A second smaller peak with maximum values of around 2 mm day
-1 

appears in the fall. This pattern is closely linked to the distribution of the annual rainfall 

and is also influenced by variables controlling the availability of energy for the evaporation. 

Although the average annual rainfall was similar in the first 3 years (653, 633, and 623 mm, 

respectively) with a wetter final year (731 mm), rainfall distribution is irregular throughout 

the seasons. The rainiest springs corresponded to the last 2 years (292 and 160 mm, 

respectively), which were followed by the ET rates, reaching their maxima during the 

spring of 2016 and the spring of 2017. During the long dry summers, the transpiration of 

the system was low (1.5 mm on average for the months of July and August) and minima of 

around 0.5-0.6 mm day
-1

 were measured at the end of the season (normally in early 

September before the first rainfall). ET rates during the summer, when the grass was dry 

and the oak trees transpired at a very low rate, showed the tolerance of this species to water 

stress. Oak tree roots explore extensive and deep volumes of soil, reaching the 

groundwater, in addition to forming both arbuscular and ectotrophic mycorrhizae accessing 

many different resources (Cubera and Moreno, 2007; Allen, 2015). The ET rates estimated 

here were lower but in the same range as values presented by David et al. (2007), who 

found that oak trees maintained transpiration rates of above 0.7 mm day
-1

 during the 

summer drought. 

 

 

Figure 3.6. Daily evapotranspiration (ET) monitoring over the dehesa ecosystem, considering basal 

crop coefficients for full cover vegetation, Kcb full = 1, and the depletion fraction, p = 0.5. Dark green 

bars illustrate rainfall events. 
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Figure 3.6 shows that modeled ET accurately reproduced the temporal dynamics of the 

water consumed by the dehesa vegetation measured by the flux tower. Due to rainfall 

events (e.g., July 2015, October 2015, November 2016), isolated ET peaks measured by the 

ECT were reproduced precisely by the estimations. The temporal resolution of the satellite 

images was key to mimicking the fast ET pulses in those events and preventing a loss of 

information. Accounting for intense, short-term events is important for the total annual 

budgets and for understanding the system‘s functioning, and it highlights the value of high 

temporal resolution satellite data. 

The ratio of ET to reference ET (ET/ETo) at a daily time step for the period 2013-2017 

is presented in Figure 3.7. This index ranges from ~1 when the actual ET covers the 

atmospheric evaporative demand to approximately 0 as the water deficit develops and the 

evaporation is close to zero. In this location, ET/ETo abruptly decreased from the end of 

May or beginning of June, depending on the year, with a slope of ~−1.5% for all years. The 

ecosystem‘s ―dry peak‖ (ET/ETo = 0.11) is found at the end of the summer, after a long 

season without rain. With the first rainfall, this ratio increased until reaching the annual 

maxima in around May. The falls and winters were noisy and highly influenced by the 

rainfall, but ET/ETo varied at values of around >0.6, which can be considered to be the 

threshold of vegetation water stress. At the end of 2015, there was a small valley in the 

ET/ETo values, representing a short period when the vegetation suffered a mild water stress 

at an unusual time of year. The later recovery from that situation was slower, with growing 

but lower values than other years, even if ET/ETo reached the same maximum values 

afterwards. The results suggest the potential capability of this index as a monitoring tool for 

assessing anomalous dry periods and events, which can be used to guide management 

actions leading to maintaining the ecosystem‘s stability, both environmentally and 

economically. 

 

 

Figure 3.7. Daily evapotranspiration (ET) monitoring and water stress (ratio between 

evapotranspiration and reference evapotranspiration, ET/ETo) over the dehesa ecosystem. 
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3.3.4. Estimation of Evapotranspiration of Grass in Open Areas 

The RMSE of the estimation of the daily evapotranspiration of grass for the 

hydrological years 2015-2016 and 2016-2017 was equal to 0.47 mm day
-1

 when compared 

with tower measurements (Figure 3.8). This error is equal to the one obtained over the 

whole system and consistent with other studies using the VI-ETo approach in field crops 

(González-Dugo et al., 2009; Padilla et al., 2011; Mateos et al., 2013). A bias of -0.03 mm 

day
-1

 was found, which was lower than that for the whole system and with a greater 

complexity. A clear deviation is found in a number of points, with ET modeled at around 

~2 mm day
-1

 but measured at close to zero mm day
-1

. These points corresponded to a period 

during the month of November 2016 (Figure 3.9), coinciding with some rainfall events. In 

this case, the modeled data seemed to be better aligned with the previous and following ET 

rates, and the effect of rainfall water on the instruments could have produced noisy 

measurements, which were difficult to correct with the automatic data processing. 

 

 

Figure 3.8. Comparison between observed and modeled daily evapotranspiration (ET) values over 

the grass area (mm) for the hydrological years 2015-2016 and 2016-2017. Root Mean Square Error 

(RMSE) and Mean Absolute Error (MAE) are presented in the figure. 

 

Figure 3.9 shows the daily time step ET series for the open grassland estimated for the 

two hydrological years analyzed (2015-2016 to 2016-2017), together with ET 

measurements at the open grass tower and rainfall data. The different phenology of the 

grasses in comparison with the combined system can be observed in Figure 3.9, with lower 

rates shown for the dry season, when the grass is dry and the trees are still transpiring. As 

for the whole tree-grass system, a bimodal shape was also clear for 2015. However, the 

peak in the fall was not observed in 2016. ET rates reached the maximum values during 
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spring (~5 mm day
-1

, similar to the maxima for the whole ecosystem), sharply decreasing 

with the drying of the grass, with both maximum values and the ET decreasing process 

being accurately reproduced by the model, especially in 2017, while in 2016 a slight 

underestimation can be observed. 

Several short-time phenomena measured during this period were also accurately 

reproduced by the model. In this sense, it is worth mentioning a sharp reduction in the 

vegetation transpiration in May 2016 as a consequence of an unusually long rainfall event, 

which was well reproduced by the estimations. It is also possible to observe that the model 

captured the impact on ET of small isolated rain events, which increased the evaporation 

rates during the summer of 2016 when the grass fractional cover was close to zero. The 

identification of the starting dates of grass greening and drying, and the date when the grass 

layer reached ET maximum rates, which can be derived from the ET series, are key points 

for management purposes that may help to decide on the livestock grazing period in each 

field without compromising the conservation of the ecosystem. As mentioned for the 

system, the importance of the temporal resolution of the remote sensors in the monitoring 

of this vegetation layer is noted here, where the drying process usually occurs in a few days 

as a function of the fast depletion of soil water content and increasing evaporative demand. 

Information on the system‘s functioning could be lost with a lower frequency of available 

images, which at this time of the year can also be affected by cloudiness. The temporal 

resolution of Sentinel-2 was found to be well suited for this application. 

 

 

Figure 3.9. Daily evapotranspiration (ET) monitoring over grassland, considering the basal crop 

coefficient for full cover vegetation, Kcb full =1.1, and the depletion fraction, p = 0.5. Dark green bars 

illustrate rainfall events. 

 

ET basal rates (0.3-0.4) were maintained during the dry season, where no rainfall was 

observed and the grass was mostly dry. This could be explained by the presence of morning 
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dew and humidity condensing in the dry grass pockets and later evaporating, with a small 

percentage being due to the metabolism of heterotrophs and dead grass becoming converted 

into organic matter by microorganisms (Xu et al., 2004; Fischer and Blazka, 2015). In 

addition, a scattering of photosynthetically active plants were still found throughout the 

summer. Small gramineae individuals even survived in August, as they were protected by 

dry grass cover, but the most abundant species was Senecio jacobaea L., a tap-rooted 

compositae that explores deeper soil profiles. 

The comparison of the estimated stress coefficient Ks and the soil water content is 

presented in Figure 3.10. It can be seen that the Ks curve is, in general, consistent with the 

evolution of the water content. When the soil moisture reached a threshold equal to field 

capacity, the Ks took and maintained the maximum value. Values of soil water content 

below 0.15 cm
3
 cm

-3
, in agreement with Gómez-Giráldez et al. (2020), generally marked 

the starting of Ks reduction. 

 

 

Figure 3.10. Daily evolution of water stress coefficient, Ks, computed by the VI-ETo method and 

soil water content over the open grassland. 

 

 

3.4. Conclusions 

The VI-ETo model accurately reproduced the temporal dynamics of daily water 

consumption of a dehesa ecosystem measured by an eddy covariance flux tower over four 

years. The results yielded an RMSE value of 0.47 mm day
-1

 and a low bias (-0.15 mm day
-

1
), similar to the errors presented in the literature for more homogeneous systems using 

similar approaches. Moreover, a separate application in an open grassland—the 

predominant component in the occupied area—produced similar results, with an RMSE of 

0.47 mm day
-1

 and a bias of -0.03 mm day
-1 

for the two years analyzed. This work has 

provided effective parameters for applying a remote sensing-based water balance method 

over an oak-grass savanna, in addition to analyzing each of its components. Reasonable 
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parameters for one component of the system, the grass, were proposed and tested, while 

suggested values for the oak trees are yet to be validated. This proposal opens up new 

insights into the high diversity in water use of different grassland communities in the 

dehesa, the role of oak trees in the hydrology of the systems, and the potential impact of the 

possible reduction in water availability in the future. 

The ET of the system presented an annual bimodal behavior, with two clear peaks of 

different sizes in spring (ET of 4.5-5 mm day
-1

) and fall (ET around 2 mm day
-1

). This 

pattern was repeated for all the years studied and could be closely linked to the distribution 

of the annual rainfall. The water stress of the whole system and the grassland was 

monitored using the ET/ETo ratio. This index helped to identify periods of water stress, 

which were confirmed for the grassland by the soil water content measured. 

The temporal resolution of the satellite images and the modeling scheme allowed the 

reproduction of fast and isolated ET pulses that are important for computing accurate 

annual budgets and for understanding the hydrologic behavior of the system. The 

identification of the starting dates of grass greening and drying, as well as the date when the 

grass reaches maximum ET rates, could be useful for management and conservation 

purposes, such as making decisions on the livestock grazing period in every field. Thus, the 

temporal resolution of Sentinel-2 was found to be well suited for the monitoring of these 

processes. 

The effect of the non-photosynthetic grass layer on fc estimation was evaluated using 

field measurements, airborne data, and satellite data. A slight deviation in tree fc estimation 

(1.5 %) using summer satellite VIs was corroborated, although it was not considered large 

enough to justify the use of more precise spectral mixing models or higher complexity 

algorithms. 
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Abstract 

Assessing water resources in high mountain semi-arid zones is essential to be able to 

manage and plan the use of these resources downstream where they are used. However, it is 

not easy to manage an unknown resource, a situation that is common in the vast majority of 

high mountain hydrological basins. In the present work, the discharge flow in an ungauged 

basin is estimated using the hydrological parameters of an HBV (Hydrologiska Byråns 

Vattenbalansavdelning) model calibrated in a ―neighboring gauged basin‖. The results of 

the hydrological simulation obtained in terms of average annual discharge are validated 

using the VI-ETo model. This model relates a simple hydrological balance to the discharge 

of the basin with the evaporation of the vegetal cover of the soil, and this to the SAVI 

index, which is obtained remotely by means of satellite images. The results of the modeling 

for both basins underscore the role of the underground discharge in the total discharge of 

the hydrological system. This is the result of the deglaciation process suffered by the high 

mountain areas of the Mediterranean arc. This process increases the infiltration capacity of 

the terrain, the recharge and therefore the discharge of the aquifers that make up the glacial 

and periglacial sediments that remain exposed on the surface as witnesses of what was the 

last glaciation. 

 

4.1. Introduction 

In high-altitude hydrological systems located in semi-arid zones, practically all the 

necessary water resources available in the low zones are generated to satisfy the demand of 

both the biological activity of the associated ecosystems (Taylor et al., 2012) and of the 

users who depend on this resource (Vivirolí et al., 2007; García-Vera, 2013; López-Moreno 

et al., 2014). At the head of these basins, global warming is directly affecting the 

accumulation and melting of snow, modifying the response of these hydrological systems, 

at least in the discharge flows and their seasonality, causing the main peak of the 

hydrograph to be brought forward (Andermann et al., 2012; Hood and Hayashi, 2015; 

Cowie et al., 2017). In the Mediterranean region, in addition to the rise in temperature, the 

occurrence of prolonged dry periods and greater evaporation is also forecasted, which could 

increase the frequency and intensity of droughts in the areas of southern Europe (Mishra 

and Singh, 2010), where conditions of hydrological aridity already prevail (Wanders et al., 

2010; Van Lanen et al., 2013). 

In the Alpine basins of the Mediterranean arc, global change is producing a rapid 

retreat of the few remaining glaciers as a consequence of the 0 °C thermocline elevation 

(Nogués-Bravo et al., 2008; González Trueba et al., 2008; Grunewald and Scheithauer, 

2010). This glacial retreat generates large permeability changes in the upper part of the 

basins by exposing high permeability glacial and periglacial materials that facilitate both, 

rainfall to infiltrate and groundwater to flow (Fedeli and Castillo, 1997; Millares et al., 
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2009). Additionally, the thermocline elevation has generated a reduction in the permafrost 

affected area and changes in the basin land use and management (Benito et al., 2011; 

García-Ruiz et al., 2015). The global change is modifying the role played by the different 

processes that control the behavior of the hydrological systems located in high mountain 

zones. This has to be taken into account when establishing or even updating the conceptual 

model of such hydrological systems. 

Despite their strategic importance, the Alpine basins of the Mediterranean arc are little 

studied (Bocchiola et al., 2010). Furthermore, characterizing behavior of such basins is not 

easy, given the difficulty of access, the adverse climatic conditions of great part of the year 

and the instrumentation necessary to characterize the operation of the system, especially in 

relation to groundwater (Langston et al., 2013; Molina et al., 2014; Hood and Hayashi, 

2015). As a result, the majority of the high mountain hydrological basins are completely 

ungauged. 

Making reliable Predictions in ―Ungauged Basins‖ (PUB, Sivapalan, 2003) has long 

been recognized by hydrologic sciences (Sivapalan et al., 2003; Kundzewicz, 2007). A 

better understanding of the hydrological processes involved and the effect on them of the 

different landscapes and landcover changes (Pisano et al., 2017) are necessary to 

characterize the response of hydrological systems. These geographical features can be 

considered one of the most rapid drivers of global change (Slaymaker et al., 2009). 

Additionally, it is also necessary to obtain coherent and concurrent data at different spatio-

temporal scales to correctly define the hydrological systems dynamics (Blöschl et al., 2007; 

Wagener et al., 2007; Hrachowitz et al., 2013). The problem may be even more complex if 

it is not clear how different hydrological processes (e.g. evapotranspiration, surface runoff 

generation, percolation and underground discharge) interact with each other to end up 

generating total discharge from the basin. 

The use of hydrological models reduces the problem of PUB to the appropriate 

selection of the effective parameters corresponding to the ―ungauged basin‖. Despite the 

hydrological aphorism that each basin is different (‗uniqueness in place‘, Beven, 2000), the 

most common practice is to apply the concept of regionalization (Buytaert and Beven, 

2009), through which the model parameters that have been calibrated in the gauged basin 

are migrated to the ungauged one. In the literature, there are several regionalization 

techniques whose functional complexity varies from the nearest neighbor (Merz and 

Blöschl, 2004) to the use of complex functional dependencies and statistical techniques (see 

Vandewiele and Elias, 1995; Sefton and Howarth, 1998; Wagener et al., 2004; Hundecha 

and Bárdossy, 2004; Wagener and Wheater, 2006; Skøien and Blöschl, 2006). 

To facilitate the process of regionalization, several authors suggest the use of 

―parsimonious conceptual rainfall-run-off models‖ (see Seibert, 1999; Bergström et al., 

2002; Merz and Blöschl, 2004; Parajka and Blöschl, 2008; Skaugen et al., 2015). These 

models express, through more or less simple functions, the different physical processes that 
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control the operation of the hydrological processes governing the functioning of the basin. 

From the perspective of parameterization, these models are the most efficient 

(parsimonious), and avoid the problems generated by the over parameterization of the 

model in the identification of parameters (Kirchner, 2006; McDonnell et al., 2007; 

Wagener et al., 2007). 

Nowadays, due to the availability of new sensors on board the satellites it is possible to 

estimate the discharge of some rivers remotely (Smith et al., 1996; Bjerklie et al., 2003; 

Alsdorf et al., 2007; Temimi et al., 2007; Smith and Pavelsky, 2008; Neal et al., 2009; 

Birkinshaw et al., 2010; Tarpanelli et al., 2013a, 2013b; Tarpanelli et al., 2015), something 

that is fundamental to be able to validate the discharge flows calculated in the ―ungauged 

basins‖. Although the different techniques for estimating the flow through the rivers have 

great potential, their application in ―ungauged basins‖ is still limited, since the flow 

estimate finally depends on detail information of the basin that cannot be obtained 

completely remotely (e.g. flow rate through different river control sections, river bed depth, 

river rating curve, etc.). However, remote observation of hydrological variables, such as the 

extension of flood zones (Di Baldassarre et al., 2009; Domeneghetti et al., 2014), the soil 

uses and the associated evapotranspiration (Anderson et al., 2012), or even the depth of the 

water table (Urqueta et al., 2018) have recently been postulated as an additional source of 

information to help to establish the conceptual model of hydrological systems, and to 

improve the calibration of corresponding numerical models. 

This work evaluates the discharge of the Mecina River basin, an ungauged basin 

located in a high mountain area in the SE Iberian Peninsula, from the response observed in 

the neighboring Bérchules River basin. From the perspective of the global change impact 

on the hydrological systems located in high mountain zones, both basins are examples of 

what could happen in other higher latitude basins. The Bérchules and Mecina basins are 

located in Sierra Nevada, a mountain area where the latest glaciers disappeared by the 

middle of the last century (Hughes and Woodward, 2009), almost the total permafrost has 

disappeared (Oliva and Gómez-Ortiz, 2012), glacial and periglacial quaternary sediments 

favor the infiltration capacity of practically all the precipitations, increasing the 

underground component (Jódar et al., 2017), and where the vegetation has adapted to arid 

conditions that bear no relation with the prevailing climate conditions in high mountain 

basins located at high latitudes in the Northern Hemisphere, which have been the object of 

a deeper research (Theurillat and Guisan, 2001; Kullman, 2002; Benito et al., 2011). 

In this work, a lumped hydrological HBV model (Bergström, 1976, 1992, 1995) has 

been calibrated to simulate the observed response in the discharge flow of the Bérchules 

basin. This conceptual rainfall-runoff model has not only been thoroughlly used in 

hydrological characterization studies (Singh and Woolhiser, 2002; Bergström, 2006, Seibert 

and McDonnell, 2013 and references therein), but also in numerous regionalization studies 

(Seibert, 1999; Merz and Blöschl, 2004; Parajka et al., 2005; Götzinger and Bárdossy, 
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2007; Samuel et al., 2011); however, its implementation has been limited in high mountain 

basins with semi-arid conditions. With the parameters of the calibrated model of the 

Bérchules basin, the hydrological response is simulated in the ungauged basin of the 

Mecina River. These results are validated independently using a model (hereinafter called 

VI-ETo) that integrates the data from the Soil Adjusted Vegetation Index (Huete, 1988), 

obtained from the Landsat-8 satellite images (Roy et al., 2014). Besides the validation of 

the results, the combination of the HBV and VI-ETo models allows improving the 

knowledge of the variability of the water resources in the basin, not only temporally but 

also spatially, given the aggregated and distributed nature of the HBV and VI-ETo models, 

respectively. The applied methodology may be used in any ungauged basin, opening the 

possibility of remotely estimating the basin discharge flows by only using satellite images, 

which is essential for the management and planning of the available water resources in high 

mountains watersheds. 

 

4.2. Study area 

The study area is located at the southern slope of Sierra Nevada, a mountain range in 

southern Spain (Figure 4.1), one of the higher massifs in Europe. More than 30 peaks in the 

range overtake three thousand meters of altitude, one of them (Mulhacén, 3482 m a.s.l.) 

being the highest in the Iberian Peninsula. The recognized ecological value of the Sierra 

Nevada endemic ecosystems, together with its landscapes and cultural heritage, has favored 

its protection through different ecological figures, such as Biosphere Reserve (1986) and 

National Park (1999). 

The regional structure of Sierra Nevada is an E-W antiform (90 km long and 40 km 

wide) that mainly deforms metamorphic rocks at its core. The hydrographic network is 

composed of numerous gullies, preferentially striking in the N-S direction. Gullies from the 

southern slope of the cordillera discharge water into the Mediterranean Sea, while those of 

the northern slope drain into the Guadalquivir River and, consequently, into the Atlantic 

Ocean. These water resources constitute the main water supply for agricultural and human 

consumption of the settlements located downstream. 

The study zone is composed by the two adjacent watersheds of Bérchules and Mecina, 

located on the southern slopes of Sierra Nevada, the former to the west and the latter to the 

east, with the intervening NS water divide. The Bérchules basin discharges in the 

Guadalfeo River, whereas the Mecina basin tributes to the Adra River. Both watersheds 

present similar characteristics in size, shape, orientation, vegetation, soil and geological 

bedrock. The Bérchules basin covers an area of 68 km
2
. Within about 17 km, altitude rises 

from 980 m a.s.l. at the outlet to about 2910 m at the highest point. Figure 4.2 shows a 

mean altitude for this basin close to 1950 m a.s.l., being the mean land surface slope of 

11%. The main drainage network of the Bérchules basin is constituted by two rivers: (1) the 
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Bérchules River, which runs along the whole eastern side of the basin, and (2) the Chico 

River, which runs along 11 km through the western side of the basin up to lead into the 

Bérchules River. The Mecina basin is slightly smaller than the Bérchules one. The 

associated length and area are 15 km and 55 km
2
, respectively. In the Mecina basin the 

elevation ranges between 1042 and 2618 m a.s.l., being 1710 m a.s.l the mean elevation and 

presenting a mean slope of 9%. In this basin the most important river is the Mecina River, 

which is 15 km long. 

 

Figure 4.1. Location map of the study area. The red and green areas correspond to the National and 

Natural Park zones, respectively. The boundary of the Bérchules and the Mecina watersheds are 

indicated by the grey and the pink lines, respectively. The red point indicates the position of the 

Narila gauging station, at the outlet of the Bérchules basin. The meteorological stations are 

indicated with the yellow sun symbol. Numbers of the meteorological stations corresponded to 

those in Table 4.1. (For interpretation of the references to color in this figure legend, the reader is 

referred to the web version of this article). 

 

The Bérchules and the Mecina watersheds are located over metamorphic rocks 

belonging to the Nevado Filábrade Complex (Egeler, 1964) that crop out in the core of the 

Sierra Nevada fold. The metamorphic materials are mainly constituted by mica-schists with 

alternating levels of quartzite with a total thickness greater than 1000 m. The schists show a 

penetrative foliation with a general dipping towards the N-NE that conditions the geometry 

of the slopes of both watersheds. The eastern slopes are gently, while the western ones are 

steeper. This fact highly conditions the irrigation network location and distribution 

(González-Ramón et al., 2015). Other factors that play an essential role in the hydrological 

and hydrogeological behavior of these watersheds are a well-developed alteration zone in 
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the upper part of the metamorphic rocks, the existence of periglacial sediments in areas 

located at elevations above 2000 m and the reduced slope of the upper parts of the hillsides. 

 

 

Figure 4.2. (A) Elevation map of the study area. The blue and pink dashed lines indicate the 

boundary of the Bérchules and the Mecina basins, respectively. The red point shows the position of 

the Narila gauging station. The yellow sun symbols indicate meteorological stations (numbers 

corresponding to those in Table 4.1). (B) Relationship between the cumulative basin area and 

elevation for the Bérchules and the Mecina basins. (For interpretation of the references to color in 

this figure legend, the reader is referred to the web version of this article). 

 

The northern boundary of the study area is located along the main crest of Sierra 

Nevada, very close to the Mulhacén Peak (Figure 4.1). According to the Köppen–Geiger 

climate classification (Peel et al., 2007), it has a cold climate with a dry season, mild and 

cool summers, and significant altitudinal variations (AEMET/IM, 2011). Nevertheless, in 

the lower part of both watersheds, the climate is temperate Mediterranean. The presence 

and persistence of snow is restricted to elevations higher than 2400 m a.s.l. and to the 

months comprised between November and May. Precipitation is associated with wet winds 

coming from both, the Atlantic Ocean and the Mediterranean sea, in autumn, winter and, at 

a lower degree, during spring. At the Bérchules meteorological station (Table 4.1), located 

at 1319 m a.s.l., the mean annual temperature (T) is 13.3 °C, and the average precipitation 

(P) and potential evapotranspiration (PET) are 677 and 1012 mm/yr, respectively. In the 

case of the Mecina Bombarón meteorological station, with an elevation of 1200 m a.s.l., the 

mean annual T is 14.6 °C and the average P and PET are 593 and 1005 mm/yr, 

respectively. Figure 4.3 shows the monthly variation of P, T and PET for both 

meteorological stations. 

The large variation in elevation between the highest and lowest parts of the study zone 

makes it necessary to account for vertical gradients of P and T. These gradients are 

obtained by analyzing the available precipitation and temperature time series coming from 

meteorological stations located at neighboring places, within the watershed (Table 4.1). The 
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vertical precipitation and temperature gradients are 20 mm/100 m and -0.56 °C/100 m, 

respectively. 

 

Table 4.1. Meteorological stations used to complete the precipitation and temperature time series of 

the Bérchules and Mecina-Bombarón for the period 1970-2013, and also to estimate the vertical 

gradients of P and T for the study zone. 

Code Name Latitude Longitude 
Elevation 

(m a.s.l.) 

Precipitation 

(mm/yr) 

Temperature 

(°C) 

1 Posturas 36.94° -3.50° 1050 493 14.2 

2 Arquilla 36.95° -3.48° 1652 570 11.6 

3 Portugos 36.94° -3.29° 1120 493 -  

4 Busquistar-C. La 

Calahorra 

36.99° -3.28° 1400 660 - 

5 Trévelez 37.00° -3.27° 1476 694 - 

6 Tajos de Breca 37.05° -3.21° 2470 883 6 

7 Bérchules 36.98° -3.19° 1319 677 13.3 

8 Cádiar 36.93° -3.18° 950 587 - 

9 Cadiar-C.P.G. 36.95° -3.18° 940 557 15.3 

10 MecinaBombarón 36.98° -3.16° 1200 593 14.6 

11 Velor-Nechite 37.00° -3.07° 975 489 16.3 

12 Ugíjar 36.97° -3.05° 559 395 - 

13 Mairena 37.00° -3.05° 1080 391 16.2 

14 Laujar-Cerecillo 37.05° -2.91° 1800 661 10.6 

15 Laujar-Monterrey 37.03° -2.90° 1280 600 13.2 

16 Laujar 37.00° -2.89° 921 510 14.9 

 

In the upper part of the Bérchules basin, the snow remains for almost half of the year. 

During the spring, water from the snow-melt flows through the Bérchules River, providing 

a resource for watering that the present dams partially divert into the existing network of 

irrigation channels. As a result, the river flowrate regime is slightly modified towards near-

natural conditions (Stahl et al., 2010). The seasonal river hydrograph shows a pluvio-nival 

pattern, with maxima flow rates between January and May, and minima during August and 

September. Figure 4.3A shows the mean monthly basin discharge (green dashed line), 

along with the 20 and 80% percentiles (light green shadowed area) for the Bérchules basin 

obtained from the daily flowrates measured in the Narila gauging station. 
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Figure 4.3. (A) Mean monthly precipitation, potential evapotranspiration, averaged runoff, 20 to 

80% runoff percentile interval, and temperature for the Bérchules watershed. (B) Mean monthly 

precipitation, potential evapotranspiration and temperature for the Mecina watershed. 

 

In relation to land cover uses, the study area is mainly characterized by natural 

vegetation of grassland, scrubs, conifers and oaks, followed by irrigated horticultural crops 

and rainfed fruit trees. Table 4.2 shows the spatial coverage corresponding to the main 

vegetation covers in both watersheds. 

 

Table 4.2. Values of Kcb, and p used in this work for both deriving Kcb and computing the soil water 

balance. 

Vegetation class 𝐾𝑐𝑏𝑚𝑎𝑥

a 
(-) p

b 
(-) 

Grassland 0.70 0.60 

Grassland with trees 0.70 0.60 

Scrub 0.80 0.65 

Scrub with trees 0.80 0.65 

Conifers 0.95 0.70 

Oaks 0.8 0.65 

Conifers+oaks 0.80 0.70 

Riparian vegetation 0.95 0.70 

Permanent rainfed crops 0.65 0.60 

Irrigated crops (tomato and bean) 1.12 0.42 

                               
a
 Maximum basal canopy coefficient. 

                              
 b
 Depletion fraction. 
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4.3. Methods and materials 

4.3.1. The HBV model 

The HBV model (Bergström, 1976) is a conceptual rainfall-runoff model for catchment 

hydrology modeling. The basis of this model is the general water balance which is 

described as 

 

𝑃 − 𝐸 − 𝑄 =
𝑑

𝑑𝑡
 𝑆𝑃 + 𝑆𝑀 + 𝑈𝑍 + 𝐿𝑍  (4.1) 

where P [LT
−1

] is precipitation including rainfall and snowfall, E [LT
−1

] is 

evapotranspiration, Q [LT
−1

] is runoff, SP [L] is snowpack water equivalent volume 

storage, SM [L] is soil moisture storage, UZ [L] and LZ [L] are water storage in the upper 

and lower groundwater zone, respectively. 

The HBV model provides daily basin discharge by subjecting daily precipitation to 

four subsequent conceptual modules: a snow routine, a soil moisture routine, a response 

routine, and a routing routine (Figure 4.4). Precipitation is simulated as rain or snow 

depending whether the temperature is above or below a threshold temperature. The snow 

accumulation and melting is computed according to a degree-day method by the snow 

routine. The combination of precipitation and meltwater is divided by the soil routine as 

soil infiltration recharge and added soil moisture as a potential function of the actual soil 

moisture (Seibert, 2005). This routine also calculates the actual evapotranspiration as a 

piecewise linear function of the actual soil moisture (Seibert, 2005). The response routine 

transforms excess water from the soil moisture routine to runoff. To this end, two stacked 

linear reservoirs are connected in series by a constant percolation rate (PERC). The upper 

reservoir generates surface and subsurface runoff (i.e. Q0 and Q1, respectively, in Figure 

4.4), whereas the second reservoir plays the role of aquifer and generates groundwater 

runoff (i.e. Q2 in Figure 4.4). The aquifer recharge (i.e. the water flux entering the lower 

reservoir) is therefore limited by the percolation rate between the upper and the lower 

reservoirs, and coincides with Q2 in steady-state flow conditions. The HBV model sums the 

three runoff components (i.e. Q0, Q1 and Q2) to generate the total basin runoff which is then 

transformed by the response routine to simulate the routing of the runoff to the catchment 

outlet. A complete description of the HBV model can be found in Bergström (1992, 1995) 

and Seibert (1999). 

The HBV model provides an automatic calibration procedure that uses a genetic 

algorithm (Seibert, 2000) for mimicking the basin runoff evolution. The agreement between 

the observed (Qobs) and simulated (Qsim) catchment runoff is evaluated by the efficiency of 

the model Reff [-] (Nash and Sutcliffe, 1970). To evaluate the uncertainty on the estimated 

parameters, we apply the same Monte-Carlo simulation process proposed by Jódar et al. 
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(2017), in which the model efficiency Reff is optimized for a large number (50000) of HBV 

input parameter sets. 

 

 

Figure 4.4. HBV model structure (modified from Seibert, 2000). 

 

4.3.2. Remote sensing-based model to estimate evapotranspiration 

Vegetation indices (VIs) obtained from satellite images are used in this work to 

estimate the water consumption of the different canopies in both watersheds for the 

hydrological years 2013/2014 and 2014/2015. An approach that integrates VIs in the 

method of FAO for computing crop water requirement (Allen et al., 1998) is applied here. 

This model has been tested and applied under a variety of conditions (González-Dugo and 

Mateos, 2008; González-Dugo et al., 2009, 2013; Mateos et al., 2013; Campos et al., 2013, 

2016), and is based on the concepts of reference evapotranspiration ETo [LT
−1

] and the VI 

derived crop/canopy coefficient Kc [-]. The former takes into account the atmospheric 

demand, and it is calculated using the Hargreaves equation (Hargreaves et al., 1985). The 

latter accounts for the influence of the plant on the evapotranspiration, considering the 

effect of a specific canopy in relation to a given reference grass surface previously defined 

(Allen et al., 1998). For the estimation of the canopy coefficient, the dual method in the 

form popularized by the FAO manual (Allen et al., 1998) is used. The method separates 

canopy transpiration from soil surface evaporation and compute evapotranspiration 

following a daily scheme as (Allen et al., 1998; Wright, 1982): 
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𝐸𝑇 = 𝐾𝑐𝐸𝑇𝑜  (4.2) 

where ET [LT
−1

] is evapotranspiration. The canopy coefficient Kc is obtained through 

the following equation: 

𝐾𝑐 = 𝐾𝑐𝑏𝐾𝑠 +  𝐾𝑒  (4.3) 

where Kcb [-] is the basal canopy, Ks [-] is the water stress coefficient and Ke [-] is the 

soil evaporation coefficient. 

The basal canopy coefficient Kcb determines the vegetation transpiration and depends 

on the vegetation class. It is derived from the spectral response of the canopy, which is 

provided by the satellite images. The relationship between Kcb and VI has been studied by 

different authors and there is not a complete agreement about its shape. Some authors 

consider it linear (Neale et al., 1989; Gonzalez-Piqueras et al., 2003), while others suggest 

non-linear approaches (Hunsaker et al., 2003, 2005). According to Choudhury et al. (1994), 

the linearity of these relationships depends on the canopy architecture and the definition of 

the VI applied. The equation proposed by González-Dugo et al. (2009) to compute the basal 

crop coefficient from the SAVI (Soil Adjusted Vegetation Index) index (Huete, 1988) is 

used here because it is a generalized equation for deriving Kcb from VI. It can be expressed 

as follows: 

𝐾𝑐𝑏 =

 
 

 𝐾𝑐𝑏𝑚𝑎𝑥
 
𝑓𝑐
𝑓𝑐0

      ;    𝑓𝑐 < 𝑓𝑐0

𝐾𝑐𝑏𝑚𝑎𝑥
                  ;    𝑓𝑐 ≥ 𝑓𝑐0

  (4.4) 

 

𝑓𝑐 =  
𝑆𝐴𝑉𝐼 − 𝑆𝐴𝑉𝐼𝑚𝑖𝑛

𝑆𝐴𝑉𝐼𝑚𝑎𝑥 − 𝑆𝐴𝑉𝐼𝑚𝑖𝑛
  (4.5) 

where 𝐾𝑐𝑏𝑚𝑎𝑥
[-] is the maximum value of canopy coefficient (Table 4.2 shows the 

maximum value of canopy coefficient for the different vegetation classes existing in the 

watersheds), SAVImax [-] and SAVImin [-] are the corresponding values of the SAVI [-] 

index for very large ground coverage of the vegetation and bare soil, respectively, fc [-] is 

the canopy ground-cover fraction, fc0 [-] is the canopy ground-cover fraction when 𝐾𝑐𝑏 =

𝐾𝑐𝑏𝑚𝑎𝑥
. The parameters fc0, SAVImax and SAVImin have been assumed to be constant for all 

canopies, with values of 0.8, 0.75 and 0.09, respectively (González-Dugo et al., 2013), and 

the evolution of the spatial distribution of SAVI index is obtained from the Landsat-8 

images, available every 16 days, when the satellite overpasses the study area. To obtain 

daily SAVI time series from two consecutive Landsat-8 images, a linear interpolation is 

applied between the two observed SAVI values. 
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The stress coefficient Ks quantifies the variation in transpiration due to the evolution of 

soil water deficit (Figure 4.5) in the root zone. The root zone depth is computed for each 

vegetation type as a function of Kcb values. Ks is calculated as: 

𝐾𝑠 =

 
 

 
 −𝛹

 1 − 𝑝  
                  ;  𝛹 < 𝛹𝑇ℎ

1                                           ;  𝛹 ≥ 𝛹𝑇ℎ

  (4.6) 

where Σ [L] is the root zone water holding capacity defined as the water length 

between the soil field capacity (maximum soil water content) and the wilting point 

(minimum soil water content), Ψ [L] is the root zone water deficit, ΨTh [L] is the root zone 

water deficit threshold value below which a shortage of water is found in the root zone, and 

p [-] is the fraction of Σ above ΨTh (Table 4.2). Ks is equal to 1 for non water stress 

conditions and smaller than 1 when a shortage of water is found in the root zone (Allen et 

al., 1998). 

The daily evolution of the root zone water deficit can be estimated by solving the 

following soil water balance equation 

𝛹𝑖 = 𝛹𝑖−1 + 𝑃 𝑖
 − 𝐸𝑇 𝐼−1 (4.7) 

where ET [LT
−1

] is evapotranspiration and P [LT
−1

] is the sum of rainfall and 

irrigation, R [LT
−1

] is the water loss out of the soil zone by deep percolation, and RO 

[LT
−1

] is runoff from the soil surface. The subscript i indicates the i
th

 day and the 

circumflex accent indicates that the corresponding flux variable has been temporally 

integrated on a daily basis. 

Following heavy rain or irrigation, the soil water content in the root zone might exceed 

field capacity. In this situation, the surplus water is considered surface runoff. 

 

Figure  4.5. Relationship between the water stress coefficient Ks and the root zone water deficit Ψ, 

where ΨWP, ΨFC and ΨTh are the root zone water deficit corresponding to the wilting point, the field 

capacity, and the threshold value, respectively. 
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The balance equation described above is recursive, so for the first day it needs to know 

the initial value of the root zone water deficit (Ψ0). As the soil water balance begins in 

August 2013 (in the middle of summer season for the study area), the value of Ψ0 is 

assumed different for rainfed and irrigated canopies: 

(1) Field capacity for irrigated horticultural crops (tomato and bean), so Ψ0 = 0 

(2) The root zone water holding capacity for the remaining vegetation types due to the long 

previous dry period, so Ψ0 = Σ 

The soil evaporation coefficient Ke [-] is obtained as: 

𝐾𝑒 = min  𝑓𝑒𝑤 · 𝐾𝑐𝑚𝑎𝑥
  ;  𝐾𝑟 𝐾𝑐𝑚𝑎𝑥

− 𝐾𝑐𝑏    (4.8) 

where 𝐾𝑐𝑚𝑎𝑥
 [-] is the maximum value of Kc corresponding to the previous rainfall or 

irrigation event, few [-] is the fraction of the soil surface that is both exposed (i.e. not 

covered by vegetation) and wetted, and Kr [-] is a dimensionless evaporation reduction 

coefficient that depends on topsoil water depletion (Allen et al., 1998). After a rain or 

irrigation episode, Kr = 1, but when the soil surface dries, the value of Kr linearly decreases 

along with the cumulative evaporation, becoming Kr = 0 when the soil is dry up and no 

water is left for evaporation. 

 

4.3.3. Remotely sensed input data 

A total of 26 cloud-free Landsat-8 images between August 2013 and October 2015 

were selected (Table 4.3). The images were calibrated and atmospherically corrected to 

obtain surface reflectance values. The atmospheric correction of the optical bands was 

performed using the FLAASH (Fast Line-of-Sight Atmospheric Analysis of Spectral 

Hypercube) correction code (Adler-Golden et al., 1998) based on the radiative transfer 

model Modtran4 (Berk et al., 1989) and on monthly aerosol and atmospheric water vapour 

content data generated with the 6S model (Vermote et al., 1997). 

Bad pixels and clouds have been masked out. During the winter, the low solar 

elevation caused that the steepest areas were not illuminated at sensor overpass time. These 

areas have been also masked out for the image processing and its subsequent use. Due to 

the lack of cloudy free Landsat-8 images between September and October 2015, the need to 

complete the satellite series for the year 2014/2015 led to the selection of lower spatial 

resolution images. Four MODIS images (product MOD09Q1, DOY 257, 265, 289 and 297) 

were selected, interpolated and added to the input data series. 
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Table 4.3. Acquisition dates of Landsat-8 satellite images (scene 200-34) for the hydrological 

years 2013/2014 and 2014/2015 

Year 2013/2014 Year 2014/2015 

11 August 2013 17 October 2014 

12 September 2013 2 November 2014 

15 November 2013 18 November 2014 

19 February 2014 20 December 2014 

23 March 2014 5 January 2015 

8 April 2014 6 February 2015 

24 April 2014 22 February 2015 

26 May 2014 10 March 2015 

27 June 2014 27 April 2015 

13 July 2014 13 May 2015 

29 July 2014 30 June 2015 

15 September 2014 1 August 2015 

17 October 2014 2 September 2015 

 

4.3.4. Description of meteorological, runoff and soil-uses data  

To simulate the hydrologic catchment behavior with the HBV model, it is necessary 

the availability of the meteorological data (i.e. P, T and PET) and of the runoff time series 

for the Bérchules and the Mecina watersheds. Cabrera and Martos-Rosillo (2014) analyzed 

the available meteorological data in the southern part of Sierra Nevada. As a result, 

complete time series of daily P and T were obtained, for the period 1970–2013, for the 

Bérchules and the Mecina meteorological stations. The corresponding PET time series were 

computed by applying the Hargreaves's method (Hargreaves and Samani, 1982). 

To apply the VI-ETo approach and estimate the water consumption of the different 

canopies, additional daily meteorological data were provided by automatic weather stations 

belonging to the following networks: Agroclimatic Information Network of Andalusia 

(RIA), Phytosanitary Alert and Information Network of Andalusia (RAIF) and the Spanish 

Meteorological Agency (AEMET). Variables including rainfall, solar radiation, air 

temperature and humidity, and wind speed were selected. The daily point data were 

spatially interpolated to obtain distributed information at the pixel resolution (30 × 30 m) of 

the Landsat-8 images. The hydrological model WiMMed (Herrero et al., 2011) was used to 

interpolate using the inverse distance IDW method, and taking into account the altitudinal 
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factor. For each cell, information from the seven nearest weather stations was employed for 

the interpolation. 

In the case of runoff data, it was used a daily flow rate time series for the period 1970–

2013 (Figure 4.6) measured at the Narila gauging station, which is located at the outlet of 

the Bérchules watershed (Figure 4.1). 

 

 

Figure 4.6. Time series of observed (grey line) and computed (blue and azure lines for the 

calibration and the validation periods, respectively) daily discharge flow rates obtained by the HBV 

model for the Bérchules watershed, in the Narila gauging station (located at the outlet of the 

Bérchules watershed). (For interpretation of the references to color in this figure legend, the reader 

is referred to the web version of this article.) 

 

The vegetation types and their spatial distribution within the limits of both watersheds 

have been obtained from the Information and Soil Uses System of Spain (SIOSE) 

(http://www.siose.es/). A simplified land cover map (Figure 4.7) has been produced 

grouping vegetation species into different classes with similar structural and physiological 

characteristics and, therefore, similar spectral response. For refining the identification of 

irrigated horticultural crops areas, satellite images and data provided by the Environment 

and Water Agency of Andalusia have also been used. The information about irrigated areas 

was complemented with crop identification and radiometry measurements performed 

during a field campaign in the summer of 2014. Table 4.4 presents the soil use/land cover 

area for each basin. 

In general terms, both watersheds present similar spatial distribution of vegetation 

types, with slight differences, such as a greater extension of conifers in Bérchules basin 

while Mecina has a greater cover of oak and permanent rainfed crops (Table 4.4). The 

irrigated horticultural crops are predominant in the south of Bérchules and more distributed 

between the southern and the central part in Mecina (Figure 4.7). In this work, a standard 
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irrigation schedule is assumed for the irrigated crops. It is based on a common practice in 

the area, which consists in watering to reach the soil field capacity every two days along the 

irrigation season, from mid-May to mid-October. 

 

Figure 4.7. Land cover map of Bérchules and Mecina watersheds. 

Table 4.4. Land cover area for Bérchules and Mecina watersheds, expressed in hectare and 

percentage of the total watershed area. 

Land cover 
Berchules 

ha (% watershed) 

Mecina 

ha (% watershed) 

Grassland 925.02 (13.73) 833.49 (15.21) 

Grassland with trees 143.28 (2.13) 118.53 (2.16) 

Scrub 2877.03 (42.71) 2202.30 (40.18) 

Scrub with trees 841.05 (12.48) 729.18 (13.30) 

Conifers 1179.99 (17.52) 671.04 (12.24) 

Oaks 130.77 (1.94) 208.98 (3.81) 

Conifers + Oaks 71.46 (1.06) 205.56 (3.75) 

Riparian vegetation 160.38 (2.38) 97.92 (1.79) 

Permanent rain-fed crops 20.07 (0.30) 117.45 (2.14) 

Bare soil 141.30 (2.10) 79.11 (1.44) 

Irrigated horticultural crops 245.61 (3.65) 217.44 (3.97) 

Total 6735.96 (100) 5481.00 (100) 
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The vegetation ground cover fraction (fc) is derived from the SAVI images taking 

advantage of the linear relationship existing between these two variables (Equation (4.5)). 

Figure 4.8 shows the monthly evolution of fc for both watersheds (Bérchules and Mecina) 

along the hydrological year 2013-2014. Although the spatial distribution of fc is 

heterogeneous, the lowest and the highest values can be found in the upper and the western-

sunny hillside part of the basins, respectively. The lower fc values correspond to high 

mountain grasslands and scrubs and show a seasonal variation, whereas the highest values 

correspond to conifers areas whose fc values remain stable along the year. At the southern 

part of the basins where irrigated horticultural crops are predominant, fc is highly variable 

along the year, showing its maximum during the spring and summer seasons. 

 

 

Figure 4.8. Monthly evolution of vegetation ground cover fraction fc for the hydrological year 

2013/14. 

 

Soil parameters for the VI-ETo approach are provided by regional soil maps produced by 

the Agricultural Department of Andalusia (CAPMA, 2008). These maps contain distributed 

information (with 250 m of spatial resolution) of different soil related properties, such as 
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texture (as % of sand, clay and silt), water content at field capacity and wilting point, and 

soil depth. 

 

4.4. Results 

4.4.1. The HBV model 

The total time interval (i.e. 1970–2014) is divided into two parts of 2/3 and 1/3 of the 

total time length. The former (i.e. 1970–1999) is used for calibrating the HBV model 

parameters and the latter interval (2000–2014) is used for validating the previous 

calibration. The value of the calibrated HBV model parameters and their corresponding 

standard deviation obtained from the Monte-Carlo simulating process are presented in 

Table 4.5. The efficiency parameter Reff obtained for the calibration and the validation 

period are 0.52 and 0.26, respectively. Figure 4.6 shows the performance of the model 

calibration in terms of the Bérchules basin runoff. There is a good agreement between Qobs 

and Qsim. Although the calibrated HBV model underestimates the measured flowrate peaks, 

the computed flow rates resemble the observed ones by following the observed temporal 

variation of the basin runoff. The calibrated HBV model reproduces the basin mean 

discharge at the outlet of the basin, which is critical from a perspective of water resources 

management. The calibrated mean annual basin discharge for the Bérchules basin is 12.61 

hm
3
/yr, and the corresponding standard deviation is 12.31 hm

3
/yr. This high value 

underlines the high variability of the mean annual basin discharge. 

The calibrated HBV parameter set obtained for the Bérchules watershed is used as 

input parameter set for simulating the hydrological response of the Mecina watershed. The 

simulated hydrologic response of the Mecina watershed resembles the simulated response 

of the Bérchules watershed but applying to the latter a dumpening factor (Figure 4.9). The 

simulated mean annual basin discharge and the associated standard deviation for the 

Mecina watershed are 6.32 hm
3
/yr and 5.67 hm

3
/yr respectively. 

The monthly averaged values of the relevant mass balance flux terms are shown in 

Figure 4.10. In both basins, all the water flux terms show a seasonal pattern, in which 

precipitation, runoff (surface and subsurface) and groundwater discharge present the 

maximum and the minimum in December and July, respectively, and actual 

evapotranspiration follows the temporal dependence shown by the potential 

evapotranspiration (Figure 4.3) with the maximum and the minimum in July and 

December, respectively. Moreover, in both basins surface and subsurface runoff (i.e. Q0 

and Q1, respectively) are almost negligible along the year. As a result, the monthly 

variation of the averaged basin runoff reflects the monthly variation of the averaged 

groundwater discharge (i.e. Q2). 
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Table 4.5. Values of the calibrated HBV model parameters and their corresponding Monte-Carlo 

simulation initial and final interval values. 

HBV Parameter Calibrated value  Standard deviation (Monte-Carlo) 

PERC (mm) 20.00 2.6 

UZL (mm) 20.00 13.4 

K0 (día
-1

) 0.10 6.6E-02 

K1(día
-1

) 0.05 6.7E-03 

K2(día
-1

) 0.04 4.8E-03 

MAXBAS (-) 7.00 2.3 

TCALT (˚C/100m) -0.56 [-,-] 

CFMAX (mm/d/˚C) 3.00 1.5 

SFCF (-) 1.80 1.0 

CFR (-) 5.00 1.8 

CWH (-) 6.00 1.7 

TT (˚C) 5.00 1.5 

FC (mm) 2000 555.8 

LP (mm) 0.50 0.1 

 

The simulated mean annual groundwater recharge for the Bérchules and the Mecina 

basins represents the 26% and 19% of the mean annual basin precipitation, respectively. 

The difference in the ratio between recharge and precipitation is coherent with the existing 

vertical precipitation gradient in the study zone and the different areal distribution with 

elevation of both basins (Figure 4.2B). 

Groundwater discharge plays a major role in dynamics of both watersheds, 

representing the 95% and 98% of the total runoff for the Bérchules and the Mecina 

watersheds, respectively. These results are consistent with those obtained for the Bérchules 

watershed by Jódar et al. (2017), who using a coupled Témez-degree day (TDD) model 

estimated a groundwater contribution to total watershed discharge of 97%. 

The basin runoff directly depends on soil infiltration recharge, which in turn depends 

on the sum of rainfall (RP) and snow-melt (SP) infiltration. In the case of the Bérchules 

watershed, RP and SP contribute 86% and 14% to the mean basin runoff, whereas in the 

case of the Mecina watershed these contributions are 97% and 3%, for RP and SP. The 

small SP value in the Mecina watershed shows that snowmelt plays a minor role and this 
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makes the basin runoff to follow the seasonal trend of RP, which has a maximum in 

January and monotonically decreases to reach the minimum in August. 

 

Figure 4. 9. Computed discharge flow rates for the Bérchules (blue dashed line) and the Mecina 

(red dashed line) basins. (For interpretation of the references to color in this figure legend, the 

reader is referred to the web version of this article). 

 

 

Figure 4.10. Monthly average of the different mass balance terms for (A) the Bérchules and (B) the 

Mecina basins obtained by simulating with the calibrated HBV parameters. 

 

The discrepancy between the SP contribution to the total runoff for the Bérchules and the 

Mecina basins generates a differentiated hydrologic response in terms of the basin runoff 

seasonality. This discrepancy is due to the difference in the mean basin elevation of both 

watersheds (i.e. 1950 and 1710 m a.s.l. for the Bérchules and the Mecina watersheds, 

respectively). The 66% of the total area in the Mecina watershed has an elevation that falls 
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below the mean elevation of the Bérchules watershed (Figure 4.2B), whereas by definition 

the 50% of the total area in the Bérchules watershed falls below its mean basin elevation. 

The accumulation of precipitation as snowpack is more likely to occur in the Bérchules 

watershed than in the Mecina given (1) the larger area at higher elevations in the Bérchules 

watershed and (2) the existing temperature and precipitation vertical gradients in the study 

zone 

 

4.4.2. The VI-ETo approach 

Daily spatially distributed ET values have been obtained at the pixel (30 × 30 m) scale 

for the hydrologic years 2013/2014 and 2014/2015. Figure 4.11 shows the accumulated 

monthly ET evolution for the former hydrologic year. In some cases, a masked out area can 

be observed in the highest part of both watersheds due to the snow cover that prevents the 

VI-ETo model application, and therefore ET is not computed in these pixels. For analysis at 

the watershed scale, losses due to snow sublimation can produce a slight underestimation of 

total volumes. 

 

Figure 4.11. Monthly evolution of evapotranspiration values for the hydrological year 2013/14. 
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The monthly accumulation of the spatially integrated ET values corresponding to three 

representative vegetation types in the study zone (conifers, scrubs and irrigated horticultural 

crops) along the hydrological years 2013-2014 and 2014-2015 are shown in Figure 4.12. As 

can be shown, the monthly ET values are similar in both watersheds. This supports the 

hypothesis of assuming a similar hydrological behavior between both watersheds. 

 

Figure 4.12. (A) Monthly unitary water demand for the different canopies (conifers in blue, scrubs 

in green and irrigated horticultural crops in red) existing in the Bérchules (line) and the Mecina 

(dashed line) watersheds. (B) Watershed monthly evapotranspiration obtained with the VI-ETo 

approach along the hydrologic years 2013-2014 and 2014-2015 for the Béchules and the Mecina 

watersheds for the above canopies. The black line integrates ET corresponding to all the canopies 

considered in the model (Table 4.6). (For interpretation of the references to color in this figure 

legend, the reader is referred to the web version of this article.) 

 

The evolution of monthly ET for the irrigated horticultural crops follows an annual 

pattern, with a similar trend in both years. It presents low values at the end of autumn and 

winter and increases gradually in spring, as a consequence of rain-fed pastures growing 

before the crop season in summer. A first peak of ET is observed until the soil is prepared 

for sowing. The crops start their cycle in May and the main annual peak in these areas is 

reached around the middle of the summer. The months of June, July and August 

accumulates the 37% of annual water consumption. 

In the case of conifers, intra-annual changes are coupled with variations in the 

evaporative demand of the atmosphere, while maintaining quite regular vegetation 

coverage along the year. There were marked peaks in June 2014 and July 2015, coinciding 
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with high ETo values for those months. The lowest values can be found at the end of the dry 

season, during the month of September, before the first rainfalls. Additionally, sparse 

scrubs presented low general values of ET, with minima of 3.2 and 2.8 mm/month in 

September 2014 and August 2015, respectively, and maxima of 10.2 and 7.8 mm/month in 

April 2014 and April 2015, respectively. 

The annual accumulated ET values for the hydrological years 2013/14 and 2014/15 and 

every land cover of both watersheds are presented in Table 4.6. As can be shown, the 

contribution to the total ET of the irrigated horticultural crop represents, on average (i.e. for 

a given land cover averaging all the values of both watersheds), the 6.6% despite having the 

highest water demand per unit area (605 mm/yr on average). This low ET value is the result 

of the small percentage area (3.8% on average) associated to the irrigated horticultural 

crops in both watersheds (Table 4.4). 

 

Table 4.6. Annual accumulated ET corresponding to the different land covers in the Bérchules and 

Mecina watersheds for the hydrologic years 2013/2014 and 2014/2015. For each watershed, ET 

values are provided in mm and percentage of the total basin ET for the corresponding hydrologic 

year. 

 Land cover  Annual evapotranspiration  

mm (% of the watershed annual ET) 

2013/2014    2014/2015 

Bérchules Mecina    Bérchules Mecina 

Grassland 26.7 (9.0%) 29.2 (9.9%)    43.1 (11.3%) 49.3 (12.5%) 

Grassland with trees 5.9 (2.0%) 7.3 (2.5%)    8.9 (2.3%) 9.1 (2.3%) 

Scrub 111.3 (37.5%) 109.5 (37.3%)    149.9 (39.1%) 149.6 (38.0%) 

Scrub with trees 37.1 (12.5%) 40.1 (13.6%)    47.5 (12.4%) 52.9 (13.4%) 

Conifers 68.3 (23.0%) 47.4 (16.1%)    78.7 (20.5%) 54.7 (13.9%) 

Oaks 7.4 (2.5%) 12.8 (4.4%)    7.4 (1.9%) 16.4 (4.2%) 

Conifers + Oaks 4.5 (1.5%) 14.6 (5%)    4.5 (1.2%) 16.4 (4.2%) 

Riparian vegetation 8.9 (3%) 5.5 (1.9%)    11.9 (3.1%) 7.3 (1.9%) 

Permanent rain-fed crops 1.5 (0.5%) 5.5 (1.9%)    1.5 (0.4%) 9.1 (2.3%) 

Bare soil 4.5 (1.5%) 1.8 (0.6%)    5.9 (1.5%) 3.6 (0.9%) 

Irrigated horticultural crops 20.8 (7%) 20.1 (6.8%)    23.8 (6.2%) 25.5 (6.5%) 

Total 306.9 (100%) 298.5 (100%)    400.1 (100%) 406.0 (100%) 
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On the contrary, scrubs (with and without trees) present relatively low water demands 

per unit area (329 mm/year on average) but cover more than 50% of the total area. They 

contribute up to 51% of total ET. The contribution of the conifer areas represent the 18.9% 

of total ET, while having a lower areal coverage (14.9% on average) but a higher annual 

water demand per unit area (422 mm/year on average) than scrubs. 

It is possible to estimate the annual watershed runoff Qrunoff [LT
−1

] considering the 

following surface water balance: 

𝑃~ = 𝐸𝑇~ + 𝐼~ + 𝑄~𝑟𝑢𝑛𝑜𝑓𝑓  (4.9) 

where I [LT
−1

] is rainfall interception, which is assumed as 8% of rainfall according to 

Polo et al. (2013), who estimated I for different vegetation covers in Sierra Nevada 

Mountains. The tilde accent ―~‖ indicates that the corresponding flux daily variable has 

been spatially integrated for the watershed and then temporal integrated on a yearly basis. 

The annual runoff values measured at the Narila gausing station corresponding to the 

hydrologic years 2013/2014 and 2014/2015 are 87.3 and 78.8 mm, respectively (Table 4.7). 

The overall mean value for these two hydrologic years is 83.1 mm. These values are plotted 

against the corresponding annual runoff values obtained with the HBV model (Figure 4.13), 

where the correlation line is also included. As can be shown there is a good agreement 

between the annual runoff values obtained for the both models: The slope and the 

coefficient of determination of the correlation line (𝑄~𝑟𝑢𝑛𝑜𝑓𝑓 𝑉𝐼−𝐸𝑇𝑜
as dependent variable) 

are 1.08 and 0.96, respectively. 𝑄~𝑟𝑢𝑛𝑜𝑓𝑓 𝑉𝐼−𝐸𝑇𝑜
 is in average 5.3% smaller 𝑄~𝑟𝑢𝑛𝑜𝑓𝑓 𝐻𝐵𝑉

. 

 

Table 4.7. Calculated annual runoff data for the Berchules and Mecina watersheds for the 

hydrological years 2013/14 and 2014/15. 

Hydrologic Year 
Annual runoff (mm) 

Bérchules   Mecina 

Observed
a
 VI-ETo HBV   VI-ETo HBV 

2013/2014 87.3 81.9 80.1  45.9 51.9 

2014/2015 78.8 83.2 89.1  58.1 63.0 
a
 Observed in the gauging station of Narila, located at the outlet of the Bérchules 

watershed. 

 

The annual runoff values obtained with the VI-ETo approach corresponding to the 

hydrologic years 2013/2014 and 2014/2015 for the Bérchules and the Mecina watersheds 

are shown in Table 4.7, where the observed annual runoff values corresponding to the 
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Narila gauging station, which is located at the outlet of the Bérchules watershed, are also 

included for the same hydrologic years. As can be shown, the observed annual runoff 

values are similar to those obtained with HBV and VI-ETo. In fact, their mean values for 

the whole period (2013-2015) are 83.1 mm, 82.6 mm and 84.6 mm, respectively. 

The annual runoff values obtained with the VI-ETo approach are plotted against the 

corresponding annual runoff values obtained with the HBV model (Figure 4.13), where the 

correlation line is also included. There is a good agreement between the annual runoff 

values obtained by both models in the watersheds: The slope and the coefficient of 

determination of the correlation line (𝑄~𝑟𝑢𝑛𝑜𝑓𝑓 𝑉𝐼−𝐸𝑇𝑜
 as dependent variable) are 1.08 and 

0.96, respectively. 𝑄~𝑟𝑢𝑛𝑜𝑓𝑓 𝑉𝐼−𝐸𝑇𝑜
 is, in average, 5.3% smaller than 𝑄~𝑟𝑢𝑛𝑜𝑓𝑓 𝐻𝐵𝑉

. 

 

 

Figure 4.13. Annual runoff values obtained with the VI-ETo approach and the HBV model and the 

corresponding regression line. 

 

4.5. Discussion  

The Bérchules and Mecina basins are located in the southern most high mountain area 

of the European continent. Because of its location, this area is more sensitive to the 

temperature increase generated by climate change than the high mountain basins located at 

greater latitude. This makes the study area an ideal laboratory to anticipate the impact of 

climate change on other high mountain basins of high latitudes, since its characteristics 

include: 
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 Strong vertical gradients of precipitation and temperature that are not yet so evident 

in high latitudes (Wanner et al., 2000; Oliva and Gómez-Ortiz, 2011). 

 Strong rainfall seasonality, occurring the 80% of the annual precipitation between 

autumn and winter (October to April). During this period, precipitation occurs as 

snow 95% of the times above 2500 m a.s.l. (Gómez-Ortiz et al., 2015). In the spring 

the snow melt starts, a process that typically extends until the end of summer 

(September). 

 Continuous intensification of aridity from the Middle Holocene (Oliva and Gómez-

Ortiz, 2012). This has caused that the isotherm of 0 °C has been ascending in 

altitude, being now located around the 3300-3400 m a.s.l., very close to the 

maximum elevation of Sierra Nevada (3482 m a.s.l.). This has exposed the majority 

of the Quaternary glacial and periglacial formations that develop over the zone of 

alteration of the hard rocks that usually appear in the high mountain chains. The 

infiltration capacity of the glacial and periglacial materials is favored by the low 

slope and the high permeability of the quaternary materials. As a result of the 

continuous increase in temperature from the Middle Holocene, the infiltration 

capacity of the ground has increased even more due to the disappearance of the low 

permeability barrier that formed the permafrost, which deepened the materials of the 

zone of alteration. As a consequence of the increase in the soil infiltration capacity 

in these basins, its hydrological functioning regime has changed, increasing the 

underground component in the total discharge of the system, as it is observed in the 

Bérchules and Mecina basins, where the groundwater contribution to the total basin 

discharge is close to 95%. 

 Continuing occupation and modification of the territory by the different civilizations 

(Romans, Visigoths, Muslim and Christian - Castillans) that have inhabited the 

middle mountain (Gómez-Ortiz et al., 2013). In this sense, in the southern margin of 

the Sierra Nevada, it is not difficult to find populations and fields of cultivation at 

heights above 1500 and 2200 m, respectively, which due to their activity have 

affected the base flows of the rivers, reducing the total river basin discharge, 

especially during the summer. In addition, reforestation during the second half of 

the 20th century over more than 25% of the mountain area, with dense masses of 

conifers where previously were scrubland (Jiménez-Olivenza et al., 2015), has 

influenced the operating regime of these rivers, with increased evapotranspiration 

(ET). 

 The absence of a gauging station in most of its hydrological basins. The evaluation 

of these water resources is essential, both to manage the drinking water supply 

availability for the downstream depending population, and to know the base flow 

discharge of these watersheds, which is essential for the maintenance of the 

ecosystems. 
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Given the relevance of the increase in temperature in the modification of the 

hydrological response of the high mountain basins, it is necessary to take into account these 

changes in the planning of water resources under the scenario of climate change, especially 

in high mountain areas in semi-arid environments, since these generate practically the 

totality of the hydric resource available in those zones. When these discharge zones are 

located in karst areas then mountain discharge water is even more important given the 

typically paucity of water at the surface in these areas (LeGrand and Stringfield, 1973; 

White, 2002). 

In this work, the parameters of the HBV model for the Bérchules basin have been 

calibrated. To this end, basin discharge data from an existing gauging station have been 

used. There is a good agreement between the observed and the computed basin runoffs. In 

terms of water budget, the obtained model results agree with those obtained by Jódar et al. 

(2017) for the same basin, but using a different hydrological model. Given the 

geomorphological similarities between the Bérchules and Mecina basins, the HBV 

parameters obtained for the Bérchules basin have been assumed to be valid for the Mecina 

basin. 

Vegetation index field time series which are provided by satellite images have been 

used to obtain the evolution of the spatially distributed ET in both, the Bérchules and the 

Mecina basins. By using a simple surface water balance model the average annual 

discharge for both basins has been estimated. The obtained values are very similar to those 

calculated by the HBV model for the corresponding basins. This result validates (1) the use 

of the methodology presented to estimate the ET from the satellite images, and (2) the use 

of the HBV parameters obtained for the Bérchules basin to simulate the hydrological 

behavior of the Mecina basin. 

The aggregate nature of the HBV model does not allow any spatial analysis of the mass 

balance terms considered in this model from its results. Moreover, this aggregate 

precipitation-contribution model does not allow us to know the impact that the spatial 

variation that certain hydrological variables have over time, such as changes in land use, in 

the basin response. Given the complementarity of the HBV and VI-ETo models for the 

Bérchules and Mecina basins, these issues can now be addressed, since the water balance in 

the soil used with VI-ETo (Equation (4.8)) allows: (1) having a spatial distribution of the 

consumption of water by evaporation in both basins of the model, (2) determining the ET 

outputs associated to different vegetation cover, and (3) evaluating the impact of landcover 

changes on basin hydrology. 

An example is the water demand of conifers (420 mm/year per square meter) which 

represents a total annual of 5 hm
3
 for the study area, when considering a surface with this 

type of cover in both basins. This fact is of special interest, since the surface of conifers 

was practically null in the basin of the Bérchules River before 1956. In this sense, it must 

be indicated that the most significant land use changes occurred in Sierra Nevada in the last 
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50 years. Jiménez-Olivenza et al. (2015), after comparing the 1956 and 2011 digital 

orthophotographs of the Sierra Nevada, have shown that the area of wooded formations 

increased from 15% to 51.2%. In the case of conifers, repopulations carried out in the 

second half of the 20th century have made the area of Sierra Nevada range from 2.5 to 

25%. 

In the southern margin of Sierra Nevada, the main reforested zones correspond to 

spaces that were previously covered by scrubland and grasslands. Conifers have been used 

for reforestation and they have been planted following a pattern of coverage of maximum 

surface density. If the data resulting from this work are compared, reforestation implies an 

increase in the evaporation rate of 114 mm/year than if the reforested area would have been 

covered by the original thicket. Considering the 1180 ha of reforestation done in the 

Bérchules River basin, the ET increase in the basin is 1.35 hm
3
/year, that is to say, these 

actions imply an increase in water consumption similar to that used for irrigation in the 

basin. If this increase in the evaporation rate (114 mm/year) is applied to the area 

repopulated (22.5%) in the Sierra Nevada area (171,985 ha) during the last 50 years, the ET 

increase reaches 44 hm
3
/year, and it should not be forgotten that the flow associated with 

ET is subtracted directly from the total runoff of the hydrological system. The latter number 

shows that, when considering these types of actions, the variables to be analyzed, apart 

from the environmental benefits and the reduction of soil loss, should also include the 

assessment of the decrease of total runoff, especially in semi-arid areas where large 

mountains are the main source of supply of the population living in their environment and 

where aquatic ecosystems depend on very limited resources, and are therefore highly 

vulnerable to any change in the climatic conditions. 

 

4.6. Conclusions 

An HBV model for the Bérchules River basin has been calibrated using the flow data 

from the Narila gauging station, which is located at the mouth of the basin. The calibrated 

parameters of the HBV model have been used to simulate the hydrological response of the 

neighboring basin of the Mecina River, in which there is no gauging station. In both basins, 

the underground discharge component is higher than 95% of the total discharge of the 

basin, due to the outcropping of large areas of glacial and periglacial materials as a 

consequence of the deglaciation processes that occurred in Sierra Nevada. This fact 

demonstrates the importance of the effects of deglaciation on the hydrological functioning 

of the rivers of the low-latitude high mountains, by changing the infiltration capacity of the 

basin bedrock, as a consequence of the increase in temperature. This effect should be 

considered in simulations of future scenarios of the precipitation-contribution models in 

high mountain basins. 

ET has been estimated in the hydrological basins of Bérchules and Mecina from the 

temporal variation of the vegetation index obtained by satellite images. A model of surface 
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water balance has been applied to estimate the annual flow of discharge of both basins, 

which are very similar to those obtained by the HBV model. This result validates the use of 

the parameters of the HBV model obtained for the basin in which the gauging station exists 

(Bérchules) in the non-instrumented basin (Mecina). This result also validates the VI-ETo 

methodology for the estimation of ET in high mountain areas using satellite images. 

The use of HBV and VI-ETo models in high mountain hydrological basins allows the 

association of a spatial dependence to some of the variables of the hydrological model, such 

as ET infiltration and recharge that can give additional information of the operation of the 

system that would be hard to get other way. 

The joint use of the HBV and VI-ETo models opens the door to the validation of 

hydrological modeling results in ungauged basins mainly using remote information along 

with some amount of ―ground truth‖, which is directly obtained from easy to obtain field 

measurements. 

Future decisions about land-use changes, sanctioned by the river basin authorities, 

should take into account water consumptions, especially in the difficult conditions faced by 

this region in all global change predictions. 
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Abstract 

Mediterranean oak savanna is composed of a mixture of scattered oak trees, crops, pasture, 

and shrubs. It is the most widespread agroforestry landscape in Europe, and its conservation 

faces multiple threats including water scarcity, which has been exacerbated by global 

warming and greater climate variability. Evapotranspiration (ET) can be used as a proxy of 

the vegetation water status and response to water shortage conditions, providing relevant 

information about the ecosystem stability and its hydrological dynamics. This study 

evaluates a framework to estimate ET at multiple spatial and temporal scales and applies it 

to the monitoring of the oak savanna vegetation water consumption for the years 2013-

2015. We used a remote sensing-based energy balance model (ALEXI/DisALEXI 

approach), and the STARFM data fusion technique to provide daily ET estimates at 30 m 

resolution. The results showed that modeled energy balance components compared well to 

ground measurements collected by an eddy covariance system, with root mean square error 

(RMSE) values ranging between 0.60 and 2.18 MJ m
−2

 d
−1

, depending on the sensor dataset 

(MODIS or Landsat) and the flux. The daily 30 m ET series generated by STARFM 

presented an RMSE value of 0.67 mm d
−1

, which yielded a slight improvement compared 

to using MODIS resolution or more simple interpolation approaches with Landsat. 

However, the major advantage of the high spatio-temporal resolution was found in the 

analysis of ET dynamics over different vegetation patches that shape the landscape 

structure and create different microclimates. Fine-scale ET maps (30 m, daily) provide key 

information difficult to detect at a coarser spatial resolution over heterogeneous landscapes 

and may assist management decisions at the field and farm scale. 

 

5.1. Introduction 

In water-controlled ecosystems with limited water resources, soil moisture dynamics 

play a central role in the existence and spatial distribution of the different vegetation 

functional types (Rodriguez-Iturbe et al., 2001; Rundel et al., 2016). The discontinuities in 

the functioning of these ecosystems are related to an alternation in the dry and wet periods 

(Gauquelin et al., 2016). A feedback relationship is observed in these environments, where 

the vegetation water consumption strongly conditions the hydrological balance of the 

system, while plants are impacted by water stress situations. 

Higher variability in climate patterns coupled with an increase in water demand due to 

anthropogenic factors is expected to cause a considerable reduction in the quality and 

quantity of freshwater resources in the Mediterranean basin, intensifying recurrent water 

scarcity problems (Milano et al., 2013; Cramer et al., 2020). Climate forecasting models 

suggest that these regions will be subject to hotter and drier summers, with a higher 

occurrence of heatwaves and an increase in the frequency and severity of droughts 

(Thiébault et al., 2016; Lionello and Scarascia, 2018). Aridity and desertification processes 
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may lead to the abandonment of farmland and grazing areas and therefore, to land-use 

changes (García-Ruíz et al., 2011; Turco et al., 2014; Cramer et al., 2018). In this scenario 

of increased variability, accurate modeling of hydrological processes and their effects on 

the vegetation could assist decision-making when implementing government policies at 

different levels (local, regional, national, etc.), in order to mitigate global warming impact 

and reduce ecosystems‘ vulnerability. 

Evapotranspiration (ET), or the water consumed by the canopy and evaporated from 

the soil, is a key process in semi-arid landscapes. ET functions as a proxy that reveals the 

vegetation water status, responding to situations of water scarcity. Moreover, regular 

monitoring of water consumption provides information about the system's stability and its 

hydrological dynamics. The use of thermal infrared (TIR) observations from satellite 

sensors in surface energy balance models to derive ET—as latent heat flux, the available 

energy for the ET process—has been widely validated over homogeneous crops and sparse 

vegetation covers (Diak and Whipple, 1995; Bastiaanssen et al., 1998; Timmermans et al., 

2007; González-Dugo et al., 2009; Cammalleri et al., 2010), and more heterogeneous 

landscapes (Anderson et al., 2018; Knipper et al., 2019).  

Some energy balance-based modeling approaches, such as the TSEB (Two Source 

Energy Balance) (Kustas and Norman, 1999) and SEBS (Surface Energy Balance System) 

(Su, 2002) models, have been applied with good results over savanna-type landscapes, at 

different spatial and time scales, with monitoring purposes (Andreu et al., 2018a, 2018b; 

Burchard-Levine et al., 2020; González-Dugo et al. 2021). The TSEB model proposes a 

separate estimation of the surface energy fluxes over the soil and the vegetation, based on 

the disaggregation of the radiometric surface temperature measured by the thermal sensors 

between these surface components. For large-area modeling, there are approaches for 

implementing the TSEB that have the advantage of not requiring any local observations as 

input, including the ALEXI model (Atmosphere-Land Exchange Inverse) (Anderson et al., 

1997; 2007) and the associated flux disaggregation scheme named DisALEXI (Norman et 

al., 2003).  

The European oak savanna landscape (known as dehesa in Spain and montado in 

Portugal) is the most widespread agroforestry system in the continent, occupying more than 

three million hectares (Moreno and Pulido, 2009) in the Iberian Peninsula. It has a canopy 

structure composed of a mosaic of scattered oak trees (mostly Quercus Ilex L. and Quercus 

Suber L.), crops, pasture, and shrubs. Dehesas provide multiple socio-economic uses 

(livestock, agriculture, hunting, etc.) with an essential role in the economy of rural areas 

(Moreno and Cáceres, 2016). They also are biodiversity reservoirs, listed in the EU 

directive as a habitat with community-wide interest (Díaz et al., 2013). Despite its 

importance, in recent decades numerous threats are endangering the dehesa conservation, 

such as the lack of natural regeneration of tree species (Plieninger et al., 2010), profitability 

problems, or soil degradation mainly caused by the intensification of agricultural and 
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livestock activities (Coelho et al., 2004; Moreno and Pulido, 2009). Climate change is 

worsening this fragile environment.  

The multiple vegetation layers that compose this typical Mediterranean ecosystem vary 

in phenology, physiology, and function, each one contributing in a different way to the 

turbulent exchanges and the radiative transfer budget (Baldocchi et al., 2004), with impact 

on the local microclimate and hydrology. For instance, most tree species are evergreen and 

tolerate high irradiance while limiting carbon assimilation either by stomatal closure or a 

decrease of photosynthetic capacity, which are adaptation mechanisms to cope with the 

water scarcity conditions (Baldocchi and Xu, 2007; Joffre et al., 2008). Meanwhile, the 

underlayer of annual species emerges after the first rainfalls in autumn and dries up during 

the summer. 

Although the dehesa can be considered a homogeneous system on a regional scale, 

differences in tree/grass/crops/scrub and bare soil cover fractions can be observed at finer 

scales. The combined differential functioning and characteristics of the different patches of 

vegetation affect the biogeochemical flux dynamics, resulting in a high spatial and temporal 

variability and creating distinct intra-ecosystem microclimates (Chen et al., 1999; Johnston 

et al., 2021). This structure plays an important role in dehesas‘ resilience, making the 

system an efficient convector of sensible heat and keeping the canopy surface temperature 

within the survival range (Baldocchi et al., 2004). 

Within this context, the monitoring of ET with high resolution in both time and space 

can help to assess landscape structure and to perform a disaggregated evaluation of areas 

mostly covered by grasslands, and areas with higher tree or bush coverage. The analysis of 

the spatial and temporal variations in the hydrological conditions controlling the production 

of pastures and acorns, the two primary sources of livestock feed in the dehesa, can provide 

information critical for adjusting management practices at the farm scale, with an important 

impact on the ecosystem conservation and profitability. 

Space agencies and companies are making major efforts to distribute high-resolution 

products, but the current satellite programs present limitations in offering thermal 

information with high spatial and temporal resolution (e.g., 30 m/daily) simultaneously. An 

additional problem is the presence of clouds that often result in longer periods without 

useful images. Multi-scale remotely sensed data fusion techniques are a viable alternative 

to improve the spatio-temporal resolution of ET estimates derived from thermal-based 

modeling. The Spatial and Temporal Adaptive Reflectance Fusion Model, STARFM, was 

developed by Gao et al.  (2006) to initially integrate surface reflectance data from multiple 

sensors (Zhu et al., 2010; Walker et al., 2012), but more recently it has been applied to fuse 

ET retrievals with satisfactory results in homogeneous agricultural and forested/mosaic 

areas (Cammalleri et al., 2013, 2014; Semmens et al., 2016; Yang et al., 2017; Anderson et 

al., 2018; Knipper et al., 2019). These studies demonstrated that data fusion modeling 
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improved the accuracy in the estimation of the water consumed by the vegetation, 

identifying small areas with deficits or excessive irrigation.  

This research monitors the vegetation water use in the oak-grass savanna landscape of 

a small Mediterranean watershed of Southern Spain at different spatial and temporal scales. 

The specific objectives of the study were: 

i) To evaluate the utility of a surface energy balance model 

(ALEXI/DisALEXI) and the STARFM data fusion technique, using multiple remote 

sensing platforms (Landsat 7/8 and MODIS), to estimate high-resolution ET in time 

and space over the complex canopy structure of Mediterranean oak savannas. 

ii) To analyze the opportunities offered by this high-resolution product to 

provide information that is useful to improve the water and vegetation management of 

this agroforestry system at a field scale. To do that, we evaluated the water use patterns 

of the herbaceous stratum and other small heterogeneous vegetation patches typical of 

the dehesa (e.g., scrubs, humid areas, creek shore), which shape the landscape structure 

and reflect the existence of different micro-ecosystems and climates. Finally, the 

cumulative monthly ET generated by the different approaches with different spatial 

resolutions (1 km and 30 m) was quantified over the same vegetation patches. 

 

5.2. Materials and Methods 

5.2.1. Description of the Study Area and Experimental Site 

The study was conducted over the Martin Gonzalo watershed (48.4 km
2
), part of the 

larger Guadalquivir River basin located in Southern Spain (Figure 5.1a,c). The elevation 

range varies from 760 m in the north to 280 m at the outlet of the watershed, where there is 

a dam. The continental Mediterranean climate of this area is highly seasonal, with 

moderately cold winters alternating with hot and long dry summers. The rainfall presents 

intra- and inter-year variability, with an annual average of 895 mm (from 1990 to 2015) 

concentrated during spring and fall. 

The landscape is mainly occupied by homogeneous dehesa, along with some conifer 

forests and olive groves. Dehesa is a Mediterranean oak savanna, whose canopy structure is 

composed of sparse clumped trees and a grassland or crops understory. In this ecosystem, 

extensive livestock production fed with acorns and grass is the main economic activity, but 

they also provide other uses, such as cork, cereal production, hunting, mushroom 

harvesting, and beekeeping. They offer as well multiple environmental services, such as 

biodiversity hotspots, water provisioning, CO2 fixation and high diversity of habitats 

(Campos et al., 2013; Moreno and Cáceres, 2016). 
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Figure 5.1. (a) and (c) Location of the study area and experimental site; (b) Aerial photograph of 

validation site showing the distribution of the three fields discussed in the text. ECT: eddy 

covariance tower. The orange ellipse represents the predominant fetch of the ECT. 

 

Ground validation measurements were taken at an experimental site (Santa Clotilde, 

38° 12′ N, 4° 17′ W, 736 m a.s.l, Figure 5.1c), located in a dehesa farm within the studied 

watershed. The setup included an eddy covariance tower (ECT) over the combined tree + 

grassland system and two grazing exclusion enclosures (over open grassland and under an 

oak tree respectively) to take into account the heterogeneity of the area (Figure 5.1b). All 

energy balance components: the turbulent fluxes of sensible heat (H) and latent heat (LE), 

net radiation (Rn) and the heat flux transport across the surface soil (G), were measured 

continuously. 

The ECT system was installed on a tower at 18 m above ground level in April 2012, 

registering the ecosystem response as a whole (Figure 5.2a). The system included a 3D 

sonic anemometer (model CSAT3, Campbell Scientific Inc. Mention of trade names or 

commercial products in this publication is solely for the purpose of providing specific 

information and does not imply recommendation or endorsement by the U.S. Department of 

Agriculture) that measures horizontal and vertical fluctuations of temperature and wind 

speed, and a hygrometer (model KH20, Campbell Scientific Inc.) to estimate water vapor 

fluctuations, the latter being replaced in 2015 by an open Path CO2/H2O Gas Analyzer 

LICOR-7500, taking simultaneous measurements of carbon dioxide and water vapor in 

turbulent air structures (Figure 5.2b). These eddy covariance measurements were recorded 
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with a frequency of 10 Hz and corrected for density effects due to heat and water vapor 

transfer (Webb et al., 1980). 

 

 

 

Figure 5.2. (a) Eddy covariance tower (ECT) over the combined tree + grassland system; (b) 

equipment installed on the tower; (c) Grazing exclusion enclosure over open grassland. 

 

A relative humidity and air temperature probe (model HMP155, Vaisala) and a net 

radiometer (model NR-Lite, Kipp&Zonen, Delft, Netherlands) to obtain the net radiation 

were also installed at the tower. In 2015, the net radiometer was replaced by a four-

component-net-radiation sensor (model NR01, Hukseflux Thermal Sensors, Delft, 

Netherlands) (Figure 5.2b). More information on the experimental site and the equipment 

can be found in Andreu et al. (2018a) and Carpintero et al. (2020). 

The quality of the energy balance fluxes measured with the ECT was tested by Andreu 

et al. (2018a) for the 2012 summer season, resulting in an average closure balance (Rn − G 

= LE + H) of 86% of available energy. For the period 2014–2015, the closure balance was 

91%. For the comparison with modeled LE, the latent heat fluxes obtained by forcing the 

closure of the energy balance with the residual method was preferred to direct LE 

measurement. This method assumes that the sensible heat, H, is correctly measured and LE 

is obtained by solving the surface energy balance equation. Daytime-integrated energy 

fluxes were calculated by averaging half-hourly values focusing on daytime fluxes and not 

considering overnight fluxes.  
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5.2.2. Modelling Framework  

Figure 5.3 shows the flowchart of the modeling framework applied for the period 

2013–2015. The process starts with a global ET product (5 km, daily) developed using the 

ALEXI model based on MODIS day-night temperature differences (Hain and Anderson, 

2017). In the second step, the ALEXI ET fluxes are disaggregated to higher resolutions 

over the study area, using the flux disaggregation scheme DisALEXI applied to both 

MODIS (1 km, daily) and Landsat 7/8 (60-100 m, 16 days) images. Finally, both types of 

ET maps, the infrequent Landsat at 30 m resolution and the daily images at MODIS-scale 

generated by DisALEXI, are combined using the data fusion technique STARFM to 

provide ET estimates with both fine spatial (30 m) and temporal (daily) resolution.  

 

Figure 5.3. Flowchart of modeling framework applied to generate high resolution ET estimations. 
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5.2.2.1. ALEXI/DisALEXI Model 

The Atmosphere-Land Exchange Inverse (ALEXI) model (Anderson et al., 1997, 

2007) and the associated flux disaggregation technique (DisALEXI) (Norman et al., 2003) 

are based on the Two Source Energy Balance (TSEB) model. 

The TSEB model partitions the surface blackbody radiance into the soil/substrate (TS) 

and vegetated canopy (TC) blackbody temperatures, being weighted by the cover fraction of 

each component at the sensor view angle, f (φ), and resulting in: 

𝑇𝑅𝐴𝐷 𝜑 ≈  𝑓 𝜑 𝑇𝑐
4 +  1 − 𝑓 𝜑  𝑇𝑠

4 
1

4                          (5.1) 

The surface energy balance is solved for the whole soil-canopy-atmosphere system, 

and for each individual component, with Equations 5.2-5.3: 

𝑅𝑛𝑠 = 𝐻𝑠 + 𝐿𝐸𝑠 + 𝐺                                                       (5.2) 

𝑅𝑛𝑐 = 𝐻𝑐 + 𝐿𝐸𝑐                                                                (5.3) 

where the subscripts ―s‖ and ―c‖ represent fluxes from the soil and canopy, 

respectively. Norman et al.  (1995) present a description of the original model, and further 

improvements can be found in Kustas and Norman (1999). 

The ALEXI model was designed to reduce the use of ancillary meteorological data 

while maintaining a physically realistic representation of land-atmosphere exchange over a 

wide range of vegetation coverages. ALEXI implements the TSEB in a time-differential 

mode, applying this scheme two times during the morning, using surface radiometric 

temperature data generally provided by geostationary satellites. In this mode, the sensibility 

of the model to absolute temperature biases is reduced (Anderson et al., 2007). In ALEXI, 

TSEB is coupled with an atmospheric boundary layer model to internally simulate the 

effect of land-atmosphere feedback on the near-surface air temperature (Anderson et al., 

2012). One limitation of this procedure is the dependence on geostationary datasets, with 

different calibrations and temporal extensions. For this reason, in this research, a global ET 

product developed using the non-geostationary MODIS sensor day-night temperature 

differences has been used. As a result, ALEXI generates surface energy fluxes at the 

continental scale, but at the coarse spatial resolution, of several km. 

The DisALEXI scheme runs the TSEB using higher resolution thermal data from 

polar-orbiting satellites, such as MODIS or Landsat, for mapping finer spatial resolution 

fluxes. It iteratively adjusts the air temperature boundary conditions such that the 

disaggregated daily ET flux field reaggregates up to the coarse-resolution ALEXI regional 

baseline. This spatial disaggregation technique facilitates consistent flux evaluations at 

local to continental scales (Anderson et al., 2012). This ALEXI/DisALEXI framework has 



Chapter 5 

111 

 

been widely evaluated across the United States and Europe (Anderson et al., 2004, 2010, 

2012). 

 

5.2.2.2. Remote Sensing Data Fusion Method 

The STARFM model (Gao et al., 2006) is a remotely sensed data fusion algorithm that 

allows an improvement of the temporal representation of ET variations between clear 

Landsat dates. It was originally designed to blend surface reflectance data, but the fusion of 

ET maps has been successfully conducted over a number of land covers by Cammalleri et 

al. (2013, 2014) over rain-fed and irrigated agricultural areas in the Midwestern United 

States and over irrigated crops in Texas, by Semmens et al. (2016) and Knipper et al. 

(2019) over California vineyards, by Anderson et al. (2018) over the California Delta and 

by Yang et al. (2017, 2021) over forested landscapes. It combines information at a high-

temporal frequency from MODIS and high-spatial-resolution from Landsat. STARFM 

compares one or two Landsat/MODIS image pairs acquired on the same day to predict 

maps at Landsat spatial scale on other MODIS dates.  

Following the weighting function (Equation 5.4), STARFM model predicts ET for the 

central pixel of a selected moving window at generic date (t0): 

 

𝐿  𝑥𝑤
2 

,𝑦𝑤
2 

, 𝑡0 =  𝑤
𝑖=1  𝑤

𝑗=1  𝑛
𝑘=1 𝑊𝑖𝑗𝑘  𝑀 𝑥𝑖 ,𝑦𝑗 , 𝑡0 + 𝐿 𝑥𝑖 ,𝑦𝑗 , 𝑡𝑘 −

𝑀 𝑥𝑖 ,𝑦𝑗 , 𝑡𝑘                                    (5.4) 

where w is the searching window size; (xw/2, yw/2) is the central pixel of this moving 

window; n is the number of Landsat and MODIS pairs used (in this case only one pair) and 

W is the weighting factor. The weighting function (W) integrates the spatial differences 

between the Landsat (L) and MODIS (M) images on the acquisition date tk and also the 

temporal differences between MODIS images from observed and predicted dates, tk and t0 

respectively. The prediction for the central pixel only uses spectrally (or ET) similar pixels 

within the searching window. Further details about the STARFM model are provided by 

Gao et al. (2006). 

  

5.2.2.3. ET Data Gap Filling 

Prior to the fusion algorithm, MODIS and Landsat ET maps produced by DisALEXI 

were preprocessed to fill the gaps created by clouds or instrument issues (e.g., the failure of 

scan-line corrector in Landsat-7 ETM+). The gaps in MODIS images were filled to obtain a 

full daily coverage at 1 km resolution. To accomplish this, the ratio between MODIS and 

ALEXI ET was computed on MODIS days (fALEXI = ET MODIS/ET ALEXI), then 

smoothed and filled using the Savitsky–Golay method described by Sun et al.  (2017). The 
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smoothed and filled fALEXI time series maps were then multiplied by daily ALEXI ET to 

obtain daily MODIS ET (Figure 5.3). The technique used to ensure optimal spatial 

coverage in Landsat maps employing the STARFM model was described by Yang et al. 

(2017) (Figure 5.3). It combines the gapped ET image with a prediction from STARFM on 

the target date using a nearby MODIS-Landsat date pair. 

 

5.2.2.4. Simple ET Interpolation Methods 

In parallel to the application of the STARFM framework to obtain a daily 30 m ET 

series, daily ET values obtained with a simpler data interpolation method were also 

generated for comparison purposes. It used the potential ET and MODIS ET as scaling 

fluxes. The objective was to evaluate the advantages of using the STARFM technique with 

respect to these simpler and less demanding methods. In this interpolation approach, the 

ratio between the Landsat ET and a daily scaling flux (potential and MODIS ET) was 

computed on clear dates. These ratios (FPET = Landsat ET/Potential ET and FMOD = 

Landsat ET/MODIS ET) were then linearly interpolated in time and fused in the daily ET 

estimation.  

 

5.2.3. Model Input Datasets 

5.2.3.1. Landsat Data 

This work employed a set of 82 Pre-collection and Collection 1 scenes (path 200/row 

33) from the Landsat 7 and 8 satellites, acquired from January 2013 to December 2015. 

Scenes with high cloud coverage were excluded. The Landsat surface reflectance climate 

data record (SR CDR) (http://espa.cr.usgs.gov/, accessed on 2 September 2017) (distributed 

atmospherically corrected) was used to compute the leaf area index (LAI) and albedo 

parameters. A simple approach proposed by Liang et al. (2000) was applied to calculate 

albedo at a 30 m resolution using six surface reflectance bands. To estimate LAI at 30 m on 

Landsat overpass dates, the regression tree approach developed by Gao et al. (2012a) was 

used, which was trained with samples from the MODIS LAI products and Landsat 

reflectance. This method has been successfully applied to annual and woody crops (Gao et 

al., 2012a; Semmens et al., 2016). Landsat thermal band data were corrected for 

atmospheric and surface emissivity effects using the atmospheric radiative transfer model 

MODTRAN (Berk et al., 1987), and subsequently sharpened to the shortwave bands‘ 

spatial resolution (30 m) using the Data Mining Sharpener (DMS) method (Gao et al., 

2012b). 

 

 

 

http://espa.cr.usgs.gov/
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5.2.3.2. MODIS Data 

MODIS images from Collection 5 (at 1 km spatial resolution) and Collection 6 (500 m) 

with variable temporal resolution were also used as inputs in the DisALEXI application, 

including data of land surface temperature (LST; MOD11_L2), geolocation (MOD03), and 

LAI (MCD15A3). The radiometric temperature with a daily frequency was derived from 

the 5-min swath LST product, MOD11_L2. The 4-day LAI product, integrated into the 

TIMESAT algorithm (Jönson et al., 2004), allowed for creating a smoothed and filled daily 

LAI time series.   

As with other DisALEXI application inputs, the global albedo product from Boston 

University (ftp://rsftp.eeos.umb.edu/data02/Gapfilled/, accessed on 20 September 2017), in 

addition to the yearly and global MODIS product of land cover (MCD12Q1, 500 m) were 

included. The albedo data is a global gap-filled snow-free albedo product, which is 

temporally smoothed and composed over a global grid.  

 

5.2.3.3. Meteorological Input Data and Vegetation Properties 

The energy balance-based modeling framework requires several regional 

meteorological datasets: a series of surface atmospheric pressure, wind speed at 30 m, and 

air temperature and specific humidity at 2 m. These were provided every 3 h at a 25 km 

spatial resolution by the Climate Forecast System Reanalysis (CFSR) (Saha et al., 2010). 

Hourly insolation data at a spatial resolution of 25 km were also obtained from the CFSR. 

As part of the regional information, a global digital elevation model at a 30 m resolution 

from ASTER (a product of METI and NASA) and the Andalusian land cover map 2010 

were also employed. 

A set of biophysical parameters associated with the vegetation in Mediterranean 

savanna ecosystems were used. The vegetation ground cover fraction, clumping factor and 

canopy height were calculated following Andreu et al. (2018a). 

 

5.2.3.4. Input Data Filtering 

In order to isolate errors caused by poor input data quality, the insolation and LST data 

were filtered for fluxes comparison using ground information. It is known that the quality 

of insolation data is the primary driver of the total energy available for the ET process 

(Anderson et al., 2018), and TSEB is mostly driven by thermal information. Both variables 

were compared with the data measured at the experimental site, showing a mean relative 

error (mean absolute error/observed mean value; RE) of 9.4% in insolation and 14.5% in 

surface temperature. The days in which the RE value was higher than 25% in insolation 

data or higher than 50% in surface temperature were eliminated from the flux comparison 

analysis. Remotely sensed LST was compared with the half-hourly infrared temperature 

ftp://rsftp.eeos.umb.edu/data02/Gapfilled/
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value corresponding to the time of the satellite overpass. In this case, given the variations 

between both values and the mismatch representativeness (IR thermometer is mostly 

measuring canopy—Figure 5.2b), the threshold considered for filtering the data is less 

restrictive than for radiation.  

 

5.2.4. Global Remotely Sensed ET Product  

The 8-day total ET provided by a product at a 500 m pixel resolution (MOD16A2, 

Collection 6) was used for comparison purposes. This data collection uses Mu et al.‘s 

(2011) improved algorithm. It is based on the logic of the Penman-Monteith equation 

which includes inputs of daily meteorological reanalysis data along with MODIS data, such 

as albedo, LAI, fraction of photosynthetically active radiation (FPAR) and land cover.  

 

5.3. Results  

5.3.1. Evaluation of Surface Energy Fluxes at the Flux Tower Site 

The frequency distribution of the wind direction at the ECT for 2015 showed the 

southwest as the predominant fetch. A footprint analysis was performed by estimating the 

contribution areas to daily fluxes for 132 days of 2015 as described by Hsieh et al. (2000). 

An extensive description of the methodology can be found in Kustas et al. (2015). Over the 

period analyzed, it is observed that 78% of the system ECT fluxes were collected from an 

area within 130 m upwind (Figure 5.1b), with the maximum contribution to the measured 

energy fluxes at approximately 33 m upwind. According to these results, average values of 

a 3 × 3 grid cell (with 30x30 m size-cell and located to the southwest of the ECT) of the 

modeled fluxes were evaluated.  

The relationship between the daily energy fluxes (daytime integrated fluxes) observed 

at the ECT and modeled by the DisALEXI application is plotted in Figure 5.4, using 

MODIS (Figure 5.4a) and Landsat images (Figure 5.4b). The comparison was made on 

days in which both in-situ measurements and input information for the model were 

available, with a larger set of usable field data corresponding to 2014 and 2015. In addition, 

22 days were filtered from the comparison with DisALEXI/MODIS and 5 days for 

DisALEXI/Landsat, due to the lack of input data quality (for further information about the 

input data filtering, see Section 5.2.3.4). A total of 313 days were used in the comparison 

for MODIS data and 44 images for Landsat. In all three years, there was a general shortage 

of clear images and/or field measurements during the last part of the winter and early 

spring. This is the rainy season for this region and the absence of available data hindered 

incorporating enough observations representative of this period in the statistical analysis. 

Statistical metrics, such as mean absolute error (MAE), root mean square error (RMSE), 
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mean bias error (MBE) and coefficient of determination (R
2
) are presented for all the daily 

energy fluxes generated by DisALEXI application for the period 2013-2015 (Table 5.1). 

 

 

Figure 5.4. Comparison between observed and modeled daytime integrated energy fluxes obtained 

from DisALEXI procedure using (a) MODIS and (b) Landsat images for the years 2013–2015. 

 

Table 5.1. Statistical metrics of daily energy fluxes generated by DisALEXI application with 

MODIS and Landsat images for 2013-2015. 

 Flux 
Ō  

(MJ m
−2

 d
−1

) 

MAE 

(MJ m
−2 

d
−1

) 

RMSE   

(MJ m
−2 

d
−1

) 

MBE  

(MJ m
−2 

d
−1

) 
R

2
 

MODIS 

Rn 12.93 0.91 1.15 0.11 0.95 

G 1.59 0.56 0.69 0.35 0.52 

H 7.34 1.64 1.99 −0.60 0.69 

LE 4.01 1.54 1.87 0.37 0.69 

Landsat 

Rn 12.90 0.91 1.15 −0.33 0.94 

G 1.52 0.46 0.60 0.32 0.60 

H 7.52 1.56 2.18 −1.16 0.68 

LE 3.86 1.46 1.85 0.50 0.56 

Ō = mean observed flux; MAE = mean absolute error; RMSE = root mean square error; MBE = mean bias error; 

R2 = coefficient of determination. 
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Modeled Rn generally agreed with in-situ measurements (RMSE value of 1.15 MJ m
−2

 

d
−1 

and R
2
 = 0.94–0.95). Rn behavior was different depending on the satellite sensor, 

slightly overestimated with MODIS data and underestimated when using Landsat images. 

Insolation (solar incoming radiation) inputs for both applications were the same, but with 

different albedo and fractional cover values to derive the energy available for the 

photosynthesis process. The soil heat flux estimations presented a good agreement (RMSE 

of 0.69 for MODIS and 0.60 MJ m
−2

 d
−1 

for Landsat), worthy of mention in this ecosystem 

with bare soil patches and high temperatures, where G can use up to 20% of the available 

energy. 

RMSE and MAE errors observed with Landsat images were equal or slightly lower than 

those generated with MODIS for Rn, G and LE, possibly due to the better footprint 

representation of the higher resolution input data. The RMSE value for H was equal to 1.99 

MJ m
−2

 d
−1

 when using MODIS data, and 2.18 MJ m
−2

 d
−1

 with Landsat. A general 

underestimation of the H flux can be observed in Figure 5.4, corroborated by the negative 

MBE values obtained with both sensors. Modeled LE fluxes had RMSE values of 1.87 MJ 

m
−2

 d
−1

 with MODIS, and 1.85 MJ m
−2

 d
−1

 with Landsat (in mass flux units, 0.76 mm d
−1

), 

with an overestimation of the modeled fluxes (MBE of 0.37 and 0.50 MJ m
−2

 d
−1 

or 0.15 

and 0.20 mm d
−1

, respectively), except for low LE values. On the other hand, the values of 

the coefficient of determination were in the range 0.56-0.69 using Landsat and MODIS for 

both convective fluxes (H and LE). 

 

5.3.2. Analysis of ET Time Series from DisALEXI and STARFM  

Figure 5.5 depicts the ET time series generated by DisALEXI (MODIS—1 km and 

Landsat—30 m) and STARFM approaches for the years 2013–2015, along with the 

closure-corrected ET measurements acquired by the dehesa ECT system and the rainfall 

observations. It can be observed in Figure 5.5 that in this ecosystem (with ~25% fraction 

tree cover) the annual ET curve is bimodal, with two distinct peaks of different sizes. The 

largest peak occurs during the spring, reaching maximum values of around 4–5 mm d
−1

. A 

second and smaller peak appears in autumn, with maximum values of around 2–2.5 mm d
−1

 

in 2013–2014 and 1.5 mm d
−1 

in 2015. This pattern is closely linked to the distribution of 

the annual rainfall throughout the year, defining the general pattern of soil water 

availability, and the vegetation growth dynamics, as well as by the energy available for 

evaporation.  

The modeled ET reasonably reproduced the temporal dynamics of consumptive water 

use observed by the flux tower instruments. In general terms, the maximum peaks reached 

in the spring seasons, as well as the gradual decrease of ET during the end of the spring and 

summer seasons (periods with higher data available) were accurately reproduced by the 

STARFM and DisALEXI approaches (Figure 5.5).  
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The annual ET modeled by STARFM was equal to 600 mm in the hydrological year 

2013/2014 (1 October to 30 September), and 578 mm in the year 2014/2015, with rainfall 

values of 704 mm and 511 mm for each hydrological year, respectively. These results 

reflect the evolving vegetation water needs and how the ecosystem adapts to differing water 

availability conditions, with 193 mm less rainfall during the second year. It also highlights 

the major role that ET plays in the water balance of the system. 

 

  

Figure 5.5. ET time series over the dehesa ecosystem from DisALEXI/MODIS, 

DisALEXI/Landsat, STARFM approach and observed data with closure correction for 2013, 2014 

and 2015. Blue bars illustrate rainfall events and gray vertical lines indicate the starting of a 

hydrological year. 

 

Looking at the details of seasonal water use more closely, we see that the water 

consumption in the spring of 2015 was similar to that of 2014, as well as the vegetation 

growth (NDVI values were similar for both years), even though the rainfall was 

considerably lower (spring rainfall of 120 mm in 2014 and 71 mm in 2015). In this case, 

the vegetation water consumption in the spring-2015 may have been tapping soil water 

storage from an unusually high rainfall in the previous autumn (311 mm in autumn—2014 

compared to 103 mm of autumn—2013), pointing out the importance of the antecedent soil 

moisture conditions and the recharge of the subsurface layers.  

During the summers, observed ET fell to low values (around 1.1 and 1.4 mm d
−1

 on 

average for the months of July and August), with minima around 0.7 mm d
−1

 at the end of 

the dry season (in early September before the first rainfalls). In addition to this summer-

time soil-moisture limited minimum, a similar shut-down of the vegetation was observed 
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during the winter (average ET around 0.7 in January and February), due to the lack of 

insolation.  

Despite the generally good fit of ET estimations with ECT observations during the 

study period, some seasonal mismatches between modeled and observed fluxes can be 

identified. For example, modeled ET increased at the end of the summer in 2013 (on 

September 3) after a light rainfall event (<2 mm), while ET observations continued to 

decrease. While the second peak in the observed flux series is missing due to a gap in the 

field data from September 28, it appears that the rise in ET outlined by Landsat and 

STARFM preceded the observed rise following rainfall on September 27 (36 mm event). At 

the end of the dry season of 2014, similar behavior was observed with a gradual increase of 

modeled estimates starting on September 1, although it was not until September 17 when a 

significant rainfall event happened (approx. 46 mm). During the wet season in mid-May of 

2015, the model showed a lagged response to a drydown that caused the vegetation to dry 

quickly. This may be related to smoothing/gap-filling in the baseline ALEXI time series, 

which can tend to smooth out abrupt changes in fPET. 

A comparative analysis between the different daily ET series and the observed 

measurements at the ECT is shown in Table 5.2 including the quantitative performance of 

the following daily ET retrievals: (a) from DisALEXI 1 km gap-filled MODIS, (b) 

STARFM from Landsat-MODIS, and (c) from a simple Landsat-only interpolation 

technique (using the potential ET as a daily scaling input, through the ratio FPET). The 

analysis was carried out for a period of 584 days. Results obtained with the Landsat 

interpolated ET series using MODIS as a daily scaling input (not shown) are similar to 

those obtained using FPET. 

 

Table 5.2. Comparison of different daily ET retrievals modeled for the period 2013-2015. 

 MODIS 
MODIS-Landsat 

(STARFM) 

Interpolated Landsat 

(Using FPET) 

MAE (mm d
−1

) 0.589 0.539 0.596 

RMSE (mm d
−1

) 0.737 0.673 0.749 

MBE (mm d
−1

) 0.005 0.103 0.158 

 

The data fusion algorithm for estimating daily 30 m ET outperformed the simpler 

interpolation technique based on FPET and using MODIS 1-km ET, yielding an RMSE 

value of 0.67 mm d
−1

.  
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5.3.3. Evaluation of the MOD16A2 Global ET Product  

Figure 5.6 shows data of the 8-day total ET layer provided by the global product 

MOD16A2 (500 m spatial resolution) at the tower pixel, together with the data observed at 

the ECT and the water consumption modeled by the STARFM approach. The MODIS ET 

product agreed poorly with the ECT observations (MAE = 0.79 mm d
−1

 and RMSE= 1.02 

mm d
−1

), with a significant underestimation (MBE = −0.56 mm d
−1

). The error was 

unevenly distributed throughout the year, being more pronounced in the spring and summer 

seasons, and lessened in autumn and winter. This trend is observed in the three years and it 

highlights that the use of this product will underestimate ET rates over this semiarid 

ecosystem.  

 

 

 

Figure 5.6. Comparison between observed, modeled by STARFM and MOD16A2 product ET for 

2013-2015. Burnt orange bars illustrate rainfall events. 

 

5.3.4. Water Resources Management at Field Scale Using High-Resolution ET Maps 

At the field scale, the dehesa ecosystem presents variations in the distribution of 

vegetation strata (oak trees, grassland, crops, or scrubs) that affect the provisioning of 

ecosystem services and must be considered in the management of the livestock. Within this 

context, the evolution of daily ET at four characteristic micro-ecosystems/patches of the 

dehesa within the study area (Figure 5.1c), with different vegetation canopy structures and 

livestock feed production strategies has been analyzed at two spatial resolutions (30 m and 

1 km) to evaluate the potential of Landsat-scale ET retrievals (Figure 5.7). 
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Figure 5.7. Evolution of daily ET generated by DisALEXI/MODIS (1 km) and STARFM (30 m) 

over an area (denoted by the yellow polygons) of grassland (a), of grass in humid areas (b), of 

combined oak tree and grassland (c) and of oak trees and scrub (d). The green vertical dashed lines 

correspond to dates that are analyzed in Section 5.3.4. 
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Zone A (1700 m
2
) is an open grassland without trees. It is a grazing area, which 

exhibits high temporal and spatial variability in vegetation growth. Zone B (2400 m
2
) is a 

pasture area where there is a land depression accumulating water through most of the year 

and maintaining high humidity conditions. Zone C (4300 m
2
) is a mixture of tree/grass, 

with an average tree fractional cover of around ~25%, common in dehesa production 

systems and similar to the ECT surrounding area. Acorn production to feed Iberian pigs is 

usually the main economic use of these landscapes. The final area, zone D (3300 m
2
), is 

located near a stream with a high ground fraction covered by trees and an evergreen 

underlayer of scrubs.  

Significant differences were observed between the daily ET provided by 

DisALEXI/MODIS at a 1 km resolution and modeled ET with STARFM approach at a 30 

m resolution, especially pronounced over zones A and D (Figure 5.7). Despite the relatively 

small area of these sites, the 30 m spatial resolution better captured the scale of 

heterogeneity in this landscape, whereas at 1 km, multiple vegetation covers are 

contributing, resulting in similar ET patterns for all the sites at this scale. 

In the grassland area (Figure 5.7a), the STARFM 30 m ET decreases more rapidly in 

the spring than the MODIS-DisALEXI 1 km ET. This decrease corresponds to the drying 

of the herbaceous stratum, and thus the reduction in the available pasture for forage. 

Because there are no trees in the STARFM extraction area, transpiration flux is not 

appreciable during the summer months. The MODIS estimates include contributions from 

surrounding trees and therefore, maintain significant ET rates during the dry seasons. In 

each year, the pasture drying process started in May and ended in early to mid-July.  

In contrast to zone A, in zone B the late spring decrease in ET is more gradual due to 

the high soil moisture conditions. The behavior during this season was accurately 

reproduced by the 30 m resolution model data. In this case, the 30 m and 1 km ET 

timeseries are more similar to the wet grassland (absent moisture limitations), mimics the 

transpiration curve of the surrounding trees. The main differences are during springtime 

peaks, where STARFM reaches values around 4.5–5 mm d
−1

, and about 4 mm d
−1

 with 

MODIS.  

In zone C, the differences between DisALEXI/MODIS and STARFM were not 

pronounced due to the homogeneity of the surrounding landscape. This type of landscape is 

representative of the most common structure of the dehesa ecosystem, following a behavior 

similar to that described in Section 5.3.2.  

Finally, in zone D we see that the 1 km MODIS information is not able to resolve the 

higher ET focused in this riparian forested area. ET estimates at 30 m suggest the use of 

groundwater (even shallow water from the creek) by the vegetation during summer, where 

the ET was maintained over 1.5 mm d
−1

, while MODIS ET incorporating surrounding 

grasslands drops to near 0. A more stable ET trend is seen over this river/scrub zone, where 

the ET reached similar maximums during the 3 years. These scrub species may have a high 
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nutritional interest both for the domestic livestock, as well as for game species (Hajer et al., 

2004). 

Cumulative annual water use curves, relevant for water resources management 

purposes, at 30 m and 1 km resolution are contrasted between relatively wet and dry 

hydrological years (2013/14 and 2014/2015, respectively) over the zones A and D in Figure 

5.8. These two areas were chosen because they showed higher scale-dependent differences 

(Figure 5.7). Total precipitation measured at the flux site was 704 mm in 2013/14 and 511 

mm in 2014/15. 

 

 

Figure 5.8. Evolution of cumulative monthly ET estimated by DisALEXI/MODIS and STARFM 

approaches for the hydrological year 2013/14 and 2014/15, over a) zone A and b) zone D. 

 

At both resolutions, cumulative ET is higher in the wet year (2013/14) as expected. 

While cumulative ET at 1 km resolution was similar between zones (around 450-500 

mm/year), the 30 m resolution data showed substantial variations between sites, with values 

ranging between 350 and 900 mm/year. 

In the open grassland area, zone A (Figure 5.8a), the DisALEXI/MODIS approach 

produced an overestimation of the annual ET in the order of 120-180 mm when compared 

with the fusion model. Differences were more pronounced during the dry season when the 

STARFM curve remained stable from May on due to grass senescence. In zone D (Figure 

5.8b), with transpiring vegetation throughout the year, the cumulative ET continuously 

increased at 30 m resolution. Neither intra- nor inter-annual significant variations in water 

consumption were observed with STARFM in this area close to a stream, probably due to 

higher use of groundwater by trees and scrubs and a lesser coupling of water consumption 
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with rainfall events. MODIS cumulative ET showed a slight plateau during the months of 

July and August, capturing the behavior of the surrounding grassland area in the analysis. 

An underestimation of approximately 450 mm/year was quantified in this area using 1 km 

resolution data. 

In addition, spatially distributed maps of ET over the Martin Gonzalo watershed and 

Santa Clotilde dehesa farm (Figure 5.1c) on three days, representative of different seasons 

of the period 2013-2015 are presented in Figure 5.9, highlighting the area with a dehesa 

ecosystem. They were produced by the ALEXI model (5 km), the DisALEXI/MODIS 

application (1 km) and the STARFM technique (30 m). 

At the watershed scale, the more detailed representation of ET at a fine resolution 

provides a better understanding of the variability of the dehesa vegetation water 

consumption. At 30 m the variations in topography and soils, affecting the vegetation 

species composition and abundance, can be observed and are largely lost at the 1 km 

resolution and not existent at the 5 km scale. At the farm scale, the STARFM model 

allowed for the observation of ET variability in the different vegetation patches previously 

described, highlighting the existence of micro-ecosystems and climates at the local scale.  
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Figure 5.9. Distributed ET maps over the Martin Gonzalo watershed and Santa Clotilde dehesa 

farm derived from ALEXI (5 km), the DisALEXI/MODIS application (1 km) and the STARFM 

approach (30 m) on three representative dates of spring, summer, and autumn seasons. Blue lines 

show the dehesa ecosystem areas. 
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5.4. Discussion 

5.4.1. DisALEXI Model Validation  

The estimation of Rn flux presented an error (RMSE = 1.15 MJ m
−2

 d
−1

) slightly higher 

compared to other applications over agricultural areas (Anderson et al., 2012; Cammalleri 

et al., 2013, 2014), but it was aligned with the errors over sparse vegetation cover crops, 

such as grapevines (Semmens et al., 2016; Knipper et al., 2019) and forested/mosaic areas 

(Yang et al., 2017; Anderson et al., 2018). Ideally, future filtering of insolation inputs needs 

to be avoided in order to build an automated application, which should include a proxy to 

account for the quality of the input data. An alternative could be to migrate to an MSG 

Land-SAF satellite insolation product. Anderson et al. (2019) tested different satellite 

insolation products generated by geostationary satellites, which significantly improved 

insolation performance over CFSR, although it did not translate into comparable 

improvement in the ET retrieval accuracy. 

Likewise, the errors in H flux (RMSE value of 1.99 MJ m
−2

 d
−1

 when using MODIS 

data and 2.18 MJ m
−2

 d
−1

 with Landsat) were higher than other applications over 

agricultural areas (in the range of 1.2-1.7 MJ m
−2

 d
−1 

observed by Cammalleri et al. (2013, 

2014) and Semmens et al. (2016), but in the same range as those obtained in more complex 

vegetation (Yang et al., 2017; Knipper et al., 2019). 

In relation to LE flux modeled by DisALEXI, a similar behavior over another dehesa 

site (fluxnet code ES-LMA) using LST data measured in the field and MODIS images, was 

observed by Andreu et al. (2018a, 2018b). These authors used a lower Priestley-Taylor 

coefficient and stated that even integrating the green fraction and reducing the coefficient, 

during the dry season the flux was so low as to approach zero. Furthermore, the same trend 

had been previously observed by Carpintero et al. (2014, 2016) in the study area, where the 

scheme was applied using a different meteorological dataset source and study period. In 

this regard, Burchard-Levine et al. (2020) implemented the TSEB model over a dehesa area 

with modifications, considering phenological dynamics of this tree-grass ecosystem and 

assuming a dominant vegetation structure and cover for different seasons, and different 

seasonal vegetation parameters. This new adaptation improved the model performance, 

decreasing the overestimation of LE flux and RMSD errors compared to the application of 

TSEB assuming a single vegetation source. 

 

5.4.2. Temporal Patterns in ET Curves  

The ET time series estimated for the hydrological years 2013/2014 and 2014/2015 

reflected the evolution of the vegetation water consumption, depending on water 

availability. Both hydrological years have similar ET rates, despite the lower precipitation 

rates in the second one. In 2014/15 water use exceeded the rainfall, suggesting that the 

vegetation tapped water from other sources to sustain transpiration rates within a threshold 
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that plants could survive. It is known that oak tree roots are able to explore a large volume 

of soil, with a high dependence on deep water reserves (Moreno et al., 2005; Cubera and 

Moreno, 2007). Moreover, oaks form both arbuscular and ectotrophic mycorrhizae, and 

create mycorrhizal symbioses with partners, adapting to different conditions and accessing 

many different resources (Allen, 2015). 

The similarity of water consumption in spring 2015 with respect to 2014 (with a 

significantly lower rainfall but an unusually high rainfall in the previous autumn) 

highlighted the importance of significant antecedent rainfall events to recharge the 

subsurface layers. In this sense, Fernández (1993) found a significant correlation between 

grassland species abundance in the dehesa and autumn rainfall. 

The ET values observed during the summers (Figure 5.5; minima values of 0.7 mm d
−1 

at the end of the dry season) were comparable with David et al.‘s results (2007), who found 

that oak trees maintained transpiration rates above 0.7 mm d
−1

 during the dry season with 

more than 70% of the transpired water being taken from groundwater sources. In seasons 

with low LE values (summers and winters), the uncertainty in the data observed by the 

eddy covariance system (Burba and Anderson, 2010), added to the fact that LE flux was 

obtained by closing the balance with the residual method must be considered in the error 

assessment. 

The accuracy of the different modeled daily ET series, shown in Table 5.2, is below the 

target error of 0.8 mm d
−1

 suggested by Seguin et al. (1999). The errors (RMSE = 0.67 mm 

d
−1 

with STARFM approach) were close to those found by other authors for woody sparse 

semiarid crops (Padilla et al., 2011; Mateos et al., 2013; Andreu et al., 2018b), and slightly 

higher than the RMSE value (~0.5 mm d
−1

) found by Campos et al. (2013) and Carpintero 

et al. (2020) in a dehesa ecosystem using a locally calibrated remote sensing-based soil 

water balance. 

 

5.4.3. Performance of MOD16A2 ET 

Sriwongsitanon et al. (2020) showed a strong agreement of MOD16A2 values with the 

bulk ET computed using a water balance framework in the forested humid tropics of 

Thailand, on a monthly and annual scale. The estimations from that study were consistent 

with the soil moisture conditions and land use classes. An acceptable accuracy of this 

product was also found by Aguilar et al. (2018) and Niyogi et al. (2020) for water 

consumption monitoring over agricultural areas in Northwestern Mexico and Indiana 

(Midwestern United States). Comparisons of this product with in-situ measurements at 15 

flux tower sites with different climates and biome types ranging from croplands, grasslands, 

shrublands, savannas, to forests over Europe were evaluated by Hu et al. (2015). The global 

ET was consistent over most of Europe, with the best results over crops and meadows 

located in a temperate and humid climate. However, the seasonal performance of 
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MOD16A2 was worse over vegetation under a semiarid climate, with RMSE equal to 1.17 

mm d
−1

, comparable to the error found in this work (Figure 5.6; RMSE = 1.02 mm d
−1

). 

Global product ET was always underestimated for a dehesa ecosystem in Spain (similar 

study area and results to those of this work), demonstrating the weakness of this algorithm 

over limited water availability conditions (Hu et al., 2015). The same behavior of ET 

underestimation was observed over a semiarid region in Iran (Jamshidi et al., 2019), 

highlighting the high dependence of MOD16A2 performance with the climate type. 

As shown in Figure 5.6, through the STARFM framework application we were capable 

of estimating with higher accuracy the temporal trend of ET (mm 8d
−1

) for this semiarid 

ecosystem, when compared with the MOD16A2 product. 

 

5.4.4. Variability of Dehesa Vegetation Water Use at Field Scale 

Dehesa landscape structure features, with variations in the distribution of vegetation 

strata, are associated with the creation of different microclimates, directly influencing 

ecological processes, such as plant regeneration and growth, soil respiration, nutrient 

cycling, and wildlife habitats (Chen et al., 1996). 

The trends observed in the grassland area (zone A; Figure 5.7a), where the pasture 

drying process started in May and ended in early to mid-July, were consistent with the 

pasture production cycle observed in a similar dehesa farm in Spain (Las Majadas). The 

maximum production was obtained in the spring (around 60–70%) and autumn (15–20%), 

while the pasture growth was at a minimum in winter (5–15%) and zero in the summer 

(Moreno and Cáceres, 2016). Information about the pasture drying date at Landsat-scale, 

for which a high temporal frequency is crucial, can benefit the assessment of the nutritional 

quality for livestock feed (Moreno and Cáceres, 2016). The ET behavior in zone B (Figure 

5.7b), where high humidity conditions existed, demonstrates the greater transpiration and 

production capacity of these moist grasslands, important for managing grazing rotations. 

Due to the great expansion of the zone C vegetation structure (Figure 5.7c; a mixture of 

grass and trees with a low coverage fraction), previous applications of models for 

estimating water consumption at a low spatial resolution (from 1 km to 5 km) generally 

have worked well over this ecosystem. These models have provided very useful 

information at the basin or regional scale (Andreu et al., 2018a, 2018b; González-Dugo et 

al., 2021). In zone D, the high spatial resolution ET reflects the presence of dense evergreen 

vegetation transpiring throughout the year. These areas provide essential ecosystem 

services, such as shelter for livestock and wildlife (rabbits, Iberian Lynx, etc.), or the 

creation of specific conditions under the canopy, with different radiation interception, and 

soils with increased fertility and water retention (Joffre et al., 1993). 

The spatial variability in the ET maps is represented in Figure 5.9 over the Martin 

Gonzalo watershed (left) and Santa Clotilde farm (right). From a hydrological modeling 
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viewpoint, the 30 m resolution ET product may be very useful to identify and delineate 

hydrological zones with different water storage capacities and runoff processes within the 

basin. Nevertheless, the coarse resolution may be enough for regional managing purposes, 

such as drought monitoring. At the field scale, regular availability of this type of map can 

lead to developing better agricultural management decisions related to grazing rotations, 

delineating areas containing fragile ecosystems and important ecological riparian areas with 

higher water holding capacity and vegetation cover that can sustain a wide diversity of 

plant and animal species. 

 

5.5. Conclusions 

The ALEXI/DisALEXI model and the STARFM data fusion technique adequately 

estimated the ET dynamics of a Mediterranean oak savanna at fine spatial and temporal 

resolution (30 m, daily) for the period 2013–2015. The energy fluxes provided by 

DisALEXI using MODIS images (1 km, daily) and Landsat images (60–100 m, 16 days) 

were compared with in-situ measurements from an eddy covariance flux tower system. The 

modeled fluxes compared reasonably well to field observations, with RMSE values ranging 

between 0.60 and 2.18 MJ m
−2 

d
−1

 depending on the sensor resolution and the flux 

component, a similar range to those obtained by other authors over complex landscapes. In 

addition, the daily 30 m ET series from STARFM model obtained a RMSE value of 0.67 

mm d
−1

, which is considered an acceptable error for dehesa management purposes.   

The ET time series generated by both approaches, DisALEXI and STARFM with 

different resolutions, showed an annual bimodal behavior of the vegetation water 

consumption over the dehesa structure (grass and trees, with a tree cover fraction of 25%), 

with two marked peaks of different magnitudes (around 4-5 mm d
−1

 during the spring, and 

between 1.5 and 2.5 mm d
−1

 in the autumn). Modeled ET accurately reproduced the 

temporal dynamics of the water consumed by the vegetation, clearly linked to the 

distribution of the annual rainfall and the energy availability. Nevertheless, some 

difficulties of the model to reproduce certain abrupt changes in the ET behavior were 

identified, showing some limitations of the modeling scheme without more frequent 

observations and the importance of high-quality input data. 

The results showed that when the data fusion model was applied, a slight improvement 

of RMSE, compared to using MODIS or simpler linear interpolations with Landsat data, 

was observed. This can be due to the combination of daily temporal frequency capturing 

the changes in ET and the high spatial resolution providing a better representation of the 

footprint of the flux tower. Modeled annual ET, close to 600 mm for both hydrological 

years despite their different rainfall regimes, provides an indicative value of current 

vegetation water needs and how the system adapts to meet these needs under the different 

water availability conditions. Holm oak‘s ability to explore a large volume of soil and 
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access groundwater resources under higher than typical water-limited conditions can 

explain a lack of a difference in ET between years and the minimum modeled values of 

transpiration of 0.7 mm d
−1

 at the end of the dry season. However, for periods of long-term 

and sustained drought, the ecosystem is likely to have a different response.   

The major advantage of the data fusion technique and the high spatio-temporal 

resolution was found in the analysis of ET dynamics over different vegetation 

microbiomes, characteristics of the dehesa landscape. The results showed that high-

resolution ET maps (daily, 30 m) can provide key information to better understand the 

hydrological functioning of different vegetation distributions difficult to detect at a 1 km 

pixel resolution and assist in decision making at the farm or local level. However, 1-5 km 

resolution ET information may suffice for regional monitoring and water planning 

purposes, such as regional drought detection and impacts on water resources of different 

biomes. 
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Evapotranspiration plays a crucial role in controlling the water balance of a catchment. This 

dissertation has advanced the available knowledge about the estimation of 

evapotranspiration and its dynamics over Mediterranean heterogeneous ecosystems. We 

demonstrated the utility of SWB and SEB approximations, integrating different sources of 

remotely sensed data and based on different approaches, to estimate the water consumed by 

Mediterranean landscapes. The strengths and weaknesses of each methodology have been 

analyzed. Recommendations to improve management at the local and regional scale, based 

on technical, distributed, and high-quality information has been provided and may 

contribute to reducing these ecosystems' vulnerability.  Although our research has been 

focused on dehesa landscapes, a typical man-made system widely spread in the southern 

areas of the Iberian Peninsula, the variability of the region has been represented, addressing 

the study of other Mediterranean landscapes. 

 

In chapter two, one of the parameters needed as input by the VI-ETo method (SAVI index 

of pure vegetation, SAVImax) proved to be different in holm oaks and olive trees when 

compared to other Mediterranean tree crops, as a consequence of the differential spectral 

response of these species. Specific values of this parameter were recommended for both 

vegetation covers (SAVImax=0.51 for oak trees and SAVImax=0.57 for olive trees), which 

share some morphological features to cope with the recurrent dry periods in the 

Mediterranean climate. The use of appropriate values had notable implications in the 

computation of ET and water stress, as opposed to using a generic value for Mediterranean 

crops (SAVImax= 0.75). These results highlighted the importance of including these species‘ 

spectral properties in ET modeling, which could affect irrigation recommendations and the 

precise estimation of water resources. 

In chapter three, the VI-ETo method accurately reproduced the temporal dynamics and the 

annual bimodal behavior of dehesa water consumption, evaluated in an oak-grass savanna 

farm and an open grassland area, both located in Southern Spain and with eddy covariance 

flux tower equipment (RMSE = 0.47 mm day
-1

). The errors obtained were similar to those 

collected in the literature for more homogeneous systems using similar approaches. Due to 

the images‘ temporal frequency and the modeling scheme (applying a soil water daily 

balance), fast and isolated ET pulses were properly reproduced, key for understanding the 

hydrological behavior of the system. Over grasslands, the use of Sentinel images (5-day 

time step) allowed us to identify the starting dates of grass greening and drying, as well as 

the date when ET maximum rates were reached. This can be useful for management 

purposes and could help to decide the livestock grazing periods, without compromising the 

ecosystem conservation.  

To improve the modeling of ET over the complex canopy structure of dehesas using the 

VI-ETo scheme, some effective layer-specific model parameters were provided (maximum 

basal canopy coefficient, Kcb full, and depletion fraction, p), which were tested in the study 
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area. A calibration process was followed to determine the optimal values for the best model 

performance. These values took into account the heterogeneity of the oak-grass savanna 

system and were proposed for the whole system and for the grassland separately.  

An analysis of the effect of the non-photosynthetic grass layer on the vegetation cover 

fraction estimation from remotely sensed data has been performed in this work. A slight 

deviation was observed in the estimation of tree ground cover during the summer, although 

it was not significant enough to require more precise spectral mixing modelling. 

Regarding the evaluation of the VI-ETo model‘s ability to quantify water consumption over 

other typical Mediterranean vegetation covers (chapter four), daily water requirements of 

two small high-altitude watersheds in Sierra Nevada mountains were computed. The 

predominant canopies of these areas are natural vegetation formations of shrubs, holm oaks 

and grasslands, coniferous plantations, and irrigated horticultural crops. The annual 

discharge flows of both watersheds were determined from the modeled ET data, and also 

with a simple surface water balance application. They were very similar to those obtained 

with the HBV (Hydrologiska Byråns Vattenbalansavdelning) hydrological model and to the 

values measured at the outlet of one of the basins. Thus, the usefulness of the VI-ETo 

methodology to model ET dynamics on these vegetation types was demonstrated, and the 

model can be extrapolated to other Mediterranean basins. In addition, the coupled use of the 

VI-ETo and HBV models opens the possibility that in the future, hydrological models that 

require calibration can be validated with real information about the vegetation behavior 

when there are no gauging stations. 

On the other hand, in chapter five, the evolution of ET was monitored over the oak savanna 

vegetation using a remote sensing-based energy balance model (ALEXI/DisALEXI 

approach), providing different temporal and spatial resolutions estimations, integrating 

Landsat and MODIS as thermal data. Modeled energy components compared reasonably 

well to in-situ flux measurements acquired by the eddy covariance system, with RMSE 

values ranging between 0.6 and 2.18 MJ m
-2

 d
-1

 depending on the sensor and the analyzed 

flux. Thus, we demonstrated the feasibility of using a modeling scheme based on a dual-

source energy balance model on this complex landscape. The temporal and spatial 

resolution of this application might be insufficient for continuous monitoring of the 

different vegetation layers that shape dehesa.  

Thus, a remote data fusion algorithm (the STARFM technique) was used to increase the 

spatio-temporal resolution of the ET maps previously generated with the SEB approach (1 

km, daily, and 60-100 m, every 15 days). The resulting ET series (30 m, daily) provided an 

RMSE value of 0.67 mm d
-1

, which was considered an acceptable error for management 

purposes. This error was slightly lower compared to using MODIS resolution (1 km) or 

simpler interpolation methods for Landsat images due to the high temporal frequency and 

better spatial representation of the flux tower footprint. The analysis of ET patterns over 
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small heterogeneous vegetated patches that form the dehesa structure revealed the 

importance of having fine resolution information at the field scale to distinguish the water 

consumed by the different vegetation components. For example, it was key for identifying 

phenology dates of grasslands or understanding the hydrological functioning of riverside 

dense evergreen vegetation with high ET rates, important for the provision of many 

ecosystem services. Accurately modeling the different behavior of dehesa microclimates is 

useful to support farmers‘ management. 

Finally, the water stress monitoring over the whole system (oak + grass) and the grassland 

derived from the VI-ETo approach highlighted the usefulness of the ratio ET/ETo to 

identify periods of water stress, which was confirmed for the grassland by the soil water 

content measured. 

 

These results have also highlighted the need for further research about certain aspects. In 

particular, the following points were identified for future work in this area: 

- Tentative values for some layer-specific parameters of the oak trees for mapping ET 

with the VI-ETo approach, such as the maximum basal canopy coefficient  (Kcb full) 

and depletion fraction (p), have been suggested in this work. However,  these values 

require further validation and refinement in order to improve the application and 

extrapolation of this approach to other dehesa areas with different densities and 

distributions of tree canopy, and to other Mediterranean landscapes with an 

abundance of holm oak trees.  

- Our research has revealed clear differences in annual ET behavior between several 

vegetation patches that compose the dehesa landscape at the field scale and which 

are associated with the creation of different microclimates. A better knowledge of 

the relationships between these ET dynamics and other variables, such as grassland 

communities and richness, topography and soil properties, species phenology, 

biodiversity hotspots, or livestock comfortability should be explored in the future 

and may lead to interesting findings to promote the conservation of the system 

A preliminary analysis performed in this work had shown a reduced influence of non-

photosynthetic vegetation in the estimation of tree ground cover during the summer. 

However, this analysis also pointed out the difficulties to separate the soil from the dead 

grass spectra. The abundance of non-photosynthetic grass during part of the year and its 

influence on the radiation balance and evaporation from the soil, conditioning both the 

energy and water balances, deserve further attention. 
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