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SWIR
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t
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T0

Aerodynamical temperature

TAC

Air temperature in the canopy – air space

Tair

Air temperature above the canopy.

TC

Canopy temperature

Ti

Actual temperature

Ti-1

Temperature at the previous moment

TIR

Thermal part of the spectrum

TRAD

Radiometric surface temperature

TS

Soil temperature

tS

time in seconds relative to solar noon

u(z)

Wind speed at height z

uC

Wind speed at the top of the canopy

uC(grass)

Wind speed at the top of the grass

uC(oak)

Wind speed at the top of the oak

ud0+z0M

Wind- speed at height d0 + ZOM

uS

Wind speed just above the soil surface

ustar

Friction velocity

VIS

Visible part of the spectrum

w'

Instantaneous fluctuations of the vertical wind speed

wV

Vegetation clump width

x'

Wind direction

Xi

ith observed variable

Yi

ith measured variable

zd

Crown bottom height

zOM

is the roughness length for momentum transfer

zS

Height above the soil where the effect of soil surface roughness becomes negligible

zT

Measurement heights for temperature

zu

Measurement heights for wind speed

αC

Canopy albedo

αPT

Priestley-Taylor coefficient

αPT-BULK

Priestley-Taylor coefficient for the bulk system

αS

Soil albedo

αstar

Massman (1987) coefficient for the wind-speed

αy'

Cross-wind spread in the direction y'

β

Massman (1987) extinction coefficient for the wind-speed

γ

Psychrometric constant
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Δ

Slope of the saturation vapor pressure versus temperature

Δt

Selected time interval

ΔW

Net water amount accumulated in the soil plant system during Δt

ε'

Atmospheric emissivity

εC

Canopy emissivity

εS

Soil emissivity

ζ (hC)

Generalization of CdLAI

λ

Soil thermal conductivity

ρa

mean air density

σ

Stefan-Boltzmann constant

ϕ

Viewing angle

ΨH

Atmospheric stability function for heat transfer

ΨM

Atmospheric stability function for momentum transfer

Ω

Clumping factor

ω

Period of the soil heat flux
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Abstract
This work has addressed the modelling of the energy balance, integrating thermal infrared data into
the Two Source Energy Balance model (TSEB, Norman et al., 1995; Kustas and Norman, 1999), over
two extended and valuable Mediterranean ecosystems, as the dehesa and the vineyard. Throughout
the Mediterranean region, particularly in Southern Spain, the main river basins suffer an imbalance
between the supply and demand for water, largely due to the variable climatic conditions and human
activities. Dealing with the water scarcity situation must rely on the ability to improve management
with timely and accurate information about the water status of the ecosystems, that would improved
predictions of resource availability and reduced the uncertainty in decision-making processes. The
integration of remote sensing data in energy balance modelling can provide this information at
different spatio-temporal scales.
In water-controlled ecosystems there are many interrelationships between climate, soil and
vegetation, with evapotranspiration (ET) as a key variable connecting energy and water budgets. ET has
been exhaustively studied in cropped systems and different models for estimating ET at medium-large
spatial scales have been developed, based on both soil water balance and surface energy balance.
Energy balance (EB) models based on thermal remote sensing data enable updated diagnoses of the
actual surface water condition. In general, these models do not require precipitation or soil properties
inputs and are mostly conditioned by surface radiometric temperature (T RAD) observations. The
methodology that best accounts for the effects of a non-homogeneous partial canopy cover is the twosource approach (Shuttelworth and Wallace, 1985; Norman et al., 1995; Kustas and Norman, 1999), in
particular the TSEB, in which surface fluxes are divided into soil and canopy components. Previous
studies (Timmermans et al., 2007; González-Dugo et al., 2009) demonstrated the advantages of such

23

models compared to single-source versions. This partition into soil/substrate and vegetation
contributions to the radiative and turbulent fluxes, provides an estimation of vegetation transpiration.
This is of great importance for many applications, due to the difference between the fraction of the
water evaporated from the soil and the one consumed by crops/natural vegetation in the form of
transpiration, directly related to CO2 assimilation (Scott et al. 2006).
The TSEB model has been validated to a great extent over agricultural areas, with variable ground
fractional cover and under various climate conditions (Kustas and Norman, 1997; French et al., 2005;
Timmermans et al., 2007; González-Dugo et al., 2009), but mostly over homogeneously distributed
canopies. Meanwhile, studies covering woody natural vegetation and woody crops are fewer
(Cammalleri et al., 2010; Morillas et al., 2013; Guzinski et al., 2013). Mediterranean ecosystems often
present heterogeneous canopy mosaics with complex structures, disperse vegetation (generally
evergreen sclerophyll trees) and large areas of grasses, scrubs and soil, all of which greatly influence
turbulent and radiative exchanges. Thus, the ecosystem cannot be considered as a single, spatially
uniform layer for water and energy flux exchanges. Furthermore, the vegetation of these arid and
semi-arid regions is adapted to the climatic variability, with control mechanisms to face long periods of
water scarcity, which need to be integrated into the models. For these reasons, the application of EB
models over these landscapes is still a challenge.
To evaluate the ability of the TSEB to model energy fluxes over woody ecosystems under arid/semi-arid
conditions, we selected two typical Mediterranean ecosystems; a vineyard and an oak savanna, known
as dehesa in Spain. The first one is an agriculture ecosystem of great socioeconomic importance in the
Mediterranean region, while the second is an agro-forestry system that plays a fundamental role in the
rural development of the Iberian peninsula (Grove and Rackham, 2003; Papanastasis, 2004). A better
understanding of the hydrological, atmospheric and physiological processes that drive these ecosystem
functions could help to improve its management and conservation, being the dynamics of the ET a key
indicator of the health of the system (Moran et al., 2004), especially in such water-scarce
environments.
That context have been taken into account for the regional estimation of ET with the TSEB model,
analyzing some aspects affecting the EB. In particular, over the dehesa we have studied the coexistance of two vegetation layers and their effect over the wind-speed profile, the structure of the
vegetation and its impact on the overall balance, the tree/vegetation separate leaf are index behavior
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and its variability along the year, and the oak evaporative control. Over the vineyard, where the
partition between soil and canopy is especially important, we analyzed separately the TSEB component
turbulent fluxes estimations.
The accuracy on the estimates of the energy fluxes for a natural woody cover such as dehesa by means
of TSEB model, with an adjusted Priestley-Taylor coefficient reflecting the relatively conservative wateruse tendencies of this undomesticated semi-arid vegetation and a roughness length formulation which
takes into account the tree structure and the low fractional covers, is adequate and encourages future
applications. Mapping ET on a regional scale has been possible integrating earth observation
techniques and meteorological distributed information into TSEB model, better representing the
ecosystem heterogeneity and local meteorological conditions. Instantaneous latent heat values values
and the associated daily ET values were derived using

Moderate-Resolution Imaging

Spectroradiometer (MODIS) images, with 1 km spatial resolution and daily temporal frequency
(depending on the cloud coverage) for both study sites (Las Majadas and Santa Clotilde), and later
compared with ground-truth measurements. The difference between estimated and observed values is
consistent with typical uncertainties derived for the flux measurement system, being sufficiently
accurate to be employed in a distributed way and on a more regular basis. TSEB was also evaluated
using a higher spatial resolution satellite (30/120 m), Landsat-7 ETM+ and Landsat-8 OLI for the Santa
Clotilde site with similar accuracy. Distributed latent heat flux over Andalusian dehesa was mapped as
a first approach to monitor the ecosystem status on a regular basis with the objective of assessing a
future extension of the study.
The partition of the turbulent fluxes into soil and canopy components, provided by TSEB, produces an
estimation of the vegetation transpiration. It has been studied in this work over a vineyard system, by
means of directional TRAD observations at different viewing-angles that allows direct estimates of soil
and canopy temperatures and therefore, of the separate component turbulent fluxes. Values obtained
with dual-angle TSEB model indicated some degree of stress over the vegetation stands, which was not
confirmed by the results of TSEB, where the crop was transpiring always potentially.
The results presented here have been organized in chapters following the different steps in the study,
which corresponded to the different papers produced, with an introduction describing the context and
the work's framework. Up to the date, the paper in chapter 4 “Andreu, A., Timmermans, W., Skokovic,
D., 2014. Influence of thermal-component derivation for dual source energy flux estimates over a drip-
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irrigated vineyard” has already been submitted and is now under revision in Acta Geophysica journal.
The rest of Chapters are in the final editing state for their submission. Complete work have been
published in SPIE Conference Proceedings following a peer review process: “Andreu, A., Kustas, W. P.,
Polo, M. J., Anderson, M. C., González-Dugo, M. P., 2013. Modelling surface energy fluxes over a dehesa
ecosystem using a two-source energy balance model and medium resolution satellite data. Proc. SPIE 8887,
Remote Sensing for Agriculture, Ecosystems, and Hydrology XV, 888717 (16 October 2013)”,

This work was funded by the Andalusian Institute for Agricultural and Fisheries Research and Training
(IFAPA, Consejería de Agricultura, Pesca y Desarrollo Rural de la Junta de Andalucía) and the European
Social Fund Operational Programme 2007-2013, in the field of priority Axis 3 (Improving human
capital), in an 80%.
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Chapter 1: Introduction and objectives
1.1 INTRODUCTION
Throughout the Mediterranean region, particularly in Southern Spain, the main river basins suffer an
imbalance between the supply and demand for water, largely due to climatic conditions and human
activities that over-exploit water resources. Due to the difficulty of increasing water storage, dealing
with water scarcity must rely on the ability to improve management. The existence of timely and
accurate information about water use and the water status of the ecosystem would enable more
precise water accounting, improving predictions of resource availability and reducing the uncertainty
in decision-making processes.
In water-controlled ecosystems there are many interrelationships between climate, soil and
vegetation, with evapotranspiration (ET) as a key variable connecting energy and water budgets. ET is
used to predict water demands and to monitor drought and climate change (Bastiaanssen et al., 2002;
Chandrapala and Wimalasuriya, 2003; Anderson et al., 2007), for estimating water consumption over
irrigated areas and for planning irrigation schedules (Garatuza-Payan and Watts, 2005; Rossi et al.,
2010; Gonzalez-Dugo et al., 2013), for analyzing irrigation and productivity performance indicators
(Bastiaanssen et al., 1999; Akbari et al., 2007; Gonzalez-Dugo and Mateos, 2008), and for determining
moisture stress, often quantified as the deviance of actual ET from its potential value (PET; Jackson et
al., 1981). The integration of spatially distributed remotely sensed data in models for estimating and
mapping ET allows studies to expand in scale from detail to regional and continental areas, generally
more useful for management purposes, as they provide a better representation of vegetation
29

Chapter 1: Introduction and objectives

heterogeneity and account to some degree for local meteorological conditions.
ET has been exhaustively studied in cropped systems; for management purposes, estimating ET losses
for a given crop at different time scales is a need for the selection of irrigation systems, irrigation
schedules, the monitoring of crop water stress, etc. Different models for estimating ET at mediumlarge spatial scales have been developed, based on both soil water balance and surface energy
balance. The first approach includes models such as VIC (Variable Infiltration Capacity; Wood et al.,
1992; Liang et al., 1996), or ET formulations being incorporated in the hydrological calculations (as a
fraction of PET regulated from some control state variables) that perform on a semi-distributed or
distributed way, such as SWAT (Soil Water Assessment Tool; Arnold et al., 1998) or WiMMed
(Watershed Integrated Model in Mediterranean Environments, Egüen et al., 2009; Polo et al., 2009;
Herrero et al., 2010), respectively, among a wide group of models. They require spatially distributed
inputs, such as maps of land use, vegetation/crops and soil characteristics (e.g. texture, soil depth,
hydraulic conductivity); topographic information (e.g. Digital Elevation Model, DEM) and superficial
network indicators of the river basin; precipitation and irrigation information; and meteorological
variables. These ET models are regulated by the soil water content, which is dependent on the
precipitation input data and on hydraulic soil properties, which are difficult to determine on a regional
or continental scale (Beljaars et al., 1996). They usually produce continuous estimates that allow for
water use monitoring on different time-scales. However, cumulative errors may develop in the absence
of regular corrections being implemented (Betts et al., 1997).
A second approach can be found in energy balance (EB) models based on thermal remote sensing data
that enable updated diagnoses of the actual surface water condition to be provided. In general, these
models do not require precipitation or soil properties inputs and are mostly conditioned by surface
radiometric temperature (TRAD) observations. Other information required is a characterization of the
canopy coverage, along with common meteorological data such as air temperature, humidity and wind
speed. Some examples of these models in current use are: Surface Energy Balance Algorithm for Land
(SEBAL; Bastiaanssen et al., 1998), Surface Energy Balance System (SEBS; Su, 1999), the triangulation
method for temperature/NDVI (Normalized Difference Vegetation Index; Gillies et al., 1997), the TwoSource Energy Balance model (Norman et al., 1995; Kustas and Norman, 1999), and the ALEXI model
(Atmosphere – Land Exchange Inverse model; Anderson et al., 1997). One of the main disadvantages of
these approaches is, besides the complexity of the formulation, the potential input gaps caused by the
availability of thermal data at a given spatial scale and the cloud coverage, which may distort the final
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images.
In these models, the energy balance is applied over the surface by using T RAD derived from thermal
data (8–14 μm) to calculate the sensible heat flux, and then obtaining the latent heat flux as the
residual of the balance (e.g., Moran et al., 1994; Kustas and Norman, 1996; Gillies et al., 1997;
Bastiaanssen et al., 1998). This approach has to take into account the difference between T RAD and the
aerodynamic temperature (T0), required to compute sensible heat, particularly for surfaces partly
covered with vegetation (Kustas and Daughtry, 1990). Several schemes of various levels of complexity
and input requirements have been set up to solve this problem. Some of these employ empirical or
semiempirical relationships to adjust TRAD to T0 (e.g., Kustas et al., 1989; Lhomme et al., 1994;
Chehbouni et al., 1996; Mahrt and Vickers, 2004). When calibration is performed using field data,
these methods provide accurate results (Chavez et al., 2005). Another option to avoid the
determination of T0 involves applying an internal calibration to the surface temperature (Bastiaanssen
et al., 1998). This procedure also reduces the need for atmospheric correction of T RAD, which is a
cumbersome process that may introduce additional errors.
The methodology that best accounts for the effects of a non-homogeneous partial canopy cover is the
two-source approach (Shuttelworth and Wallace, 1985; Norman et al., 1995; Kustas and Norman,
1999), in particular the two-source energy balance model (TSEB) of Norman et al., (1995) and Kustas
and Norman (1999), in which surface fluxes are divided into soil and canopy components. Previous
studies (Timmermans et al., 2007; González-Dugo et al., 2009) demonstrated the advantages of such
models compared to single-source versions. This partition into soil/substrate and vegetation
contributions to the radiative and turbulent fluxes, provides an estimation of vegetation transpiration.
This is of great importance for many applications, due to the difference between the fraction of the
water evaporated from the soil and the one consumed by crops/natural vegetation in the form of
transpiration, directly related to CO2 assimilation (Scott et al. 2006).
The ET models described above have been validated to a great extent over agricultural areas, with
variable ground fractional cover and under various climate conditions (Kustas and Norman, 1997;
French et al., 2005; Timmermans et al., 2007; González-Dugo et al., 2009), but mostly over
homogeneously distributed canopies. Meanwhile, studies covering woody natural vegetation and
woody crops are fewer (Cammalleri et al., 2010; Morillas et al., 2013; Guzinski et al., 2013). Natural
ecosystems are generally heterogeneous, and their regime strongly relies on the physical
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environmental conditions (temperature, wetness, insolation...). In many regions, the most densely
monitored areas correspond to agricultural uses, which may limit the availability of detailed weather
datasets elsewhere in practice. Moreover, the topographic gradients in non-cropped systems often
require a distributed approach for an adequate characterization of the weather variable. EB models
constitute a promising and powerful tool to overpass these constraints. Mediterranean ecosystems
often present heterogeneous canopy mosaics with complex structures, disperse vegetation (generally
evergreen sclerophyll trees) and large areas of grasses, scrubs and soil, all of which greatly influence
turbulent and radiative exchanges. Understanding the functioning of these ecosystems necessitates
partitioning the system between the vegetation layers with different phenologies and functions and
the soil. While the trees are evergreen and probably have access to water sources throughout the year
(David et al., 2004; Campos et al., 2010) by using deep sinker roots, the herbaceous layer which dries
out before the summer depends on topsoil moisture (Joffre and Rambal, 1993; Baldocchi et al., 2004).
Thus, the ecosystem cannot be considered as a single, spatially uniform layer for water and energy flux
exchanges. Furthermore, the vegetation of these arid and semi-arid regions is adapted to the climatic
variability, with control mechanisms to face long periods of water scarcity, which need to be integrated
into the models. For these reasons, the application of EB models over these landscapes is still a
challenge.
To evaluate the ability of the TSEB model to model energy fluxes over woody ecosystems under
arid/semi-arid conditions, we selected two typical Mediterranean ecosystems; a vineyard and an oak
savanna, known as dehesa in Spain. The first of these is an agriculture ecosystem of great
socioeconomic importance in the Mediterranean region, while the second is an agro-forestry system
that plays a fundamental role in the rural development of the Iberian peninsula (Grove and Rackham,
2003; Papanastasis, 2004). Dehesa consists of widely spaced trees (oaks) combined with crops, grass
and shrubs (Diaz et al., 1997; Plieninger and Wilbrand, 2001). Vine (Vitis Vinifera L.) is a woody species
native to the Mediterranean region, a liana with alternate leaves and a berry fruit (the grape). Even
though Iberian oak species have been defined as “regulatory” in terms of water use (Rambal, 1993)
and vineyards are usually irrigated and not directly influenced by the water shortages, water dynamics
play an important role in both ecosystems, determining the depletion of the woodland (Brasier, 1993;.
Gallego et al., 1999; Sánchez et al., 2002) in one case, and controlling the production and quality of the
crop in the other.
A better understanding of the hydrological, atmospheric and physiological processes that drive
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ecosystem functions could help to improve its management and conservation. The dynamics of the ET
can be a key indicator of the health of the system (Moran et al., 2004), especially in such water-scarce
environments. The integration of remotely sensed data into these models offers a tool for timely and
accurate ET monitoring over large areas, providing a better knowledge of the water status of soil and
vegetation, helping to assess drought impacts and designing appropriate management actions aimed
at reducing the economic and environmental vulnerability of these systems.

1.1.1 Evapotranspiration: concept, measurement methods and estimation models
From the physical perspective, evapotranspiration is divided into two processes: evaporation and
transpiration. The water exchanged from liquid to vapor between the surface and the atmosphere is
evaporation, while the liquid water vaporization from plant tissue to the atmosphere is known as
canopy transpiration. In practice it is difficult to distinguish between the amount of water evaporated
directly from bare soil and the amount transpired by vegetation cover in an area of land surface, as
both processes are affected by the structure of the vegetation. The change of state requires energy,
supplied basically by solar radiation and to a lesser extent by the air surrounding the evaporative
surface. The water and energy balance equations over a given system are coupled by the ET term, with
L, the vaporization latent heat of liquid water, changing the evaporation flux ET [mm] into the latent
heat flux (associated to both evaporation from the soil and transpiration) LE [Wm -2]. When the
surrounding air is saturated with water vapor, the net vaporization-condensation rate through the
water-air interface is zero. Besides solar radiation, the meteorological factors that influence the
process are wind speed, air temperature and humidity (Penman, 1948).
Plants lose water through their stomata, which are little openings on the leaf surface and to a lesser
degree on the cuticle, through which water vapor and other gases (CO 2 and O2) circulate. Only a small
proportion of the water absorbed by the roots (5%) contributes to the formation of new canopy cells
in the apex (growing areas) or are consumed in metabolic processes and hydrolytic reactions, while the
rest is transpired to the atmosphere. Transpiration depends on the opening of the stomata, on the
energy available for changes of state, on soil's moisture and salt content, and on the vapor pressure
gradient between the saturated air of the intercellular space and the atmosphere, which is the force
that drives the water vapor through the stomata (Brutsaert, 1984). Interactions between the wind and
the surface also influence this process, which has a thermo-regulatory objective, as the heat consumed
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chills the leaves, maintaining the temperature within certain optimal limits for biomass production. It is
primarily responsible for the circulation of water and salts through the plant (Sharma and Daniel,
1985).
The processes of evaporation and transpiration take place simultaneously, and their relative
proportions vary according to the growth state of the canopy and soil-water status. In the first phases
of an annual grass, for example, the evaporation process will prevail, because the soil is mostly
exposed and barely covered by vegetation. While the canopy is developing it will gradually cover the
soil until it reaches a maximum value at grass maturity, with water losses basically then due to
transpiration. It is not easy to measure ET directly with field instrumentation. Using indirect methods,
it can be quantified by considering its relationship with other physical parameters that can be
measured directly. Both direct and indirect methods are based on two types of factors (Rana and
Katerji, 2000) that affect the soil or the atmosphere. The first are related to the soil-water content and
the surface characteristics (albedo, canopy density and height, and surface roughness). The second
type includes meteorological factors such as solar radiation, wind speed and the thermodynamic
characteristics of the atmosphere over the surface. Rana and Katerji (2000), following Rose and
Sharma (1984), presented a classification of measurement methods based on their approaches
following the concepts of hydrology, micrometeorology and plant physiology.
1.1.1.1 Energy-balance and micrometeorological methods
In these methods, water and energy exchanges between the vegetation system and the soil and the
atmosphere are assessed. Water and energy exchanges are defined by the net flux (mass/energy per
unit of time and unit cross section) of every component in their balance equations. The energy
associated with the water vapor exchanged between the surface and the atmosphere (vaporization
latent heat), LE, is one of the most important energy fluxes, often limited by the available energy for
the process. Due to this limitation it is possible to quantify LE by applying the law of energy
conservation (Fig. 1). For the simplified system (Fig, 1.1), the instantaneous energy balance equation
can be expressed as:

Rn=G+L E+ H+ F+dS/dt

(1.1)

where Rn is the net radiation flux which reaches the system [Wm -2]; G is the soil heat-flux by
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conduction between the surface and the soil [Wm -2]; LE is the latent heat flux [Wm -2], the energy flux
associated with the water-vapor flux ET [kg m -2 s-1] by means of the vaporization heat L [J kg-1], H is the
sensible heat flux, the energy in the form of heat exchange by convection between the surface and the
atmosphere [Wm-2]. F is the photosynthesis energy flux [Wm-2]; and S is the energy stored within the
system. Equation (1.1) is usually simplified; for example, F, which represents 2-3% of the net radiation
is ignored. S is also usually not considered (Hillel, 1998; Wilson et al., 2002; Meyers and Hollinger,
2004), however, in forest ecosystems with tall vegetation, the energy storage within the biomass could
be important (McCaughey, 1985; Foken et al., 2006), and this requires further study.

Figure 1.1: Surface energy balance fluxes scheme.

In Eq. (1.1) only vertical gradients are considered, and the net rate of energy transferred horizontally
by wind advection is not taken into account. ET measuring systems using this approach include Bowen
ratio, scintillometry, and eddy covariance methods. The Bowen ratio (ratio between H and LE) energy
balance (BREB) is an indirect micrometeorological method (Bowen, 1926) that solves the energy
balance equation by measuring air temperature and vapor pressure gradients in the near-surface layer
above the evaporating surface. It is simple to apply since it does not require information about the
aerodynamic characteristic of the canopies, but it may results in ET values without physical meaning
when the Bowen ratio is close to -1. The Bowen ratio has been used in a variety of landscapes, and has
proved to be an accurate method in semi-arid environments and tall crops (e.g. Dugas et al., 1991;
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Cellier and Brunet, 1992; Frangi et al., 1996).
A scintillometer (Fig. 1.2a) is an optical device that measures small fluctuations of the air refractive
index caused by temperature, humidity, and pressure-induced variations in density. Current
scintillometers measure sensible heat flux, and to obtain ET, measurements of the net radiation (R n)
and soil heat (G) fluxes are also required (descriptions are available in Meijninger and De Bruin 2000;
Meijninger et al. 2002; Hartogensis et al. 2003; De Bruin 2008).

a)

b)

Figure 1.2: a) Scintillometer and b) an eddy covariance tower (ECT) system located in Las Tiesas experimental
farm (Source: REFLEX training course supported by the FP7-funded EUFAR and Cost Action-funded by ES0903
EUROSPEC, Barrax, Albacete, Spain)

Eddy covariance systems (ECT, Fig. 1.2b) measure sensible and latent heat fluxes, momentum flux, and
CO2 or other fluxes, depending on their configuration. The method is based on the covariance between
fluctuations in temperature and humidity (the concentration of interest), and upward and downward
turbulent eddies (Fig. 1.3). Because these fluctuations are very fast, measurements of temperature,
wind velocity, and humidity changes have to be made at high rates, with frequencies ranging between
5 and 20 Hz, and very accurately (Lee et al., 2004).
In a turbulent air flow, assuming that the air density fluctuations and the mean vertical flow are
negligible, the associated energy fluxes can be represented as the product between the mean air
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density (ρa) and the mean covariance between the instantaneous fluctuations (differences between
the instantaneous value and the average value over a given time period) of the vertical wind speed (w')
and a state variable (s'):

F≈ρa w ' s '

(1.2)

The latent heat flux, LE, is computed from the covariance between w' and the instantaneous
fluctuations of the specific air humidity (q').

L E=L ρa w 'q '

(1.3)

Figure 1.3: Eddy covariance tower system scheme.

By analogy, the sensible heat flux, H, is computed from the covariance between w' and the
instantaneous fluctuations of the air temperature (T'), following equation (1.4).

H=ρa Cp w 'T '

(1.4)

where Cp is the air specific heat at constant pressure.
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The major assumptions made by this method are that: (a) the measurements at one point can
represent an upwind area and are assumed to be made within the boundary layer of interest, (b) the
fluxes measured come from the area of interest, (c) the air flow is fully turbulent, and (d) the terrain is
horizontal and uniform. This implies that field sites for these measurements need to fulfill certain
conditions, such as being almost flat with an extensive footprint (area supplying the fluxes to be
measured), and presenting a uniform and homogeneous landscape. The height at which the sensors
must be placed depends on the height of the vegetation, the frequency response of the instruments
and the extent of the footprint and the fetch.
The flux footprint (Fig. 1.4) is the area upwind the tower where the fluxes registered are generated,
and this needs to be known to ensure the correct characterization of the measurements. The
mentioned concept fetch, refers to the distance from the tower to the end of the measuring area. The
footprint depends on the measurement height (footprint increases when height increases), the surface
roughness (footprint decreases with increasing roughness) and the thermal stability (for the same
measurement height and roughness, changes in atmospheric stability can expand the footprint several
times). Thus, a sufficient fetch with undisturbed area around the instruments is required for these
measurements to be representative. Most of the contribution usually comes from the area located
between the underneath of the tower and the end of the fetch, and a number of models to evaluate
the footprint contribution are available (Schuepp et al., 1990; Kormann and Meixer, 2001; Soegaard
et al., 2003).

Figure 1.4: Footprint contribution area scheme (Figure based on Burba et al., 2005).
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The instrumentation installed to provide the data is relatively fragile and expensive, requiring regular
maintenance, but the methodology is highly reliable (Burba and Anderson, 2005). The vertical (and
horizontal) wind component is generally measured by a sonic anemometer, which registers wind speed
by means of the speed of sound in air, using a short burst of ultrasound transmitted from one
transducer to another. The “travel time” between transducers is directly related to the wind speed
along the sonic transducer axis, and the speed of sound is directly related to air density, temperature
and humidity (Campbell Scientific, Inc. 2010; Burba and Anderson, 2005). Air temperature is measured
by using ultrafine wire thermocouples, it can be also determined sonically and be corrected later for
the effects of humidity (Munger and Loescher, 2008). Rain, dew, snow and frost on the sonic
transducer may change the path length, causing errors in the measurements.
Specific humidity is measured by means of quick-response hygrometers (Buck, 1976; Campbell and
Tanner, 1985; Tanner, 1988), which use a krypton lamp that emits two absorption lines that are
absorbed by water vapor, and to a certain extent also by oxygen, so that the water vapor fluctuations
need to be corrected for oxygen concentration. To measure CO2 flux, gas analyzers are used: nondispersive infrared (NDIR) sensor (LI-COR), narrow-band or single line LASER-analyzer. To characterize
the same eddy scales, the measurements with the anemometer and the hygrometer must be made at
the same point, or at least in very close vicinity, because the spatial separation underestimate the true
covariance aimed to be measured between the wind speed and the fluctuations in humidity. For tall
vegetation with high measurements heights, the size of the eddies increases, with the separation
between the sensors having less influence on the accuracy of the relative measurements (Kaimal and
Finnigan, 1994; Lee et al., 2004; Foken et al., 2006). Corrections are therefore required because of
instrument separation, different frequency response, coordinate rotation, and the type of hygrometer
employed (Tanner et al., 1993; Villalobos, 1997; Aubinet et al., 2000; Horst, 2000; Massman, 2000,
2001; Paw et al., 2000; Twine et al., 2000; Rannik, 2001; Sakai et al., 2001; Wilson et al., 2002;
Moncrieff et al., 2010; Mauder and Foken, 2013). Various software packages are available for
processing and correcting raw data from ECT devices (EdiRE, Clement, 1999; ECPack, Van Dijk et al.,
2004; EddySoft, Kolle and Rebmann, 2007; TK3, Mauder and Foken, 2013).
Using this system turbulent heat fluxes often appear to be underestimated when their sum is
compared to the available energy, Rn – G (closure of the energy balance equation; see Eq. 1.1). Average
closure errors are around 20% to 30% (Twine et al., 2000; Wilson et al., 2002; Foken, 2008; Franssen et
al., 2010). Possible reasons can be found in the influence of the horizontal advection, the storage of
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heat in canopies, flux divergences, photosynthesis, errors in the measurement of Rn or G, the
frequency response of the sensors, measurement errors on turbulent fluxes, and the separation of the
instruments.
In order to respond to the needs of the scientific community for CO 2, water vapor, and energy flux
data, a worldwide network database called FluxNet (Baldocchi et al., 2001), with more than 500 longterm micrometeorological tower sites equiped with ECT technology has been created (Fig. 1.5).
Various types of canopy cover, including temperate conifer and broadleaved (deciduous and
evergreen) forests, tropical and boreal forests, crops, grasslands, chaparral, wetlands, and tundra are
monitored. Either regional networks or individual projects maintain the towers.

Figure 1.5: Distribution of tower sites in the global network of networks. (From FLUXNET, Integrating worldwide
CO2, water and energy flux measurements, http://fluxnet.ornl.gov)

1.1.1.2 Measurement methods based on the soil-water balance
The most important hydrological methods for quantifying ET are soil-water balance and weighing
lysimetry. The first method is an indirect one, in which ET is obtained as a residual term by measuring
the remaining components in soil-water balance equation. The input and output water fluxes are
determined in the root zone of the soil, at regular intervals and the equation for a given interval can be
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written as:

ET=∆ W+PR +I+C−R−D

(1.5)

where ΔW is the net water amount accumulated in the soil plant system during the selected time
interval (Δt), the water inputs during (Δt) are precipitation (PR), irrigation (I) in the case of irrigated
crops, and the upward contribution from the water table (C), and the water outputs are
evapotranspiration (ET), surface runoff (R), and deep percolation (D). In areas with high slopes, inputs
and outputs due to subsurface fluxes should be also taken into account, although this component is
usually neglected. In arid and semi-arid areas with low slopes, the runoff term R may be neglected
(Holmes, 1984). This water exchange at the soil surface layer is conditioned by the physical properties
of the soil, the vegetation characteristics, and the climate pattern shown by the distribution of dry and
wet periods.
Lysimeters (Fig. 1.6) are isolated soil tanks, generally with a canopy of growths similar to the
surrounding area. They are located in the field in order to be representative of natural conditions, and
are used to determine the ET of a grown crop, reference vegetation cover or soil (Aboukhaled et al.,
1986). Lysimetry was developed specifically for obtaining direct measurements of ET, calculating it as
the water weight gain or loss of the soil contained in the instrument during a give time period ( Sharma
and Daniel, 1985). Because the root area is isolated from the environment, lateral fluxes, percolation
and capillary rise are null. The rest terms of the balance can be accurately determined. The water loss
or gain is given by the mass change over time, obtained by continuously weighting the soil tank. For
the lysimeter measures to be representative of the whole field conditions, the density of the inside
vegetation and the height and soil characteristics need to be similar to the surrounding area (Grevet
and Cuenca, 1991).
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Figure 1.6: Lysimeter system located in Las Tiesas experimental farm, outside and inside equipment (Source:
Instituto Técnico Agronómico Provincial, ITAP, Barrax, Albacete, Spain. During REFLEX training course).

1.1.1.3 Plant physiology approaches
These methods analyze the water behavior of individual plants based on their physiology. The chamber
system (Reicosky and Peters, 1977; Wagner and Reicosky, 1996) and sap flow method (Cohen et al.,
1988) are the most widely used (Rana and Katerji, 2000).
The sap flow method is based on the assumption that this flow is related to the canopy transpiration
rate. Applications at canopy scale require individual measurements to be extrapolated to the scale of
interest, which is possible when the structure of the canopy and the spatial variability (density, height
and leaf area index: LAI) are known. The effect of evaporation from the soil does not influence this
measurement and it is not assessed. In Mediterranean climates with low fractional covers, evaporation
from soil can be a very important fraction of the ET (up to 20%), which means that an additional
measurement system is required in combination with sap flow to estimate total ET.
Chambers for measuring ET were described for the first time by Reicosky and Peters (1977). These
consist of a plastic chamber in which the air is mixed continuously. Vapor density is measured with
infrared analyzers, and CO2 flux can be also evaluated. The chambers are suitable for research studies
on orchard crops such as vines and olive trees (Katerji et al., 1994, Pérez-Priego et al., 2014).
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1.1.2 Modelling evapotranspiration by means of remote sensing
Due to the difficulties of ground ET measurement, along with the cost, maintenance of
instrumentation and the punctual nature of the data, significant research efforts have been put into
estimating ET by using models with different physical foundations. These can be broadly classified into
analytical and empirical models (Rana and Katerji, 2000). The integration of remotely sensed data into
evapotranspiration models has widened its area of application from point to basin and regional scales.
There are basically two research lines devoted to ET estimation using remotely sensed information.
The first approach uses the vegetation indexes (VI) derived from airborne or satellite measured surface
reflectance, to determine crop growth and to estimate the basal crop coefficient (Kcb) (Bausch and
Neale, 1989). Together with data coming from meteorological stations to compute the reference ET
(ET0) that accounts for the atmospheric demand, it can be used to determine the crop actual ET (Allen
et al., 1998). The second approach uses the surface radiometric temperature derived from the thermal
bands of remote sensors to estimate ET as latent heat flux. LE is computed in these methods as the
residual of the energy balance (e.g., Moran et al., 1994; Kustas and Norman, 1996; Gillies et al., 1997;
Bastiaanssen et al., 1998).
The second approach requires the aerodynamical temperature (T 0) to be obtained. This is defined as
the extrapolation of the air temperature profile down to an effective height within the canopy at which
the vegetation component of sensible heat flux arises (Kalma and Jupp, 1990), which is not equivalent
to the TRAD given by the sensor. As mentioned previously several schemes have been formulated with
different degrees of complexity and requirements for input parameters to solve this problem. For
regional estimations, considering the effects of a partial vegetation cover, TSEB (Norman et al., 1995;
Kustas and Norman, 1999) is of great interest, because it formulates separately the flux energy
exchange between the atmosphere and the soil, and between the atmosphere and the vegetation.
Moreover, it has a stronger physical basis than other models and allows for adaptation to the specific
characteristics of each ecosystem, modifying some aspects of the energy balance to account for the
particular physiological, phenological and meteorological conditions.
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1.1.2.1 Earth Observation (EO) technology
Nowadays, remote sensing information has become an essential tool for research and management
applications in many fields, such as agriculture, forestry, weather forecasting, land-use policy and
cartography. EO technology refers to any method of remote observation of the surface of the Earth
that acquires information from airborne or space sensors. The advantages of using these techniques
are the global coverage of the Earth with various frequency and spatial resolutions, the nondestructive observation of ground cover, immediate information transmission, and the availability of
data in digital format. Between the surface and the sensor there is an energy interaction, either due to
the solar energy reflectance (VIS/NIR), an artificial energy beam reflectance (radar systems), or by selfemission of the surface (thermal/microwave). The signals are transmitted through the atmosphere and
captured by the sensors and are finally available for further processing in digital format (Fig. 1.7).

Figure 1.7: EO scheme for gathering and processing information.

The energy flux between the surface and the sensor takes the form of electromagnetic radiation and it
is defined by its wavelength and frequency. Although the electromagnetic spectrum is continuous, the
detectors need to divide it into a number of bands within which the radiation shows similar behavior.
The most frequently used regions in remote sensing are the visible part of the spectrum (VIS, 0.4μm –
0.7μm); the near-infrared (NIR, 0.7μm – 1.3μm), useful for discriminating canopy masses and
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humidity; medium-infrared (SWIR, 1.3μm – 3μm), where reflectance of solar energy and emissivity
from the surface are shown together; thermal (TIR, 3μm – 100μm), which includes the emissivity
portion of the spectrum in terms of ground cover temperature; and microwave bands (1 mm – 1m),
radiation that can penetrate the clouds. The reflectance is the proportion of the incident energy
reflected by a surface, a dimensionless magnitude that ranges between 0 and 1. For a given surface, it
varies depending on the wavelength, and the curve representing this variation is called the spectral
signature. This spectrum is characteristic of each surface and state, and enables land uses, materials,
canopy growth status, etc., to be discriminated and classified (Richards and Jia, 2006).
When the electromagnetic radiation passes through the atmosphere it is attenuated by absorption and
dispersion processes. The absorption is defined as the transformation that the energy undergoes when
it passes thought a medium. A fraction of the energy is absorbed by the atmospheric components (O 2,
CO2, O3 and water vapor) and emitted at different wavelengths. Satellites used in remote sensing are
designed to operate outside the regions where absorption effects are greatest, in what are called
atmospheric windows (Fig. 1.8). The dispersion process produces a change in the direction of a portion
of the incidence radiation in relation to the original one, due to the interaction between the energy
and the suspended atmospheric particles. To avoid the effects of these processes in the analysis it is
necessary to correct the original data acquired by the sensor using various methods, according to the
part of the spectrum of interest (Gordon and Morel, 1983; Saunders and Kriebel, 1988; Asrar, 1989;
Lenoble, 1993; Kaufman and Sendra, 1998).

Figure 1.8: Atmospheric windows for the satellites (Figure adapted from Casey et al., 2012).
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Sensors mounted on satellites follow an orbit around the Earth depending on the objectives and
characteristics of their mission. In general, orbits are defined by their height, orientation, and rotation
relative to the Earth. Geostationary orbits are located at altitudes of around 36000 km, always seeing
the same portion of the globe because they replicate the angular speed of the Earth (e.g.
meteorological satellites such as METEOSAT or GOES). Most of the satellites are in polar orbit, covering
the same portion of the surface at a fixed daily time, thus ensuring similar light conditions in the
information they acquire (Fig. 1.9). In their movement around the Earth the satellites cover a given
area of the surface, with the swath width depending on the satellite’s field of view (FOV) and the pixel
size on the sensor’s instantaneous field of view (IFOV).

Figure 1.9: Different satellite orbits, polar orbit with different speed than the Earth, and geostationary orbit with
the same speed than the Earth.

The resolution of a sensor is given by its ability to register and discriminate information, and it is
dependent on the combined effect of a number of criteria, such as its spatial, spectral, radiometric and
temporal resolutions (Fig. 1.10). The spatial resolution is determined by the IFOV, the height of the
platform and the sensor viewing angle. It is defined as the angular section in radians observed at a
particular time. It is usually referred to the distance corresponding to this angle over the surface. Thus,
this distance will be the minimum size of the information registered: the pixel or picture element. The
smaller the size of the pixel, the higher will be the spatial resolution that the sensor can provide; i.e. it
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will be able to discriminate a larger number of surface objects. The spectral resolution of a sensor is
the number, wavelength center and width of spectral bands that it can discriminate and register,
depending on the optical filter installed. Radiometric resolution is defined as the minimum quantity of
energy that is needed to increase the pixel value by one digital number. It is referred to as the sensor
sensitivity. The temporal resolution is the time interval between two successive image acquisitions of
the same part of the surface, depending on the orbital and sensor characteristics. Generally speaking,
meteorological satellites (e.g. NOAA, METEOSAT) have lower spatial resolution (~10 3 m) and high
temporal resolution (daily), and natural resources-monitoring satellites (such as Landsat, SPOT, IRS,
etc.) lower temporal and higher spatial resolution (~10-10 2 m).
From remote sensing information it is possible to derive biophysical parameters that describe the soil
and canopy state and dynamics, such as albedo, surface radiometric temperature, fractional cover (f c)
and LAI (Moran et al., 1997; Glenn et al., 2008; Chuvieco and Huete, 2010). Using simple numerical
combinations of spectral information measured at different wavelength, mostly the visible and near
infrared regions of the spectrum, it is possible to extract information about the state and structure of
the vegetation, minimizing the perturbation caused by soil and atmospheric conditions (Huete, 1988).
Such combinations are called vegetation indices (VI), and some of the most widely used are the
Normalized Difference Vegetation Index (NDVI) and the EVI (Enhanced Vegetation Index), computed
from the Blue (0.4 – 0.5 nm), Red (0.6-0.7 nm) and Near-InfraRed (NIR) (0.7 – 1.1 nm) regions of the
spectrum (Asrar et al., 1985; Choudhury et al., 1994; Wittich and Hansing, 1995; Huete et al., 2002;
Chuvieco and Huete, 2010).
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Figure 1.10: Spatial, spectral and temporal resolution (Source: Jensen, J. R. , 2000).

Early and late stages of plant water stress can be detected by means of the thermal portion of the
spectrum, due to the direct link between the transpiration process and the vegetation thermal
response (e.g. water evaporation from the leaves to the atmosphere cools the plant) ( Idso and Baker,
1967). Transpiration strongly affects the proper functioning of these systems, and a reduction in the
vegetation water content has an impact on the growth of plants and their physiological functions
(Hatfield, 1997). Thus, with the launch of satellite-based thermal sensors, TIR information, capable of
continuous distributed monitoring of the health of ecosystems, is available.
As mentioned above, important efforts have been put into refining and validating methods that
integrate TIR measurements for estimating evapotranspiration [see review by Kustas and Norman,
1996] using sensors’ surface radiometric temperature observations as an input. T RAD was defined by
Norman et al. (1995) as the “aggregate temperature of all objects comprising the surface”, function of
the canopy and soil temperature weighted by the fraction occupied by each component (Kustas et al.,
1990). Nevertheless, the use of space-based thermal sensor data (as well as handheld and airborne
sensor data) need to take into account the sun/sensor/viewing geometry (e.g. Lagouarde et al., 1995)
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and the atmospheric effects described in this section, on temperature measurements (e.g. Perry and
Moran, 1994).

1.1.3 Mediterranean woody ecosystems
Evergreen sclerophyll trees and shrubs with deep roots, which maintain green leaves during the
summer period (e.g. oaks, olives); semi-deciduous shrubs (vines); and annual herbs with annual cycles
completed before summer, dominate in Mediterranean environments (Ehleringer and Mooney, 1983).
These ecosystems exist under extremely high air temperatures (30 – 40 °C), large vapor pressure
deficits (exceeding 4 kPa), extremely low leaf-water potentials (3 – 7 MPa), and high radiation rates
(>30 MJm-2day-1) (Infante et al., 1997; Infante et al., 2003; Baldocchi and Xu, 2007). Due to these
conditions, canopy temperature usually exceeds air temperature in the dry period, reaching the upper
limit of the canopy temperature range (0 – 39 °C), outside which enzymatic activity is inhibited
(Bjorkman, 1980). Precipitation in these areas is around 600 – 800 mm per year, not all of it available
for the trees, due to runoff, deep infiltration, water interception (Joffre and Rambal, 1993; Lewis et al.,
2000), and the water understorey canopy use (20 – 40%) (Baldocchi et al., 2004).
In these regions, with wet and cold winters and dry and hot summers, there is an imbalance between
water supply (precipitation) and water demand (evapotranspiration) (Joffre and Rambal, 1993;
Baldocchi and Xu, 2007). Mediterranean natural vegetation has adapted to these conditions by
developing structural and physiological capabilities for survival in water-limited environments. As
Baldocchi and Xu (2007) detailed, this could be achieved by different strategies: (1) constraining the
ecosystem leaf area index with low dense widely-spaced tree landscapes (Joffre and Rambal, 1993,
Carreiras et al., 2006), e.g. oak savanna such as dehesa; (2) decreasing their transpiring canopy leaf
area (Ogaya and Peñuelas, 2006; Limousin et al., 2009; Ripullone et al., 2009); e.g. evergreen
Mediterranean oak trees modify their shoot allometry (Villar-Salvador et al., 1997), changing the
allocation rules (Pereira and Chaves, 1993), changing their leaf structure and biochemistry (Castro-Diez
et al., 1997), modifying leaf phenology (Castro-Diez and Monserrat-Marti, 1998; Limousin et al., 2012)
and the leaf life span (Mediavilla and Escudero, 2003; Ogaya and Peñuelas, 2006); (3) reducing the size
of their leaves; e.g. Mediterranean oaks have leaves much smaller than temperate climate oaks
(Taylor, 1975; Pavlik et al., 1991); (4) regulating water use by regulating physiological characteristics;
e.g. stomatal or hydraulic conductance (Xu and Baldocchi, 2003; David et al., 2004); (5) accessing
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shallow- and deep-water reservoirs, e.g. vines (Pavlik et al., 1991; David et al., 2004; Lewis and Burgy,
1964); and (6) by adopting a deciduous life form, that does not transpire during the summer months
(Mooney, 1970).
Stomatal closure is a plant response to water stress (e.g. Mediterranean trees: Martínez-Ferri et al.,
2000; Gulías et al., 2002; Mediavilla and Escudero, 2003; Galmés et al., 2007d; Gallé and Feller, 2007;
Gallé et al., 2007), and it is usually considered to be the key factor controlling transpiration during
water-scarce periods. For example, it has been established (Infante et al., 2003; Paço et al., 2009) that
the high resilience of Quercus ilex to severe droughts is due to strong stomatal regulation. Oaks
regulate their stomata by turgor and osmotic adjustment (Matzner et al., 2003), by altering their
hydraulic conductance (David et al., 2004) or by the reallocation of leaf nitrogen, reducing
photosynthethic capacity (Xu and Baldocchi, 2003). Smaller leaves have ecological advantages in semiarid climates because their thinner leaf boundary layer allows the sensible heat flux to be convected
outside the plant more effectively, enabling them to avoid reaching upper canopy temperature limits
(Parkhurst and Loucks, 1972; Gates, 1980).
As it mentioned previously, for this study two typical Mediterranean ecosystems have been selected,
vineyard and dehesa. An agricultural system and an agricultural/forestry and livestock farming form of
land exploitation. Both exist under arid or semi-arid climatic conditions, with low fractional covers and
complex canopy structures, and the possibility of a sub-canopy herbaceous layer. Dehesa combined
the understorey layer with widely-spaced oak trees, mostly Quercus ilex, Quercus suber, Quercus
pyrenaica and Quercus rotundifolia. Direct measurements of annual evaporation from oak woodlands
in Mediterranean climates are scarce (Baldocchi and Xu, 2007), but it generally lied between 350 and
600 mm per year. During periods of drought, annual evapotranspiration may even drop below 300 mm
per year (Joffre and Rambal, 1993; Lewis et al., 2000; Infante et al., 2003). A deeper understanding of
the processes driving the functioning of such ecosystems would improve their conservation, avoiding
the tendency to oak woodland depletion of the past several years (Montoya, 1998; Sánchez et al.,
2002; Coelho et al., 2004; Schnabel and Ferreira, 2004; Pulido and Díaz, 2005). Vines are a woody crop
with a heterogeneous/multidimensional structure, growing in bare soil, sometimes surrounded by an
annual herbaceous layer. The vine is a deciduous climbing shrub, whose growth period coincides with
the summer season, with a latent period during the winter. It is a perennial species, with a longevity of
20 – 30 years. Its perennial habit allows the roots to explore large volumes of soil and access
underground water during dry periods. Estimates of water demand by the crop, place it as the irrigated
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crop with fewer ratios per surface unit, along with other typical Mediterranean woody species like
olives-trees and almonds-trees (López-Urrea, 2004).
Global warming may well significantly affect these ecosystems located over rainfall transition areas,
which currently receive just enough water to scarcely support the canopy (Woodward, 1987). An indepth analysis of the climatic and soil conditions and the biotic and abiotic factors that control ET by
Mediterranean woody crops and natural lands is needed in order to evaluate how this process affects
the water balance at different scales. To do so, it is necessary to gain insight into the structure and
function of this ecosystem (e.g. radiation, energy and water fluxes), that requires the partitioning of
the system between the vegetation layers with different seasonal cycles (Fig. 1.11a and 1.11b), not
considering the ecosystem as a single homogeneous layer for the water and energy budgets.

a)

b)
Figure 1.11: Dehesa landscape evolution over a) 2013 and b) 2014 in Santa Clotilde.

51

Chapter 1: Introduction and objectives

1.2 OBJECTIVES AND DOCUMENT SCHEMA
The overarching objective of this thesis is to model evapotranspiration using thermal infrared (TIR)
remote sensing in Mediterranean woody ecosystems, as an indicator of ecosystem health and water
status. A two-source surface energy balance model (TSEB) has been revisited, adapting the formulation
to the structure and physiology of this pattern of vegetation, from detail to regional scales into
account, and analyzing the partition of turbulent fluxes between the transpiration and evaporation
components.
To achieve this objective, the study was divided into three specific sub-goals:
1) Analysis of the influence of complex vegetation structures with low fractional cover and
soil/substrate, grass and tree layers, typical of Mediterranean woody ecosystems, into exchange
modelling of the radiative and turbulent fluxes. Adaptation of the two-source surface energy balance
model (TSEB) formulation to take these effects into account using data from two experimental sites
located in a dehesa landscape. Evaluation of the general model behavior and specific key parameters,
such as the Priestley-Taylor coefficient, roughness length, energy storage within the biomass, and wind
speed profile. This work is described in Chapter 2.
2) Estimation of ET on a regional scale, with the integration of optical and thermal remote-sensing
(Landsat 7 ETM+, Landsat 8 OLI and MODIS) and meteorological data into the TSEB model. Evaluation
and validation of the results using ground-truth measurements corresponding to the experimental
dehesa sites. Evaluation of a distributed application of TSEB over the entire Andalusian dehesas. This
work is summarized in Chapter 3.
3) Evaluation of the separation of soil and canopy surface energy fluxes components produced by the
TSEB model over vineyards, using data from two airborne campaigns that provided directional
radiometric surface-temperature observations at two different viewing-angles, thus permitting direct
estimates of soil and canopy temperatures to be made. This analysis is presented in Chapter 4.
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Chapter 2: Modelling surface energy fluxes over
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thermal based two-source energy balance
model (TSEB)
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2.1 INTRODUCTION
Thermal-based energy balance techniques that distinguish between soil/substrate and vegetation
contributions to radiative temperature and radiation/turbulent fluxes have been shown to be reliable
for semi-arid sparse canopy-cover ecosystems. In particular the two-source energy balance (TSEB)
model of Norman et al. (1995) and Kustas and Norman (1999) has been shown to be robust in
partially-vegetated landscapes (Timmermans, 2007; González-Dugo, 2009). However, there are few
studies of the application of these models over Mediterranean woody ecosystems (Cammalleri et al.,
2010; Morillas et al., 2013), a challenging issue due to the complex canopy structure. These
ecosystems comprise heterogeneous canopy mosaics with very sparse (~20%) tall vegetation cover
(generally evergreen sclerophyll trees) and large areas of understorey scrub, grass and bare soil, highly
influencing the turbulent and radiative exchanges. They exist under arid or semi-arid conditions, which
together with the large variability in precipitation (Baldocchi and Xu, 2007) lead to severe and frequent
droughts; the vegetation is adapted to the surrounding conditions via mechanisms to face water
scarcity that need to be integrated into the models.
Because they are located over rainfall transition areas and receive scarcely-enough water to support
the canopy (Woodward, 1987; Brasier, 1993), climate change will affect their status. An in depth
analysis of the climatic and soil conditions and the biotic and abiotic factors that control ET from
Mediterranean woody crops and natural lands is needed to assess how this process will affect the
regional water balance in next few years. To do so, we need to gain insight into ecosystem structure
and functions (e.g. radiation, energy and water fluxes), that require the partitioning of the system
between vegetation layers that differ in phenology and functioning, and the soil. While the trees are
evergreen and may have access to sources of water all the year round (David et al., 2004; Campos et
al., 2013), the herbaceous layer which dries out before the summer months depends on top soil
moisture (Joffre and Rambal, 1993; Baldocchi et al., 2004). The ecosystem therefore cannot be
considered as a single, spatially uniform layer for water and energy flux exchanges.
An example of one such complex landscape is dehesa, a combination of an agricultural and a naturally
vegetated ecosystem, consisting of widely-spaced oak trees (mostly Quercus ilex and Quercus suber)
combined with a sub-canopy comprised by herbaceous vegetation and scrubs. This ecosystem covers
more than 3 million hectares between the Iberian Peninsula and Greece (Grove and Rackham, 2003;
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Papanastasis, 2004). It is a Habitat of Community Interest (Annex 1 of the EU habitat directive, council
directive 92/43/EEC) supporting a large number of species and diversity, and due to its importance in
rural economy and development (Diaz et al., 1997; Plieninger and Wilbrand, 2001). Although Iberian
oaks have been defined as “regulatory” species in terms of water use (Rambal, 1993), with
physiological mechanisms against water stress, soil water dynamics play a central role in the reduction
of these woodlands (Sánchez et al., 2002). In the course of the past few decades, the dehesa has been
exposed to various threats derived from socio-economic changes and intensive agricultural use (Pulido
and Díaz, 2005), which have led to the degradation of the ecosystem: reduction in tree density due to
lack of regeneration (Diaz et al., 1997; Plieninger and Wilbrand, 2001; Plieninger and Schaar, 2008),
soil degradation (Shakesby et al., 2002) such as compaction and erosion (Montoya, 1998; Coelho et al.,
2004; Schnabel and Ferreira, 2004; Pulido and Díaz, 2005) and a reduction in plant establishment
(Basset et al., 2005) and herbaceous diversity (Godefroid and Koedam, 2004). Understanding the
processes that drive ecosystem functioning will improve the management and the conservation of this
system, given that transpiration rate is a primary indicator of the forest health (Moran et al., 2004),
particularly in this water-scarce environment.
In order to integrate this complex vegetation structure, a revision of the TSEB formulation has
addressed the following main issues: 1) energy storage within the biomass, 2) roughness length and
zero displacement plane 3) and 4) wind speed profile modelling. The first was estimated via a simple
approach (Stewart and Thom, 1973; Steward, 1978) due to the difficulties of obtaining representative
ground-truth measurements. The Priestley-Taylor coefficient was evaluated by means of a statistical
model application (Agam et al., 2010). For the wind speed profile two approaches have been proposed
to incorporate the canopy layers (trees and grasses): a modification in the wind profile and a "weighted
average" of the canopy parameters involved in the estimation of the ET (including height, roughness
length, leaf area index, leaf angle distribution and leaf size). Velocity profile and roughness length
modelling have been evaluated using wind profile measurements at different heights, using different
formulations (Goudriaan, 1977; Massman, 1987; Lalic et al., 2003; Nakai et al., 2008).
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2.2 MATERIALS AND METHODS
Data from two different dehesa sites equipped with energy flux measurement systems were used to
evaluate TSEB; one was installed in Southern Spain (Santa Clotilde, Andalucía, 39°56′ N; 5°46′ W, 736 m
a.s.l) with a 1 km homogeneous fetch along the principal wind direction (SW) and the other in
Southwestern Spain (Boyal de Majadas del Tiétar, Extremadura, ES-LMa, 39°56' N; 5º°46' W, 260 m
a.s.l) within the Fluxnet network, with a 1.5 km fetch on the NE wind direction and 2 km on the SW.

2.2.1 Study areas and ground-truth measurements.
2.2.1.1 Santa Clotilde
This site is part of the Natural Park Sierra de Cardeña y Montoro, in Sierra Morena (Fig. 2.1). It is a
homogeneous landscape with smooth topography, gentle slopes (<10%) and a predominance of
oaks (mostly Quercus Ilex. L.), sparse shrub vegetation (Cistus ladanifer L. and C. albidus L.)
(Alameda et al., 2010), and extensive livestock (pigs and cattle). The estimated mean age in years
of the trees is 170 (σ = 40) (Alameda, 2010).

Figure 2.1: Location of site 1, Santa Clotilde study area and areas of dehesa system (in green) in Andalucía.
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The continental Mediterranean climate in this area is characterized by an average annual rainfall
of 720 mm, with cold winters, long dry summers and severe periodic droughts, the principal
climatic characteristic being the annual variability and irregularity of rainfall. One km from the
study area a maximum value of annual rainfall of 1800 mm was registered in 1960, and a minimum
value of less than 300 mm in 1953. The average annual temperature is 15.3° C, with January the
coldest month, with averages of 7° C and July the hottest, with 25.4° C on average. Soils are
regosols mainly composed of sand with acid granitic bedrock (Quero et al., 2007; Quero and Villar,
2009), with a maximum depth of 1.5 m, and 0.6 m on average. Bulk density (BD) was measured
with a metallic cylinder of known height and diameter, being equal to 1.57 g/cm 3. Alameda (2010)
found a similar value for the first 2-7 soil centimeters and 1.77 for the portion between 9 and 14
cm.

b)

a)

c)

Figure 2.2: a) Measurements of height of the herbaceous layer in the Santa Clotilde study area. b) Example of oak
leaves size and c) measurements of leaf area index over the area.
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The fractional ground cover of the oaks (f C) was calculated using image analysis techniques over a
color orthophotography from 2007 (Source: Sistema Cartográfico de Andalucía, Red de
Información Ambiental de Andalucía), which gave a value of ~0.20 for tree canopy cover. Water
mass was masked, as were roads, paths or covers that could distort the estimation. Such low fC
values makes it difficult to monitor tree canopy cover with remote sensing data. As Carreiras et al.
(2006) suggested, we selected a period with maximum spectral contrast between the overstorey
and the understorey, in this case the dry summer, to estimate f C. Significant parameters for the
description of canopy structure were determined in the field (Fig. 2.2a,b), such as oak leaf size (s =
0.02 m), canopy height (h C, with constant mean tree height of 8.5 m, and a seasonal variation for
the grass layer, with a maximum height of 0.7 m in April/May and dry in the summer and winter
periods), average height of the first branch (FBH = 2 m), average diameter of the trees measured
at breast height located at 1.3 m (DBH = 1.52 m) and crown width estimated with high spatial
resolution images (CW = 7m).
Leaf area index (LAI) measurements were made over the field using a linear Ceptometer AccuPAR
(model LP-80, Decagon Devices) following the distribution of the ecosystem, integrating the relatively
constant oak LAI along with the herbaceous layer LAI, with high seasonal variation (Fig. 2.2c). Only
measurements on clear days, without cloud coverage and at nadir solar position (about 12 hours GTM)
were made. Oak LAI data from another campaign were also evaluated (Fernandez-Rebollo et al., 2009).
Measurements of oak and grass spectral responses were made in the field during each growth state
using a portable system to study the seasonal variability of the vegetation (Fig. 2.3). In addition, a
number of leaves were collected and their spectral responses were measured in the laboratory
(Fernandez-Rebollo et al., 2009). Reflectivity measurements were made using the ASD FieldSpec 3
(ASDInc.) spectroradiometer, which registers radiance data in the range 350 – 2500 nm, for which a
reference panel calibrated in a laboratory was used (Spectralon, Labsphere, North Sutton, NH) to
measure incident radiation for calibration purposes. Measurements over this surface were made every
5 minutes (if atmospheric conditions over the field were very variable, between each target
measurement).
Spectral measurements over the field were made without clouds and under stable weather conditions,
between 11:00 – 13:00 GMT, in order to minimize the effects of shadowing and solar zenith changes.
Around 20 samples with a bare fiber (FOV = 25°) were taken over different trees and regenerated
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canopy, at 0.5 m height from the leaves, resulting in a circle with a diameter of 0.46 m. The
understorey was more variable, with different species, canopy heights, fractional cover and green
fractions. Fifty measurements were taken in the periods when the grass was not dry, at 1 m height
above the soil, with a diameter of 0.93 m. The sampling strategy for leaf spectrum gathering is
described in (Fernandez-Rebollo et al., 2009).

Figure 2.3: Spectral information measurements over Santa Clotilde.

All energy balance components, Rn, G, H and LE, were measured directly over the field during the
study period (15th April 2012 to 31th July 2014) and the system is still in operation (November 2014).
Turbulent fluxes were measured by an eddy covariance system (ECT), based on the statistical
covariance between the concentration of interest (temperature and water vapor) and vertical velocity
of the turbulent eddies (Fig. 2.4). The equipment is installed at the top of an 18 m tower, due to the
average canopy height, the slope and the homogeneous canopy cover. For turbulent components of
surface energy balance, wind speed was measured with a CSAT 3D sonic anemometer (Campbell
Scientific, Logan, UT), and specific humidity with a fast response hygrometer (KH20, Campbell
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Scientific, Logan, UT). Temperature was determined sonically by the CSAT, and was corrected for
moisture effects (Schotanus et al., 1983). The anemometer was oriented in the prevailing wind
direction (Southwest). The separation between the sensors was 20 cm, in accordance with the
manufacturer's recommendations and the height of the tower. These measurements were recorded in
a datalogger (CR1000, Campbell Scientific) at 10 Hz. For processing the data at high frequency,
temperature and humidity were measured independently using a probe (HMP155, Vaisala, Helsinki,
Finland,). A net radiometer (NR-Lite, Kipp & Zonen, Delft, The Netherlands) located in the tower
measured net solar radiation, with no interference from the other instruments, and was corrected for
wind speed measured with the sonic anemometer, in accordance with the manufacturer's
recommendations (Campbell Scientific).

Figure 2.4: ECT installed in Santa Clotilde study area. CSAT 3D, KH20 and net radiometer over the grass.

Turbulent flux data require a post-processing that involves the removal of anomalies ( Vickers and
Mahrt, 1997), coordinate system transformations to prevent errors resulting from equipment
alignment (Wilczak et al., 2001), air-density fluctuation corrections (Webb et al., 1980), a
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correction for the oxygen absorption of the hygrometer (Tanner et al., 1993) and finally, the
correction due to the separation of the sensors (Moore et al., 1986). For high vegetation and high
measurement heights, the influence of the separation in the results is smaller, due to the larger
eddies.(Kaimal and Finningan, 1994; Lee et al., 2004; Foken et al., 2006 ). This process employed
TK3 application (Mauder and Foken, 2013), which includes the necessary corrections and footprint
analysis if required. After processing, half-hourly average values of the turbulent energy balance
components were obtained. Soil heat flux was determined by ground heat flux plates (model HFP01,
Huseflux Thermal Sensors) installed in two grazing exclusion areas to take the heterogeneity of the
area into account (Fig. 2.5), one located over open grass (EA1) and other under an oak (EA2), at a
depth of 0.08 m, with two thermocouples buried at 0.02 and 0.06 m (Fuchs and Tanner, 1967).
Although we made this attempt to characterize heterogeneity, a better distributed installation of the
soil sensors over the area was hindered by the presence of rooting livestock (pigs) which would uproot
the sensors if they were not set inside enclosures (Fig. 2.6).

a)

b)
Figure 2.5: Grazing exclusion areas over Santa Clotilde, a) EA1 and b) EA2.

Half-hour averages of the measurements taken every 5 seconds were recorded by another CR1000
datalogger. Heat flux on the ground was calculated by adding to the direct measurement of the soil
heat fluxes at a particular depth, the energy stored in the layer above the flux plates (S g). Changes in
the calorific capacity and temperature soil over time are necessary for estimating energy storage:

S g=

(T i−Ti−1 )Cs Dth
t

(2.6)
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where Ti is the actual temperature, Ti-1 the temperature at the previous moment, D th the soil heat flux
plate depth [m], Cs the calorific capacity of the soil [Jm-3C-1] and t the time interval in seconds. For
computing Cs, the soil density, the water content and specific heat of dry soil need to be known.

Figure 2.6: Porcine livestock in Santa Clotilde.

The soil water content was measured during the first study period (2012) as the difference
between the wet and dry weights of five random samples, taken at intervals of 10 -15 days of
frequency extracted every 30 cm until the maximum depth. For the rest of the period, five
humidity soil probes (EnviroSCAN, Sentek Technologies, Stepney, Australia) measuring
continuously at depths of 10, 30 and 50 cm, were installed inside the grazing exclusion areas (Fig.
2.7).

Figure 2.7: Soil humidity probes installed in Santa Clotilde study area.
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Energy balance closure, a formulation of the first Law of Thermodynamics, requires that the sum
of latent and sensible heat be equivalent to all other energy sinks and sources (Rn – G = H + LE).
However, turbulent fluxes obtained by the method described are generally underestimated if the
sum is compared with the available energy. Possible reasons can be found in the influence of
horizontal advection, energy storage in canopies, flux divergences, photosynthesis, errors in
measurements of Rn or G, frequency response of the sensors, measurement errors on turbulent
fluxes, and separation of the instruments. The average error is around 20% - 30% (Twine et al,
2000; Wilson et al., 2002; Foken, 2008; Franssen et al., 2010 ). Twine et al. (2000) compared
different methods to force balance closure (BC), either keeping the Bowen ratio (ratio between H
and LE) or assuming that H is measured accurately and solving LE as a residual of the energybalance equation. In this case, even if we prefer to not close the balance because of existing
uncertainties in Rn and G measurements, due to failures in the calibration of KH20 during 2013
summer period, LE values were calculated forcing the closure of the EB with the residual method,
in order to be able to use the whole data series after studying the BC for the periods with all fluxes
measured. This method is used when measurements of Rn, G and H are accurate (Kizer et al.
1990; Kelliher et al., 1990; Diawara et al., 1991; Mizutani et al., 1997) as we consider to be the
case here, due to the closure balance error obtained.
For ecosystems with tall vegetation, Foken, (2008) suggested that it would be useful to incorporate
energy storage within the biomass (S), underlining that this could be a relevant flux in the total
energy balance equation. S has been estimated in this ecosystem through a simple approach
(Stewart and Thom, 1973; Steward, 1978), due the difficulty of measuring it on field scale (Wilson
et al., 2001), as a proxy of this EB component magnitude. To determine the area that contributes
most to the measured fluxes at the tower and assure sufficient fetch for remote sensing
integration (Fig. 2.8), an approximate solution for the contribution to the vertical flux ( Schuepp et
al., 1990) was computed. An additional analysis was also performed by TK3 software, using the
Kormann and Meixner (2001) model, and determining the influence of the target land-use in the
fluxes measured.
A meteorological station was installed inside the open grass exclusion area, which measured
certain variables required by the EB model, such as solar direct radiation (Fig. 2.9b, piranometer,
LP02 model, Campbell Scientific, Logan, UT), the rainfall using a pluviometer (ARG100 Tipping
Bucket Raingauge, EML, UK), and grass/soil temperature (IRTS, Campbell Scientific, Logan, UT). An
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infrared thermometer (SI 111, Campbell Scientific) was installed on the tower, and measured oak
tree temperature continuously. Both of these temperatures were corrected for tree and grass or
soil emissivity, with standard previously published values ( Campbell and Norman, 1998). Due to
the IRTS field of view (FOV), the oak canopy temperature has a slight bias caused by the part of
bare soil seen from the top of the tower (<10%), although this value will vary depending on the
season due to changes in oak phenology (Fig. 2.9a).

North

North-East

East

South-East

South

South-West

West

North-West

Figure 2.8: Wind components fetch of Santa Clotilde study area.

The eddy covariance instrumentation is located on a platform over an elevator that can ascend from 3
m (soil level) to 17 m (close to the top of the tower). The system leverage was checked every month on
the top of the tower. Every 15 days, and coinciding with the cleaning of the system and other field
measurements, the wind profile was measured at heights of 17, 12, 7 and 3 m, during the half-hour
averaging period.

76

Chapter 2: Modelling surface energy fluxes over a dehesa with TSEB

a)

b)
Figure 2.9: a) FOV of the SI111 installed over the oak and b) pyranometer installed in EA1.

2.2.1.2 Las Majadas del Tietar.
The second study area is located in central Spain (Boyal de Majadas del Tiétar, ES-LMa, 39°56' N;
5°46' W, 260 m a.s.l), part of FluxNet, CarboEurope network (Fig. 2.10). The ecosystem is a typical
dehesa composed of Quercus Ilex spp. accompanied by a herbaceous understorey with very high
species diversity, with gentle slopes (<5%). Mean oak height is around eight meters, with a mean
DBH (measured in October 2006) of 0.45 m. Ten per cent of the trees are pruned every winter (in
January); each tree is thus pruned approximately every 10 years. The farm is continuously grazed
by cows and sheep.

The mean estimated standard tree age based on a size-age empirical

relationship (Plieninger et al., 2003) is 105 years, with a standard deviation of 23. Mean annual
temperature is 16.7° C and the annual precipitation is around 530 mm. Predominant wind
directions are southwest (250°) and northeast (70°), with homogeneous fetches of more than 2
km and 1.5 km respectively. Soil type is a stagnic alisol (ochric, argic, stagnig pp.9), with depths
greater than 0.8 m, and a bulk density of 1.59 g/cm 3. The ground fractional cover of the oaks (f C) is
0.20.

77

Chapter 2: Modelling surface energy fluxes over a dehesa with TSEB

Figure 2.10: Location of site 2, Las Majadas study area and areas of dehesa system (in green), in Extremadura.

LAI field measurements were made in 2008 and 2009. Only one value was derived for trees,
because this parameter was believed to be essentially con stant throughout the year, while
understorey measurements were made at least monthly. The LAI for the grass had significant
seasonal variation, with minimum values over the summer dry season (June-September, LAI<<0.1)
and maximum values in spring (0.9 – 2). Understorey LAI was measured by taking 12 samples of 25
x 25 cm (4 of them below the tree canopy). The samples were separated into different fractions,
the green leaves being scanned, and LAI was estimated according to the ecosystem distribution.
Moss lichen panicles and flowers were not included. Tree LAI was measured as the average of LAI
estimations performed according to two methods. The first was based on single tree LAI estimates
(measurement performed on nine trees with LAI2000 using four rings for calculation) and
extrapolating this value to the whole ecosystem, assuming a canopy cover fraction of 20%. The
second method was based on site-specific measurements (SLA = 45.95 cm 2g-1) and an estimate of
foliage biomass from allometric relationships (based on DBH distribution from a survey of 244
trees in a 12.46 ha area surrounding the tower).

78

Chapter 2: Modelling surface energy fluxes over a dehesa with TSEB

An eddy covariance open-path system measuring all energy balance components was installed over a
tower of 15.5 m height. It is equipped with a three-dimensional sonic anemometer (SOLENT-50, Gill)
and an analyzer LI-7500 IRGA (LI-COR Inc.) measuring water vapor and CO 2 fluxes; a CM-3 pyranometer,
CG-3 pyrgeometer and CNR1 net radiometer (Kipp & Zonen) for measuring the different components
of the radiation budget and dishes HFP-01EC (Hukseflux Thermal Sensors) for measuring the heat flux
in soil. The raw data were processed using Eddylog (SC-DLO Fastcom) software, following the
CarboEurope IP methodology for post-processing and flux quality checking. The energy storage within
the biomass (S) was also estimated in this experimental site following Stewart and Thom (1973) and
Steward (1978), in order to test the influence of this component on the overall energy balance. In
order to determine the contributing area to measured fluxes and the match of this area with the
remote data, an approximate solution for the contribution to the vertical flux (according to Schuepp et
al., 1990) was estimated.
The air humidity and temperature needed as inputs for the model were measured with an HygroThermo transmitter (Thies Clima, Goettingen, Germany) and the atmospheric pressure with a
Model 276 barometric pressure sensor (Setra, Boxborough, MA, USA). Precipitation was measured
with a precipitation transmitter (Thies Clima). Wind-speed (cup anemometer #40, NRG Systems
Inc., Hinesburg, VT, USA) and wind direction at heights of 15, 9 and 5 meters were measured (wind
vane #200P, NRG Systems Inc., Hinesburg, VT, USA) as were temperature data from the tree and
the grass/soil for 2011. Data from 2011 were used to study the behavior of the wind speed profile,
while data from 2008 and 2009 were used to evaluate the modified wind profile, and data from
2008 through 2011 were used to perform the statistical analysis of the Priestley-Taylor coefficient.

2.2.2 Description of the model and the modified wind speed profile versions.
The Two-Source Energy Balance (TSEB) model of Norman et al., (1995) has displayed good
performance for a wide range of arid and partially-vegetated landscapes (Kustas and Norman,
1997; French et al., 2005; Timmermans et al., 2007; González-Dugo et al., 2009). For those
ecosystems, dual-source models that distinguish between the soil and vegetation contributions to
the radiative and turbulent fluxes are more suitable than single-source models ( Huntingford et al.,
1995; Kustas and Norman, 1996; Timmermans et al., 2007; González-Dugo et al, 2009).
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The TSEB model includes two different versions according to the resi stance network selected for
parameterizing the energy flux exchange, which may be structured in series or in parallel ( Norman
et al., 1995). The series version of the TSEB resistance network (Fig. 2.11) allows for interactions
between soil/substrate and main canopy layer, and is useful over relatively dry and partially
covered areas (Li et al., 2005). In this study, the series resistance network was employed.

Figure 2.11: Scheme of the TSEB series version. Variables are described in this section (Figure adapted from
Norman et al., 1995).

Descriptions of the model are available in Norman et al. (1995) and Kustas and Norman (1999),
but a general description is provided in the following sections, in order to provide a better
understanding of how the model functions.
2.2.2.1 Two source energy balance model (TSEB)
The model used in this study is the updated version of the Two-Source Energy Balance (TSEB) model as
described by Kustas and Norman (1999) and Li et al. (2005).
The model assumes that the surface radiometric temperature (TRAD) is a combination of soil (TS) and
canopy (TC) temperatures, weighted by the vegetation fraction:
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4

4

(1/ 4)

T RAD (φ)=[f C (φ )TC +(1−f C ( φ) T S )]

(2.7)

where fC is affected by the sensor viewing angle (ϕ). The angular variation of directional emissivity is
neglected because variations of less than 0.005 were obtained between viewing angles at nadir and
60° for most vegetated surfaces (Anton and Ross, 1987; Kustas and Norman, 1997).
Fractional cover was derived from field LAI measurements approximating f C at nadir view angle (when
ϕ=0) by an exponential function as Choudhury, (1987) suggested:

f c ( 0)=1−exp (−k LAI )

(2.8)

where k is the leaf angle distribution function, which appears to range between 0.5 – 0.7 ( Ross,
1975) depending on the leaves being distributed randomly (k = 0.5), vertically (k < 0.5) or
horizontally (k > 0.5). We believe that it is possible to assumed a random distribution because the
ecosystem contains erectophile grasses and planophile oak trees.
The scaled NDVI approach (Choudhury et al., 1994) method was used to retrieve fC (0) with remote
data:

[

NDVIMAX −NDVI
f c (0)=1−
NDVIMAX−NDVIMIN

p

]

(2.9)

where NDVI MAX and NDVIMIN, represent a surface fully covered by vegetation (~0.9) and completely
bare (~0.08), respectively. The parameter p represents the ratio of a leaf angle distribution term
(k) to canopy extinction (k'), where p=k/k'. k' is the damping coefficient, ranging between 0.8 and
1.3 for the NDVI (Asrar et al., 1984; Baret and Guyot, 1991). We used a weighted k' parameter by
the area occupied by grass (k ≈ 0.8) and oak (k' > 1.3) (Kull et al., 1999).
Pereira et al. (1995) using remote sensing information obtained the best results with the NDVI
index to estimate canopy cover for oak savannas (r 2=0.65). Oliveira (1998), using field radiometry
and Landsat TM images found that NDVI produced the best performance (r 2=0.75). Calvao and
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Palmeirim (2004) identified correlations between several biophysical parameters and spectral
variables from Landsat TM data, and the higher correlation for canopy cover was obtained with
NDVI (r 2=0.91).
Apparent cover fraction at view angle ϕ is then obtained with:

(

f c ( φ)=1−exp

−k LAI Ω(φ)
cosφ

)

(2.10)

where the directional clumping factor Ω(φ) depends on canopy architecture. Because the model was
originally developed for uniformly distributed crops, in the case of clumped canopies with partial
vegetation cover such dehesa, the parameterizations have to be corrected by a clumping factor
(Campbell and Norman, 1998) in order to take the particular distribution of the vegetation into
account. This factor corrects for the reduction in the extinction of the radiation in a clumped canopy as
compared to a uniformly distributed one by multiplying the LAI by a clumping factor. In this case, we
estimated the clumping factor for the trees, as suggested by Campbell and Norman (1998), following
the semi-empirical expression:

Ω(φ)=

Ω(0)
Ω(0)+[1−Ω (0)]exp[−2.2(φ pS ' )]

(2.11)

where Ω(ϕ) is the clumping factor at solar angle ϕ, Ω(0) is the clumping factor for a nadir solar zenith
angle, and p' is an empirical expression given by:

p '=3.8−0.46 Dp

(2.12)

where Dp is the plant height to the width ratio, given as:

Dp =

hC
wV

=

hC
sROW f C

(2.13)

where hC is the vegetation height [m] and w V the vegetation clump width [m]. In row crops, w V can be
estimated as sROW plus fC, where sROW [m] is the mean row spacing of the crops (estimated from a land-
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use map). For forest and woodland, sROW was determined as the average distance between trees. The
tree clumping factor for nadir solar zenith angle can be estimated from the total LAI observed in the
field and the canopy fractional cover following Kustas and Norman (2000). In the following sections,
LAI from the oak was always affected by the clumped value.
Radiation scheme
The surface energy-balance equation can be formulated for the entire soil-canopy-atmosphere system,
or for the soil (subfix s) and canopy (subfix c) components separately:

RnC=L EC +HC

(2.14)

RnS=L ES +HS +G

(2.15)

This partitioning considers separately the divergence of the short-wave (Sn) and long-wave radiation
(Ln) following Kustas and Norman (2000). Net short-wave radiation for the soil and the canopy was
estimated as follows (Campbell and Norman, 1998):

Sn S=(1−αS )RS exp(−kLAI)

(2.16)

SnC=(1−α C )RS [1−exp(−kLAI)]

(2.17)

where αC and αS are the canopy and soil albedo respectively, and RS the incoming solar radiation.
Net long-wave radiation was calculated as suggested by Ross (1975), assuming exponential extinction
law of radiation in canopy air-space:
4

4

4

L nS =exp(−kL LAI)ε' ∑ Tair +[ 1−exp(−kL LAI)]εC ∑ TC −εS ∑ TS
4

4

4

L nC =[ 1−exp(−kL LAI)](ε' ∑ Tair −2 εC ∑ T C +εS ∑ TS )

(2.18)
(2.19)

where kL is the extinction coefficient in the long-wave (0.7 – 0-9, depending on LAI), ε' is the
atmospheric emissivity (following Brutsaert, 1984), σ is the Stefan-Boltzmann constant, εC the canopy
emissivity (values of 0.99 for the tree and 0.98 for the grass were selected) and εS the soil emissivity
(0.92) (Brutsaert, 1984). Tair is the air temperature above the canopy.
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Since the radiation formulation follows the “layer-approach” (Lhomme and Chehbouni, 1999), a simple
summation of the soil and canopy components yields the total flux;

Rn=RnC +RnS

(2.20)

H=HC +HS

(2.21)

L E=L EC +L ES

(2.22)

Soil heat flux
The soil heat flux is then estimated as a time-dependent function of the net radiation that reaches the
soil, as follows:

G=A cos[2 π( tS +C)/B]R nS

(2.23)

where tS is the time in seconds relative to solar noon, A represents the maximum value of the ratio
G/RnS, assumed to have a constant value of 0.35 (Choudhury, 1987; Kustas and Daughtry 1990; Friedl,
1996), C [s] is the peak in time position, supposed equal to 3600 following Cellier et al. (1996), and B
[s] is set equal to 74000 (Cammalleri et al., 2010).
Sensible heat flux
Within the series resistance scheme, the sensible heat fluxes Hc, Hs and H are expressed as:

HC=ρa Cp ( TC −T AC )/RX

(2.24)

HS =ρa Cp ( TS −TAC )/RS

(2.25)

H=HC +HS =ρa Cp (T AC−TA )/R A

(2.26)

where TAC is the air temperature in the canopy – air space (K), R x is the resistance to heat flow of the
vegetation leaf boundary layer (s m -1), Rs is the resistance to the heat flow in the boundary layer above
the soil (s m-1), and Ra is the aerodynamic resistance calculated from the stability-corrected
temperature profile equations (Brutsaert, 1984), using Monin-Obhukov Similarity Theory (MOST).
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Resistances and wind-speed profile scheme
We present the resistance parameterizations for RX, RS and RA below, following Norman et al. (1995)
and Kustas and Norman (1999).

RA=

[ln(z u−d0 /z 0 M−%ΨM )][ln(z T −d0 / z0 M −%ΨH)]
k2vk u

(2.27)

where zu and zT [m] are the measurement heights for wind speed and temperature respectively, d 0 is
the zero-displacement plane [m], zOM is the roughness length for momentum transfer [m], k vk is the Von
Karman constant and ΨM and ΨH are the atmospheric stability functions.

RS=

1
a'+b ' u s

(2.28)

where the coefficients a’ [m∙s-1∙K-1/3] and b’ [-] are provided by Kustas and Norman (1999), as used in
the work of Kondo and Ishida (1997):

(1 /3 )

a'=0.0025( T S−TC )

and

b '=0.012

(2.29)

The wind speed just above the soil surface, uS [m∙s-1], in Eq. (2.28) is parameterized as:

[ ( )]

uS =uC exp −a 1−

zS

hC

(2.30)

where zS [m] is the height above the soil where the effect of soil surface roughness becomes negligible,
and is set equal to 0.1 for tall vegetation and 0.05 for short canopy.
Wind speed at the top of the canopy, uC, is given by;
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[ ]
( )
( )
hC −d0
z0 M

ln

uC =u

ln

z u−d0
z0 m

(2.31)

−Ψ M

and the factor a given by Goudriaan (1977) as:
2 /3

1 /3 −1/ 3

a=0.28 LAI hC s
'

(2.32)

1 /2

( )

C
s
R X=
LAI ud +z
0

(2.33)

0M

C’ is assumed to be equal to 90 [s 1/2∙m-1], following Norman et al. (1995), s is the mean leaf size and
ud0+z0M is parameterized following Eq. (2.30), but using (d0 + ZOM) [m] as the reference height;

[(

ud +z =uC exp −a 1−
0

0M

d0 +z0 M
hC

)]

(2.34)

Roughness length and zero displacement plane
Roughness length and zero displacement plane were estimated according to Massman (1997) and
Massman and Weil (1999) as describe below:

−n[ 1−ζ(z )/ ζ(hC)]

u(z)/uC =e

(2.35)

z

ζ (z)=∫ [Cd (z ') a' ' (z')/P m(z ')]d0 z'

(2.36)

0

n=

ζ (hC )

(2.37)

2 u2star /u2C
−c 3 ζ(hC )

ustar / uC =c1−c2 e
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1

d0 /hC =1−∫ e−2 n [1−ζ(z)/ζ (h C)]d0 ξ

(2.39)

0

z0 M /hC =(1−d0 /h C )e−k vk u C /ustar

(2.40)

where u(z) is the wind speed at height z, ζ (hC) is a generalization of CdLAI (which accounts for foliage
density), Cd is the drag coefficient of the foliage elements (0.2), a'' is the vertical leaf area density,
which, together with Pm, the momentum shelter factor and Cd, takes into account the vertical canopy
structure.c1=0.320; c2=0.264; and c3=15.1 are model constants related to the bulk surface drag
coefficient (=2ustar2/u(hC)2) and to the substrate or soil drag coefficient as discussed by Massman
(1997), ustar is the friction velocity and kvk is the Von Karman constant.
Due to the characteristics of the ecosystem, the Massman (1997) approach may not reproduce well
the peculiarities of the system roughness length, and other formulations were tested, following
Choudhury and Monteith (1988) and Raupach (1994). The first approach used the second-order
closure model of Shaw and Pereira (1982) to estimate d and ZOM as:

d0=h c [ (1+X 1/ 6)+0.03 ln(1+X 6) ]
Z 0 M=z s+ 0.28 hc X

1 /2

(2.41)

, 0⩽X≥0.2

Z 0 M=0−3 h(1−d/hc ) , 0.2⩽X≥2

(2.42)

(2.43)

where the general expression for X is 0.2LAI.
The latter approach, that of Raupach (1994), takes into account the tree structure and is more suitable
for tall woody vegetation, using observation data to fit the estimation of normalized displaced height
and roughness length related to frontal area index (FAI).

87

Chapter 2: Modelling surface energy fluxes over a dehesa with TSEB

−√ a FAI

1−e 1
d0=(1−
)h
√ a1 FAI C
C2

−b2 FAI

Z 0 M =(a2 e
Z0 M=

a3
FAI

d

FAI 2 +(Z 00 /hC ))hC , FAI⩽0.152
C3

−b3 FAI

d3

(2.44)

[1−e

(2.45)

]+ f 2 , FAI>0.152

(2.46)

where a1=15.0, a2=5.86, b2=10.9, C2=1.12, d2=1.33, a3=0.0537, b3=10.9, C3=0.874, d3=0.510 and
f2=0.00368 and z00/hC=0.00086. The value of z00/hC is the asymptotic value for bare soil. Constants were
derived from a wide range of laboratory wind tunnel and field data.
FAI is calculated from the frontal area of trees (Schaudt and Dickinson, 2000), Af as:

1
A f =FBHDBH+ (hC −FBH) CW
2

(2.47)

and the FAI is calculated by total Af divided by the total area of the plot.
This approximations of the roughness length and zero displacement plane were compared with field
measurements. The observed aerodynamic roughness length and zero-plane displacement were
estimated using wind profile data. To calculate d 0 and z0M, two wind speeds u1 and u2 (ms-1) have been
observed at height z1=15 and z2=9 (m) with cup anemometers, and friction velocity, ustar (ms-1) at zU =15
[m] has been computed with a sonic anemometer. Variables u 1 and u2 were sampled at 20 Hz and
averaged over 30 min, and u star was calculated every 30 min from wind-speed data sampled at a rate of
10 Hz. d0 and z0M were computed under neutral conditions as follows (Rooney, 2001; Nakai, et al.,
2008):

d0=

z2 exp(k vk u1 /ustar )/exp(kvk u2 /ustar )−z1

z0 M =
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exp(k vk u1 /ustar )/exp(k vk u2 /ustar )−1
z1−d 0
exp(k vk u 1 /u star)

(2.48)

(2.49)
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In order to guarantee near-neutral conditions, only data where Z/L was lower than 0.05 and higher
than zero (De Bruin and Moore, 1985) and u2 (z2) higher than u1 were used. Roughness length was also
evaluated for the Santa Clotilde area with no wind profile measurements, and assuming a constant d0,
since the resistance calculation was less sensitive to this factor, and using the friction velocity equation
under near-neutral conditions:

Z OM =

z m−d(constant)
e

ku
ustar

(2.50)

Latent heat flux
Finally, the canopy latent heat flux (LEC) was derived, using as initial assumption a potentially
transpiring canopy, following the Priestley-Taylor equation (Priestley and Taylor, 1972):

Δ Rn
L EC=α PT f g Δ+
C
γ

(

)

(2.51)

where αPT is the Priestley-Taylor coefficient, usually taken as 1.26 [-], f g is the green vegetation fraction
[-], Δ is the slope of the saturation vapor pressure versus temperature [kPa K -1] and γ is the
psychrometric constant [kPa K-1]. If the vegetation is stressed, the Priestley – Taylor approximation, i.e.
Eq. (2.51), overestimates the transpiration of the canopy and negative values of LE S are computed by
the model. This unlikely level of condensation over the soil during daytime indicates the existence of
vegetation water stress, and is solved by an iteration process that reduces α PT until it yields a coefficient
value of 0.1, when LES becomes 0.
Green fraction (fg)
The fraction of vegetation that is green and transpiring (fg) was adjusted by means of the suggestions
of Guzinski et al. (2013), to reflect the current phenological conditions. fg was considered to be equal
to the ratio of the fraction of photosynthetically active radiation (PAR) absorbed by the green
vegetation cover, and the fraction of PAR intercepted by the total vegetation cover, and was estimated
using vegetation indices (VI), as computed by Fisher et al. (2008), with the NDVI and the enhanced
vegetation index (EVI) obtained from MODIS as:
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f g=1.2

EVI
,0⩽f g ≥1
NDVI

(2.52)

In order to test the influence of each canopy layer on the total green fraction given by MODIS, ASD
reflectance field measurements were processed to simulate MODIS bands, by averaging ASD values
using the satellite distribution function for each band, in order to compute the NDVI and the EVI as:

EVI=G

N IR−R ED
(N I R+C 1)(R ED−C 2)(B LU E+L ')

(2.53)

where NIR and RED are the reflectances measured in both regions, L' is the canopy background
adjustment that addresses the non-linear, differential NIR and RED radiant transfer through the
canopy. C1 and C2 are the coefficients of the aerosol resistance term, which uses the blue band to
correct the aerosol influences into the red band. The coefficients adopted are the same as in the
MODIS-EVI algorithm; L'=1, C1 = 6, C2 = 7.5, and G is the gain factor equal to 2.5.
NDVI was then calculated as:

NDVI=

N I R−RED
NI R+R ED

(2.54)

Priestly-Taylor coefficient
The Priestley-Taylor coefficient (αPT) is defined as (Priestley-Taylor, 1972):

αPT =

E
Eeq

(2.55)

where E is the evaporation rate and Eeq is the equilibrium evaporation rate. Theoretically, air passing
over a saturated surface will gradually decrease in saturation deficit until an “equilibrium” evaporation
rate is reached (Priestley-Taylor, 1972; Monteith and Unsworth, 1990; Raupach, 2001). αPT is a useful
index for comparing evaporation rates from different sites, showing the relative significance of E to E eq,
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and thus indicating the evaporative control.
There exist theoretical and experimental studies that show that the value of αPT varies significantly with
LAI, vapor pressure deficit (VPD) and soil moisture (e.g. Tanner and Jury, 1976; Flint and Childs, 1991;
Baldocchi, 1994; Baldocchi et al., 1997; Pereira, 2004; Baldocchi and Xu, 2007). For natural vegetation,
the optimal canopy αPT coefficient assumed lower values on average and fell even further at high
values of VPD (Agam et al., 2010; Baldocchi and Xu, 2007; Galmés et al., 2007d ). This response may
be related to the physiological characteristics of the natural vegetation growing in arid and semiarid
environments. Although an increase in VPD enhances transpiration by producing a steeper humidity
gradient between the leaf and the atmosphere, it also initiates a negative feedback on stomatal
conductance, which leads to a reduction in transpiration (Baldocchi and Xu, 2007). The αPT coefficient
may also display seasonal variations (De Bruin and Keijman, 1979), with minimum values occurring in
midsummer, when radiation inputs are at their peak, and maximum values during the spring and
autumn.
Thus, adopting αPT = 1.26 would not be appropriate for the dehesa ecosystem, since some degree of
canopy stress or reduction in LEC could be reached before the TSEB algorithm would indicate αPT < 1.26
due to soil evaporation becoming less than zero; in other words the TSEB model could not be used in
its current form to detect reduced transpiration through a reduction in αPT from the widely adopted
value of 1.26 (Agam et al., 2010) due to the plant physiology. Observational studies in forests have
found that unstressed αPT is significantly lower than the typical value of 1.26 (Droppo and Hamilton,
1973; Black, 1979; Shuttleworth and Calder, 1979; Giles et al., 1985; Kelliher et al., 1992; Kanda et
al., 1997; Tanaka et al., 1998; Meiresonne, 1999; Komatsu, 2005). Thus, a lower value of input α PT
might be considered, reflecting the relatively conservative water-use tendencies of undomesticated
natural vegetation subject to limited water supplies and frequent droughts.
A statistical process was performed to assess the αPT value under the conditions of the study,
applying the model to the ecosystem when only trees would be active and the understorey is dry
(during the summer and winter), assuming a constant LAI for oaks (using ground-truth
measurement over the area) and green fraction equal to 1and then with f g obtained with MODIS
(< 1), evaluating the behavior of αPT during 2007-2011. It was analyzed using an optimization
scheme similar to that of Agam et al., (2010) iteratively running the TSEB with the radiometric
temperature derived from the four-way radiometer (i.e. the upwelling longwave measurements),
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over a range of initial αPT values between 0.5 and 1.5, with increments of 0.05. After each run, the
modeled LE was compared to the measured flux. The best fit was taken as the optimal αPT for the
canopy.
A second approach was also tested according to an analytical method to evaluate the αPT-BULK
coefficient (soil and canopy) behavior over this ecosystem (E/Eeq), computing Eeq as:

Eeq= Δ Rn −G
Δ+γ

(2.56)

and using the measured data from the eddy covariance tower as input. The relationship with VPD was
also studied.
An attempt was made to analyze the αPT, taking only the canopy into account, by assuming that during
the summer the understorey grass is dry and all the latent heat flux measured by the ECT system
should come from tree transpiration. For the calculation of the αPT we inverted Eq. (2.51).
2.2.2.2 Wind speed profile modification and TSEB versions
The behavior of the vegetation in this ecosystem has two separate phases; when the grass, following
its annual growth curve, is dry (summer and winter), and when this layer is fully growing (spring and
autumn). The original TSEB model and the modified wind speed profile versions described in this
section were applied and evaluated over the area during both periods.
With regard to the wind speed profile, the original TSEB uses the Goudriaan (1977) formulation
described before, although the use of an exponential wind profile within the forest could not be
appropriated (Brutsaert, 1984). Shaw (1977) found that in the lower region of the canopy, a
hyperbolic-cosine profile could be more appropriate, in response to which, Massman (1987) suggested
the following expression, assuming a uniform vertical distribution of the vegetation:

u(z )=uC
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[ ]
( )

z
cosh β
hC
coshβ

(2.57)
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where the parameter β, similar to the extinction coefficient for Goudriaan (1977), can be derived by
the relationship:

β=

4 Cd LAI

(2.58)

0.16 α2star

where Cd is the drag coefficient, typically equal to 0.2 (Goudriaan, 1977), and α star is a
dimensionless coefficient that takes into account the presence of the roughness sub-layer of the
underlying vegetative surface, taking values between 1.0 and 2.0 (Raupach and Thorm, 1981). This
parameter was set to 1, following Massman (1987), based on the wind profiles for different crops.
Based on wind-profile evaluation over a conifer forest, Lalic et al. (2003) modeled the wind profile
within the canopy space as:

u(z)=u c

[

coshβ

( )
z−zd

hc
coshβ

(7/ 2)

]

, z d< z⩾h C

u(z)=Cc uc , z 0 S <z>z d

(2.59)

(2.60)

where zd [m] is the crown bottom height, the factor β is equal to the one from Massman (1987) and
the parameter CC is defined as follows:

(−7 /2)

[ ( )]

CC= coshβ 1−

zd

hC

(2.61)

zd was set equal to 1/3 as Cammallieri et al. (2010) suggested, on the hypothesis that for tall canopies
the foliage occupies primarily the upper 2/3 of the canopy height. These equations were used to
estimate the velocity at heights of nine and five meters, above and inside the tree canopy layer, and
then compared with the wind speed measurements over Las Majadas experimental site, evaluating the
relative error. Best fits were then used at detail scale to evaluate the fluxes.
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Assuming the hypothesis of a relatively constant behavior of trees, two different approaches for
integrating the two-canopy layers were proposed and tested:
1. TSEB Gp – TSEB Mp. The wind speed profile following Gooudrian (1977) -TSEB G and
Massman (1987) -TSEB M, were modified to include the differences in vegetation LAI,
height and structure, as described below.
LAI for the tree was treated as being constant, and LAI for the understorey as variable. Total LAI
was computed weighting both different leaf area indexes by the fractional cover of each canopy
layer, estimated using summertime images. The oak LAI was minorate using the clumping factor
computed for the trees.
Figure 2.12 displays a schema to describe the modifications in wind-speed profile following Goudriaan
(1977), using the same nomenclature as in equations 30, 31, 32 and 34, but with subscripts “oak” and
“grass” to refer to the different canopy layers.
In this section, the modifications to the wind speed profile formulation are shown:

ud +z
0

0M

−m

[ (

=uC(oak) exp −a(oak) 1−

d 0+ Z 0 M
hC(oak)

)]

(2.62)

in which the wind speed at the top of the tree canopy, uC(oak), is given by;

[ ]
( )
( )

ln

uC(oak)=u(z )
u

ln

hC(oak )−d0
z0 M

zu −d0
z 0m

(2.63)

−ΨM

The wind speed just above the soil surface, u S-m [m∙s-1], is parameterized as in Eq. (2.30), but using 0.05
[m] as the reference height, as follows;

94

Chapter 2: Modelling surface energy fluxes over a dehesa with TSEB

[ (

uS−m=uC(grass ) exp −a (grass) 1−

zS
hC(grass)

)]

(2.64)

)]

(2.65)

uC(grass) is equal to:

[ (

uC(grass)=uC(oak) exp −a(oak) 1−

hC(oak )
hC(grass)

and factors a(oak) and a(grass) are given according to Goudriaan (1977) as:
2/ 3

1 /3

−1/ 3

a(oak)=0.28 LAI(oak) hC(oak) s(oak)
2/ 3

1 /3

−1/3

a(grass)=0.28 LAI(grass) hC (grass) s(grass)

(2.66)
(2.67)

Figure 2.12: Modified Goudriaan (1977) wind speed profile for the different canopy layers.
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Roughness length and zero displacement plane were computed separately for each canopy layer,
using the measured values of LAI from the oak and the herbaceous layer respectively. Z OM/d0 for
the tree was estimated according to Raupach (1994), and was a constant value depending only on
the oak structure. Z OM/d0 for the grass was estimated according to Massman (1997), and was a
function of grass LAI, which was variable during the period. Tree height was treated as a constant
over the time and the understorey canopy variation of the nominal canopy height was estimated
using a common growth curve, with the maximum and minimum measured heights depending on
the NDVI. Leaf size was modified using a weighted average of the tree and herbaceous canopy
values.
For the Massman (1987) formulation, an analogue reasoning was followed, with different β
(extinction coefficients) for the tree and the grass. This modification of the wind profile within the
vegetation, with different extinction coefficients for each canopy layer, was tested by comparing
the wind speed estimated values at five meters with the measured ones over the Las Majadas
experimental site. It was also tested by comparing the estimated values of wind speed measured
at 12, 7 and 3 meters over the Santa Clotilde study area.
2. TSEB effective (TSEB eff). An effective LAI and height of the “total” vegetation were used,
maintaining the original formulation of TSEB but deriving an effective height using the
roughness length computed for tree and grass separately, inverting Eq. (2.45) or (2.46) and
(2.40).
Table 2.1 presents the formulation for d 0 – ZOM and the wind-speed profile used in each version of
the model:
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Table 2.1: formulation for d0 – ZOM and the wind-speed profile used for TSEB, TSEB G, TSEB M, TSEB Gp, TSEB
Mp and TSEB eff

d0 - ZOM TSEB TSEB G TSEB M TSEB Gp TSEB Mp
Massman (1997)

X

Raupach (1994)

X (grass) X (grass)
X

X

X (oak)

X (oak)

TSEB eff
x
x

Wind-speed profile
Goudriaan (1987)
a

X

X

X (weighted)

a(oak) – a (grass)

X

Massman (1977)
β

X

β(oak) – β (grass)

X

In order to clarify the procedure used in this study, the next scheme with present the followed
temporal line:
1. Ground-based flux analysis: including the closure, footprint analyzes and estimation
of energy storage within the canopy.
2. Oak clumping factor.
3. LAI behavior for trees and grass. Evaluation of constant tree LAI assumption.
4. Estimation of green fraction.
5. Roughness length evaluation and best approach selection for the estimation under
the studied conditions.
6. Evaluation of wind-speed profile.
7. Priestley-Taylor analysis.
8. Statistical evaluation of the different TSEB approaches with ECT data.
8.1 TSEB G
8.2 TSEB M
8.3 TSEB Gp
8.4 TSEB Mp
8.5 TSEB eff
8.6 TSEB without any modification.
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For the evaluation of the different versions of the model, the following statistics were used: mean
difference (MD), mean absolute difference (MAD), mean absolute error (MAE), root mean square
difference (RMSD), mean value (MA) and its standard deviation (SD):

n

∑ ( Xi )

MA= i=1

(2.68)

n

n

∑ ( Xi −Yi )

MD= i=1

(2.69)

n

n

∑ |X i−Yi|

MAD= i=1

(2.70)

n

( )
[ ]
n

100
MAE=
MA

∑ |Xi−Yi|
i=1

n

(2.71)

0.5

n

2

∑ (Xi −Yi )

RMSD=

i=1

n

where Xi and Yi are the ith observed or measured variable and n the sample size.
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2.3 RESULTS AND DISCUSSION
2.3.1 Evaluation of the energy surface fluxes measured at the ECT sites
Direct measurement of the four energy balance components were evaluated in both study areas,
yielding average closures of 80% for Santa Clotilde and 86% for Las Majadas, both within the error
range found by other authors (Foken, 2008; Franssen et al., 2010). These quantities represent absolute
errors of 49 Wm-2 and 40 Wm-2, respectively. The observations were of better quality during the
summer and winter, probably due to the lack of noise caused by rain and condensation processes, and
this is reflected in the closure balance (Table 2.2).It can also be seen that low values of LE correlate
with better closure balance. This could be because the uncertainties in the measurement of LE are
higher than in H measurement, given that this flux was very low during the summer and the dry/cold
winter period.
Table 2.2: Monthly closure balance for Santa Clotilde and Las Majadas ground ECT measurements.

January
February
March
April
May
June
July
August
September
October
November
December

Closure balance [%]
Santa Clotilde Las Majadas
87
82
74
79
72
77
80
76
70
77
81
84
91
90
90
89
84
94
82
86
82
69
81

Figure 2.13 compares the available energy of the ecosystem and the turbulent flux measurements for both sites.
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a)

b)
Figure 2.13: Closure balance for a) Santa Clotilde and b) Las Majadas ground-ECT measurements.

Energy storage within the biomass was estimated according to Stewart and Thom (1973) and
Stewart (1978), to test the relative importance of this component for the overall balance. The
analysis revealed that the energy storage in the biomass was very low, with monthly average
values ranging between 0 and less than 10 Wm -2 (Figs. 2.14a and 2.15a), and instantaneous
maximum values around the 10% of the net radiation. Unfortunately, ground measurement of this
component is difficult, and the low estimated values suggest that it may not be worth the effort
under these conditions. It also can be derived that this component could be ignored in both sites
without a significant loss of information. However, the situation could be different for dehesas
with higher tree ground coverage.

a)

b)
Figure 2.14: a) Annual mean fluxes and b) precipitation for Santa Clotilde study area.
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It is possible to see in Figures 2.14a and 2.15a that the estimated monthly mean energy storage
within the biomass is very low, ranging between 0 and less than 10 Wm -2; it could therefore be
neglected under these conditions. LE has two peaks, in the spring and in autumn, related to the
typical rainfall of the spring and fall/winter seasons. However, the magnitude and timing can vary
significantly from year to year (Fig. 2.14b and 2.15b).

a)

b)
Figure 2.15: Annual mean fluxes and precipitation for Las Majadas study area.

The wind direction was analyzed in order to accurately determine the area that contributes most
to the flux measurements made at the ECT. Southwest is the dominant component over Santa
Clotilde with 1 km homogeneous fetch (Fig. 2.16a), with an average wind-speed of 2.5 ms -1 and
peaks located at around noon. Maximum values over the area are around 20 ms -1. The wind
direction for this period over Las Majadas (Fig. 2.16b) agreed with the information provided by the
personnel of the station, with southwest (250°) and northeast (70°) as the dominant components,
with homogeneous fetches of more than 2 and 1.5 km respectively.

a)

b)
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Figure 2.16: Contributing percentage of the wind speed direction for a) Santa Clotilde and b) Las Majadas.

A cumulative normalized contribution to flux measurement curve was estimated for each location
as a function of distance from the measurement point, as well as the relative contribution to the
measurement flux. The area that most contributed to the energy fluxes measured at the Santa
Clotilde ECT using the approximate solution of Schuepp et al., (1990) was located with 500 meters
(Fig. 2.17a), at an average distance of 110 meters from the measuring point. Sixty per cent of the
flux captured by the ECT comes from the area between 0 and 500 m, reaching 80% in the first
1000 meters. According to analyses performed using the model of Kormann and Meixer (2001),
integrated in TK3 program, 76% of the Santa Clotilde area contributing to the energy fluxes is
within the first 1000 meters, for the study period. Both formulations gave similar results.
Over the night lower contributions of the area within 1000 m have been observed. The maximum
is located in the first 200 meters in Santa Clotilde.
At Las Majadas (Fig. 2.17b), the peak contribution is located within 500 meters, with 70% of the
flux captured by the ECT coming from the area between 0 and 500 m, reaching almost 90% in the
first 1000 meters, verifying that the footprint is large enough for the majority of the fetch of
interest.

a)

b)

Figure 2.17: Maximum contribution to the energy fluxes measured in the ECT (Schuepp et al., 1990) for a) Santa
Clotilde and b) Las Majadas.

Given these results, and considering that the same land use is extended and uniform at least 1000
meters along the principal wind directions (SW for Santa Clotilde, SW and NE for Las Majadas), no
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problems of fetch might be expected taking ECT data measured over the principal wind
component. In the same way it is possible to integrate information from medium-resolution (pixel
size between 30 and 120 meters) and even low-resolution (250m – 1km pixel size) Earth
observation satellites (Fig. 2.18).

Figure 2.18: Example of the remote information spatial resolution.

The typical diurnal pattern of flux variation corresponding to semi-arid areas, with wet-cold and hotdry periods, can be observed in Figure 2.19. In dry periods (Fig. 2.19b) sensible heat flux reaches its
maximum value in the middle of the afternoon, while the soil heat flux does so earlier, to reach the
minimum after dark. Latent heat increases during the day, but remains low due to the lack of available
water in the soil for transpiration and/or evaporation (Fig. 2.19b). On the contrary, during wet season
(Fig. 2.19a), LE is higher than H, while G values are reduced, probably due to the effect of the grass
layer, that protects the top layer of soil from incoming radiation.
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a)

b)

c)

d)

Figure 2.19: Typical measured daily fluxes for Santa Clotilde for a) spring, b) summer, c) autumn and d) winter.

Normally, due to the lesser importance of the soil heat flux compared to the other components,
many studies have simplified the estimated energy balance by discarding this flux on daily scales.
In these areas, however, G represents more than the 20% of the net radiation during the summer,
similar to or even higher than the latent heat flux (Fig. 2.19a), with sensible heat flux reaching
values higher than the 45% of Rn. Both quantities are consistent with water shortages resulting
from the climatic conditions of the area, with high temperatures and lack of precipitation for long
periods, during which the soil moisture powerfully influences the partitioning of available energy
between the sensible and latent heat fluxes (Entekhabi and Rodriguez-Iturbe, 1994). During the
wet season, the opposite trend is shown.
Table 2.3 presents the mean values of latent heat flux and precipitation for Las Majadas (for Santa
Clotilde we do not have a complete year period). We can see that in some years (especially during
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2011), the precipitation rate is lower than the LE rate, which probably means that the trees are
able to reach water from deep underground sources (Paço et al., 2009). Precipitation may also be
intercepted by vegetation surfaces, later evaporating into the atmosphere. With respect to mean
rainfall values for the area, only 2010 and 2011 were outside the usual range, these being humid
and dry years, respectively. For Santa Clotilde, the annual precipitation recorded in a nearby
meteorological station was 522 mm in 2012, and 706 mm in 2013, the first year studied being
relatively dry. Until 20 th October 2014, the accumulated precipitation for 2014 has been 410 mm.
Table 2.3: Accumulate precipitation [mm] and ET [mm] for Las Majadas site.
[mm]
Precipitation
ET

2007
570
997

2008
609
784

2009
548
800

2010
965
865

2011
374
1166

Both areas, sharing the same ecosystem but located at different latitudes and longitudes, have
similar conditions, as we can see in Figures 2.20a and 2.20b, which show the monthly average
incoming solar radiation and the mean, maximum and minimum average monthly values for air
temperature. For this reason, and because of their similar fractional cover, we believe that it is
permissible to extrapolate the results from one area to the other, and probably to almost the
whole dehesa in this region, due to the constant qualities of this particular ecosystem but taking
into account the influence that existing differences in f C and meteorological conditions could
cause.
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a)

b)
Figure 2.20: a) Incoming solar radiation and b) maximum, average and minimum air temperatures for Santa
Clotilde and Las Majadas sites.

During the dry season, the temperature of the oaks can exceed air temperatures over these arid
areas (Fig. 2.21), reaching close to the upper limit of the canopy temperature range (0-39 °C)
(Baldocchi and Xu, 2007) at which enzymatic activity is inhibited (Bjorkman, 1980).
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Figure 2.21: a) Canopy measured temperature vs. air temperature over Santa Clotilde.

2.3.2 Oak tree clumping factor Ω(0).
In Las Majadas, the tree LAI measured in the field was 0.34 and fractional cover, f C = 0.2. If the
vegetation had been randomly distributed and the leaf angle distribution approximated a spherical
distribution, the canopy gap fraction from the zenith would be exp (-0.5LAI) ≈ 0.844. Oak dehesa
vegetation is clumped so the field LAI corresponds to a local LAI (LAI L) equal to LAI/ f C ≈ 1.7. If all
the leaves were randomly distributed, then the transmission of this vegetated region will be fC exp
(-0.5LAIL). The fraction of the nadir view occupied by the soil is fC exp (-0.5 LAIL) + (1-fC) ≈ 0.886 so
that exp (-0.5 Ω LAI) ≈ 0.886 yielding a Ω(0) for the trees of 0.71. For Santa Clotilde, the local tree
LAI measured in the field was 2.6 and fractional cover, f fC = 0.2. LAI = LAIL fC ≈ 0.52. The fraction of
the nadir view occupied by the soil is fC exp (-0.5 LAI L) + (1-fC) ≈ 0.854 so that exp (-0.5 Ω LAI) ≈
0.854 yielding a Ω(0) for the trees of Santa Clotilde of 0.61.
For the estimation of the clumping factor at solar zenith angle ϕ, srow parameter (Eq. 2.11) was
evaluated by means of GIS techniques, averaging the distance between consecutive trees over
both areas, giving a mean value of 30 meters. This value in woody crops is much lower, being for
example around 3 m for vineyard, and for olive trees ranging from 3 m to more than 6 m,
depending on the management intensity.
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2.3.3 Oak and understorey LAI variation over the year
We analyzed the variations in oak and understorey leaf area indices in the course of the year, and
evaluated their effects on the model. In Figure 2.22, local herbaceous LAI values from both areas
and local oak LAI in Santa Clotilde are presented. The oak LAI, although it varies slightly during the
year, displays a more constant behavior than does the understorey LAI. In Santa Clotilde, the mean
local oak LAI is 2.60, with a standard deviation of 0.13. The local mean grass LAI was 0.42 (σ =
0.48) and 0.62 (σ = 0.69) in Las Majadas and Santa Clotilde respectively. Both deviations showed
the variation of the herbaceous index compared with the tree index.

Figure 2.22: Local LAI measured in the field for Santa Clotilde and Las Majadas.

Figure 2.23a shows the oak spectra measured on different dates in 2013 and 2014 in Santa
Clotilde. A small region of the spectrum ranging between 1480-1580 nanometers has been
masked, due to the noise produced by the SWIR 1 InGaAs Photodiode detector of the ASD
instrument. Even when the variation is perceptible over the seasons, the spectral region used to
derive LAI, as a function of NDVI, remains constant, the same as those used for EVI. Observing the
grass spectrum over the season (Fig. 2.23b), greater variations could be observed due to the
growing cycle of this annual vegetation, which in the course of the year ranges between almost
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full cover to bare soil/dry grass. Averaging the measured spectrum using MODIS spectral filter
bands, the estimated local LAI value for oaks is 2.294 (σ = 0.092), and for grass, 0.64 (σ = 0.82).

a)

b)
Figure 2.23: a) Oak and b) herbaceous layer spectral information measured in the field. The blue band is marked
with blue, the red band in orange and NIR band in red.
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The reflectance spectrum of the collected leaves, analyzed in the laboratory is even more
homogeneous (Fig. 2.24). It is probably due to the more uniform artificial light beam used for
measuring reflectance in the laboratory, and to the greater homogeneity of the prepared leaf
samples, compared to canopy FOV under field conditions. Differences between the average values
computed using MODIS spectral filters bands, represented by blue (BLUE), orange (Red) and red
(NIR) in Fig. 2.24 for the different months is less than 0.03 points.

Figure 2.24: Spectrum information for oak leaves measured in the laboratory. The blue band is marked in blue,
the RED band in orange and the NIR band in red.

As mentioned above, local LAI from grass and oaks were derived from field spectral information in
order to determine whether the derivation of LAI using the broad bands from satellites could be
used as a proxy, and supported the assumption of non-variability of the oaks’ spectral properties
throughout the year when extrapolating the estimates. The RMSD of the local oak LAI when the
spectrometer-derived and measured indices were compared was 0.58, with 28% relative error. The
RMSD for grass was 0.19, with 27% relative error and r 2=0.9524. Although the number of
measurements is limited, the sampling design integrated a significant number of points, within
different soil, substrate and canopy ranges (Table 2.4).
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Table 2.4: Local LAI observed in the field and estimated with Landsat and MODIS distribution functions.
LAI_L OBSERVED
Date
n* LAI_L
23/07/13
20/12/13
19/05/14
30/06/14
17/07/14

21
19
7
8
15

3.61
2.20
2.43
3.33
2.15

23/08/13
17/10/13
19/05/14
04/06/14
17/06/14

5
4
24
6
6

0.21
0.15
2.04
0.62
0.31

LAI_L – Landsat derived
Date
n*
LAI_L
Oak
23/07/13 39
2.32
20/12/13 12
2.67
19/05/14
6
2.11
30/06/14 18
2.52
30/06/14
2
2.19
Understorey layer
23/07/13 93
0.37
20/10/13 12
0.58
19/05/14 47
2.34
04/06/14 43
0.65
30/06/14 20
0.28

LAI_L – MODIS derived
Date
n*
LAI_L
23/07/13
20/12/13
19/05/14
30/06/14
30/06/14

39
12
6
18
2

2.33
2.62
2.07
2.52
2.29

23/07/13
20/10/13
19/05/14
04/06/14
30/06/14

93
12
47
43
20

0.33
0.59
2.20
0.62
0.15

n* number of samples

The results suggest that the assumption of a constant oak LAI during the year is acceptable for the
purposes of this study. Similarly, remotely sensed information for deriving vegetation indices for
oaks and grasses in this ecosystem is sufficiently accurate.

2.3.4 Green fraction estimation.
A green fraction (fg) was derived for both locations using MODIS satellite data, as suggested by
Guzinski et al., (2013). fg was also derived from the spectral data collected for each canopy layer,
averaging the spectral information by means of the MODIS band distribution functions. In order to
integrate in a single spectral-derived index both canopy types, each estimation was weighted by
the area occupied by each component within the ecosystem. This was only possible on the three
days on which spectral measurements were made over both covers, in July 2013 and May and
June 2014. Comparing these results (Table 2.5), no conclusion about the goodness of the
adjustment of MODIS index could be drawn, due to the low number of samples, although it seems
that the MODIS-derived index in summer is higher than the spectral-derived index. Observing
spectral-derived fg values, it seems that the threshold value for green/dry vegetation is close to
0.8.
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Table 2.5: fg estimated from field spectra using MODIS bands functions and fg estimated from MODIS
products.

fg from spectral information
Date
23/07/13
23/07/13
20/10/13
20/12/13
07/04/14
05/05/14
13/05/14
19/05/14
30/06/14

oak
0.73
0.76
-1
---1
0.78

grass
0.75
-0.78
-0.94
0.98
0.87
-0.82

Oak + grass
0.75
0.75
---

fg MODIS product
Oak + grass
0.81
0.81
0.66
--

0.98
0.90

0.74
0.74

0.81

0.71

As Figure 2.25 shows, even when the grass is completely dry, f g values derived from MODIS are still
high (e.g. August 2013 = 0.82). f g derived from the satellite incorporates the effect of the
evergreen vegetation along with the grass, but considering the low tree fractional cover in these
ecosystems, a strong influence would not be expected. It may be that this parameter does no t
reflect phenological conditions during the dry period sufficiently accurately.
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a)

b)
Figure 2.25: Monthly fg parameter estimated from MODIS satellite for a) year 2013 and b) 2014 over Santa
Clotilde.

2.3.5 Roughness length and zero displacement plane assessment
Real roughness length and zero displacement height were first estimated using wind and u star
measurements with the log profile under near-neutral conditions, as suggested by Nakai et al.
(2008) and Rooney (2001), and then estimated based on the formulations of Massman (1997),
Choudury and Monteith (1988) and Raupach (1994), described in section 2.2.2.1 above.
The estimated value of the zero displacement height, d 0 was less influenced by the formulation
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selected than the roughness length, with an uncertainty of 25% in the various approaches. A
sensitivity analysis of d 0 was performed using the data of Las Majadas (2007-2008) with d 0 values
ranging from a minimum of 1.5 to maximum of 4 m, estimated using the formulations described
above. The results showed that the maximum variation in flux estimation caused by the value
adopted for d 0 was less than 1 Wm -2 for LE and 4 Wm -2 for H.
For roughness length, estimates of Z OM ranged from 0.1 to 1 m. Using this range in Z OM in TSEB
resulted in a variation of 20 Wm -2 (20%) in the sensible heat flux (an order of magnitude).
Variations in the value of Z OM affect the computation of the resistances and wind speed profile.
Lower ZOM would lead to a higher R A (Eq. 2.27), and also higher R X (Eq. 2.33), due to the higher
wind speed above the canopy. This higher wind speed will result in a higher wind speed at soil
level, resulting in lower R S (Eq. 2.28). This will yield lower H values (and higher LE values). A larger
HS would result, while a higher R A and RX would reduce H C. RX is less influenced by the value of Z OM
than RA or RS, with mean differences between the resistance values resulting in Z OM = 0.1 and ZOM =
1 of 50 s m-1 for RA, 20 s m-1 for RS and less than 1 s m-1 for RX. (Figure 2.26).
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Figure 2.26: RA, RS and RX monthly values with ZOM values ranging from 0.1 to 1.
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Figure 2.27a shows the variation in sensible heat flux RMSD for a given number of roughness
length values during the year. During the summer the model appears to be less sensitive to
roughness length, probably because differences between the canopy/soil and air temperatures is
much larger during this season. It can also be observed that when Z OM reaches a threshold value, H
RMSD finds a limit and higher Z OM values do not increase the errors. LE is less sensitive to changes
in roughness length (Fig. 2.27b), although during the summer, higher Z OM values would reduce the
error. Higher Z OM might facilitate the sensible heat flux transport, with a decrease in R A at the
expense of latent heat flux, improving the simulation of low LE rates over the dry season.

a)

b)

Figure 2.27: a) Sensible and b) latent heat flux RMSD [Wm-2] at Las Majadas, obtained for a range of roughness
lengths during the year.
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We found that the best adjustment for the roughness length was given by Raupach (1994)
formulation (45% MAE), which also integrates the vertical structure of the trees. Meanwhile,
Choudhury and Monteith (1988) gives a MAE of 125% and Massman (1997) of 140%. Mean
“measured” roughness length is smaller (x = 0.52 and σ = 0.3) than the one we would have
expected for this tall vegetation environment (~1) using the common formulations, possibly due to
the low fractional cover of the oaks. The roughness length in Santa Clotilde is higher, as estimated
using the friction velocity with d 0 as a constant (d 0 = 3.5) it gives a higher Z OM value (x = 0.7 and σ =
0.55) than for Las Majadas, due probably to the steeper slope observed in the landscape and to a
lesser extent to the slightly higher tree height (8.5 vs. 8 m). When the separate estimates of Z OM/d0
for trees and grass were needed (wind speed profile modification), we assumed the Raupach
(1994) formulation for the oak (function of tree vertical and horizontal structure) and the
Massman (1997) formulation for the grass (function of the LAI and the height) which presented
good results in previous studies of this kind of herbaceous vegetation ( Norman et al., 1995; Kustas
and Norman, 1999; Cammalleri et al., 2012).

2.3.6 Wind profile analysis
As observed by Brutsaert (1984), the use of an exponential wind profile inside the foliage space
may not be always appropriate, especially close to the soil surface. For this reason, Goudriaan
(1977), Massman (1987) and Lalic et al. (2003) formulations were tested comparing the
estimations with the wind speed measured at 5 meters over Las Majadas for year 2011. Estimates
of wind speed at 9 meters using a logarithmic approach were also compared with the
measurements. The MAE in the estimate of wind speed at 9 meters (outside the canopy layer)
using a simple logarithmic approach considering stability effects was 20%, with r 2 of 0.94 (Fig.
2.28a). The errors were highly dependent on the fetch influencing the measurements (Fig. 2.28b),
with significantly higher errors when the fetch was up to the first 100 meters. As the figure shows,
this low fetch reflects low wind speeds and highly unstable conditions. Under these circumstances,
the logarithmic profile may break down.
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a)
b)
Figure 2.28: a) Wind speed estimated and measured at 9 meters on Las Majadas site and b) in relation to the
fetch.

With regard to the estimates of wind speed at a height of 5 meters (within the tree canopy layer),
the three formulations tested, Massman, Goudriaan and Lalic, yielded errors of 32%, 43% and
99% respectively (Fig. 2.29a). The Lalic model estimates a strong wind-speed extinction coefficient
within the canopy, which yields a very low wind speed at 5 meters. In view of these results, Lalic
model was not used for the next analyses. As Fig. 2.29b shows for the Goudriaan approach,
differences in the slope may correspond to different seasons and consequently different leaf area
indexes, with the existence and activity (dry or fully growing) of a herbaceous canopy layer
influencing the relationship.

a)

b)

Figure 2.29: a) Wind speed estimated and measured at 5 m over Las Majadas. b) Wind speed estimates following
Goudriaan related to the different seasons
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When the modified wind speed profile was applied to the data (Section 2.2.2), using the Raupach
(1994) and Massman (1997) formulations to estimate roughness length for the trees and grass
respectively (Fig. 2.30), and then deriving an extinction coefficient for each canopy layer according
to the different vegetation structures, we found that the error in the estimation of wind velocity at
5 meters was reduced to 24% using the Massman approach and 28% using Goudriaan. The LAI for
the oak was always reduced by the clumping factor (0.71). This formulation takes into account for
the fact that the wind speed at a height of 5 meters is only affected by tall vegetation.

Figure 2.30: Wind speed estimated and measured at 5 meters over Las Majadas using the modified wind profile

These results encourage the consideration of the Massman approach as a possibility to model
wind profile in TSEB, as Cammalleri et al. (2010) found, while the Goudriaan model also yielded
reasonable estimates. However no measurements under the grass canopy layer were available,
preventing a complete test of the assumption that separate extinction coefficients for each canopy
layer might be a suitable solution for this ecosystem. Nevertheless, the use of an “oak extinction
coefficient” for the wind speed estimate at a height of 5 meters seems an appropriate solution
under the conditions studied.
The same procedure was employed for 14 days, during which “wind speed profile” data were
collected over Santa Clotilde, when wind speed averaged 17, 12, 7 and 3 meters, displaying the
same trend in the reduction of the bias, as Table 2.6 shows.
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Table 2.6: MAE between measured and estimated values of wind speed at 12, 7 and 3 meters over Santa
Clotilde

05/07/13
06/09/13
14/11/13
28/11/13
07/01/14
27/01/14
20/03/14
07/04/14
25/04/14
05/05/14
19/05/14
04/06/14
17/06/14
30/06/14
MAE

Extinction coefficient for the bulk system
MAD u (12) m MAD u(7) m
MAD u(3) m
G
M
G
M
G
M
0.17
0.44 0.75 0.71 0.90
0.80
0.13
0.40 0.35 0.23 0.31
0.37
0.28
0.18 0.65 0.58 0.91
0.81
0.94
0.23 0.53 0.43 0.74
0.45
0.10
0.29 0.67 0.60 0.86
0.71
0.29
0.18 0.78 0.73 0.90
0.79
2.13
0.98 0.45 0.33 0.90
0.79
3.37
1.76 0.46 0.35 0.93
0.85
1.97
0.88
0.65
0.26
2.34
1.11 0.59 0.50 0.89
0.77
0.34
0.14 0.52 0.42 0.80
0.59
1.33
0.53 0.45 0.34 0.38
0.30
0.52
0.03 0.41 0.30 0.22
0.58
1.80
0.91 0.44 0.71 0.21
0.58
111% 58% 54% 48% 69%
62%

Different extinction coefficient for oak and grass
MAD u (12) m
MAD u(7) m
MAD u(3) m
G
M
G
M
G
M
0.34
0.50
0.71
0.67
0.85
0.74
0.29
0.46
0.28
0.18
0.03
0.65
0.25
0.43
0.50
0.43
0.75
0.57
0.07
0.20
0.30
0.20
0.14
0.46
0.09
0.18
0.27
0.17
0.43
0.02
0.37
0.53
0.64
0.60
0.60
0.33
0.43
0.08
0.07
0.06
0.52
0.19
0.87
0.41
0.03
0.11
0.60
0.32
0.40
0.05
0.55
1.64
0.30
0.02
0.27
0.17
0.33
0.14
0.19
0.39
0.33
0.23
0.45
0.07
0.60
0.20
0.29
0.19
0.34
1.28
0.19
0.10
0.32
0.23
0.22
1.07
1.29
0.73
0.62
0.85
0.15
0.96
41%
31%
36%
31%
43%
60%

2.3.7 Priestly-Taylor coefficient analysis
The Priestley-Taylor coefficient was analyzed using an optimization scheme similar to Agam et al.
(2010), iteratively running the TSEB with the radiometric temperature derived from the four-way
radiometer installed at Las Majadas over a range of initial values ranging from 0.1 to 1.5, using five
years of data (2007-2011). After each run, modeled and observed ET values were compared.
Because the available energy remains constant, it is necessary to study the RMSD of the sensible
heat flux in parallel.
Initially, a constant measured LAI for oak trees, with a constant clumping factor of 0.71 and f g
equal to 1 was assumed, subsequently incorporating f g as a variable, in order to analyze the
influence of the different vegetation conditions. The selection of a P-T coefficient value for oak
trees focused on data collected during the summer and winter. However, it is interesting to
examine the results of the interaction in the course of the year (Fig. 2.31), even when for long
periods, mainly during the autumn and spring, values corresponded to the co-existence of two
contrasting vegetation layers, in this case oak trees and grasses.
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a)

b)
Figure 2.31: Latent heat flux RMSD [Wm-2] modifying the Priestley-Taylor coefficient from 0.5 to 1.5 with a)
constant fg and b) variable fg, for Las Majadas

This analysis confirmed that the Priestley-Taylor coefficient also displays seasonal variations ( De
Bruin and Keijman, 1979), with minimum values occurring in mid-summer, when radiation inputs
were at their peak, and maxima during the spring and autumn. During the winter, the error found
for LE with both applications was similar for every Priestley-Taylor coefficient selected . During the
summer, less error on LE was found, with the lowest value of αPT with fg=1 and for fg variable. Up to
αPT = 0.9, errors during the summer remain low, and large differences could not be found in the
interval 0.5-0.9, but when the standard value α PT = 1.26 is selected errors rose around 10 Wm -2
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with fg=1 and slightly less with fg variable. The best fit for LE in summer corresponded to a αPT =
0.5, even taking into account the green fraction that in this case is not low enough to constrain LE
rates over the dry season. However, the difference in TSEB performance varies little with αPT
ranging from 0.5 to 0.9. During the winter, the best fit was when αPT = 1.08.

a)

b)
Figure 2.32: Average RMSD [Wm-2] for LE and H, modifying the Priestley-Taylor coefficient from 0.5 to 1.5 with a)
constant fg and b) variable one, at Las Majadas

Attending to the RMSD incorporating sensible heat flux with variable f g, presented in Fig. 2.32b,
we can see that during almost all the winter, when there is no grass layer, the best fit P-T
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coefficient is greater than 1, although the range of error is low. In summer, α PT = 0.5 still has the
best fit. It can be seen that P-T coefficient value does not greatly influence the overall error except
during the summer period, when values higher than 0.9 result in errors of more than 10 Wm -2.
P-T bulk coefficient estimation with the equilibrium ET and its relationship with vapor pressure deficit
(VPD)
αPT bulk estimation displayed average values of 0.57. Usually LE in the equilibrium is higher than or
equal to LE (Fig. 2.33), so the coefficient may vary between 0 and 1. In forest environments, this
approach has been adopted in order to take into account the P-T coefficient (Komatsu, 2005), but
in this case with the low tree fractional cover, is not possible to isolate the influence of the soil. As
Figure 2.34 shows, the P-T coefficient displayed an indirect relationship with the VPD as suggested
by Agam et al. (2010) and Baldocchi and Xu (2007). In this ecosystem, VPD could reach peak
values of more than 6 mb during the dry season.
The estimation of α PT for summer season with no grass in the field, using the net radiation
reaching the canopy displayed an average value of 1.03, with wide variation ( ± 0.6).

Figure 2.33: Leeq and LE [Wm-2] measured over Las Majadas for 2007-2011 period.
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Figure 2.34: αPT bulk estimations vs. VPD over Las Majadas for 2007-2011 period.

Baldocchi and Xu (2007) found that the maximum value of αPT for a similar ecosystem with dry
grass and at full leaf and soil moisture was about 0.9, 30% less than the values associated with
evaporation from green, well-irrigated and fertilized crops such as wheat ( Baldocchi and Xu, 2007;
Priestly-Taylor, 1972). In forest, observational studies found that unstressed α PT associated with
canopy is significantly lower than the typical value of 1.26. Some of the values found for
temperate broad-leave evergreen forest were 0.99 (Droppo et al., 1973), 0.65 (Kelliher et al.,
1992), 0.93 (Kanda et al., 1997), 0.61 (Tanaka et al., 1998), 0.64 (Meiresonne et al., 1999) and
0.72 (Black, 1979, Shuttleworth and Calder, 1979, Giles et al., 1985). Komatsu (2005) found for
temperate broad-leaved forest a mean value of 0.82 ± 0.16. In general, on the basis of all these
studies we can conclude that natural vegetation displays a value of α PT that is lower than the
standard for crops, reflecting the relatively conservative water-use tendencies of undomesticated
plants. Taking into account these previous studies and the results presented in this section, we
decided to modify the Priestly-Taylor coefficient value to 0.9 for this ecosystem, related to the fact
that values higher than that result in errors of more than 10 Wm -2 in the summer period.

124

Chapter 2: Modelling surface energy fluxes over a dehesa with TSEB

2.3.8 Detail-scale evaluation of TSEB integrating the parameter analysis (ZOM/d0
and P-T coefficient) and the wind profile modifications (TSEB G, TSEB M, TSEB Gp,
TSEB Mp, TSEB ef)
Figure 2.35 compares estimated and observed fluxes for different applications of TSEB versions. In
order to be more accurate, and to test the assumption of a con stant oak LAI and variable grass LAI
we used the LAI measured at Las Majadas during 2008 and 2009, with a clumping factor over nadir
view of 0.71. As model input (air temperature and humidity, solar incoming radiation and wind
speed) and validation data (four surface energy fluxes) we used the data-set collected over the
same period by the eddy covariance tower. The Priestley-Taylor coefficient finally selected was 0.9,
with fg estimated using MODIS remote information, as described in section 2.2.2.1. The roughness
length formulation selected for the application of TSEB with Goudriaan (1977) and Massman
(1987) wind profiles with the common formulation of the extinction coefficient (TSEB G and TSEB
M) was that of Raupach (1994). When separate estimates of Z OM/d0 for the trees and grasses were
required, because an extinction coefficient for each canopy layer was calculated (TSEB Gp and
TSEB Mp), we employed the Raupach (1994) formulation for the oak (function of tree vertical and
horizontal structure) and the Massman (1997) formulation for the grass (function of the LAI and
the height). Table 2.7 presents RMSD values for every version, including the TSEB with a P-T
coefficient equal to 1.26.
In both Figure 2.35 and table 2.7, we can see that all the modified versions outperformed the
direct application of TSEB. TSEB G and TSEB M showed less dispersion, but differences between
the modified wind speed profiles versions are hardly noticeable. Rn is almost invariant as well as G
in all simulations. All versions (TSEB G, TSEB Gp, TSEB M, TSEB eff) except the Massman modified
wind speed profile (TSEB Mp) that calculates an extinction coefficient for each canopy layer,
tended to overestimate LE for low-medium values showing the opposite trend for H, possibly
because even integrating the green fraction and reducing the α PT coefficient, during the dry
periods without available water LE flux is so low as to approach zero. Original TSEB overestimate
LE during the whole year., specially in summer.
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Table 2.7: RMSD for Rn, G, H and LE from the application of TSEB and the different versions with T RAD derived
from the 4-way radiometer (ECT).
RMSD [Wm-2] TSEB αPT = 1.26 TSEB G TSEB M TSEB Gp
Rn

27

27

28

30

G

28

28

28

28

H

50

48

46

55

LE

60

46

46

48

After the modifications, RMSD between estimated and observed values for the energy fluxes are
within the limits found by other authors for more uniform and homogeneous canopies ( Norman et
al., 1995; Kustas and Norman, 1999; Timmermans et al., 2007; Sánchez et al., 2008; GonzálezDugo et al., 2009), and the uncertainties of the measurement technique (~40 Wm -2). It is worth
noting that all the modified wind profile versions that account for the existence of different
canopy layers, with different extinctions coefficients displayed similar deviations, without a
significant improvement using them. The Massman model yielded reasonable estimates of both
fluxes, with lower discrepancies than the Goudriaan approach. Cammalleri et al. (2010) found for
a similar sparse woody crop (olive orchard) RMSD for H and LE of 40 and 43 Wm-2 respectively
following Goudriaan, and 32 and 40 Wm-2 with the Massman approach. The RMSD for net
radiation displayed almost the same differences for both formulations, 28 Wm-2, as the ones we
found here. However, soil heat flux RMSD is lower (17 – 16 Wm-2), in this application influencing
the differences between modeled and observed values in the turbulent fluxes. TSEB without any
modification (αPT = 1.26 & ZOM/d0) showed the highest error for latent heat flux, and the effective
version had slightly better results for H and LE fluxes than the modified wind-profile ones.
The discrepancy between the measured and observed values of net radiation is over 14%, being
almost 50% for the soil heat flux. The turbulent fluxes had a relative error of 35% for LE and 30%
for H. During the dry period, the relative error of LE greatly increased, due to the small rate of
measured LE. It can be derived from these results that a revision of the net radiation scheme, to
account for the existence of a double canopy layer, and leading to the change in the available
energy, might be a further advance in the modelling of turbulent fluxes under these conditions.
Due to the magnitude of the soil heat flux in this semi-arid ecosystem and its influence on the
total available energy, further research is also needed to improved the accuracy of G estimations.
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a) TSEB G

b) TSEB Gp

c) TSEB M

d) TSEB Mp

e) TSEB αPT = 1.26

f) TSEB ef

Figure 2.35. Estimated values for LE, H, G and Rn for TSEB and the different version using T RAD derived from the
ECTs vs. the observed values measured in the ECTs.
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However, the accuracy in the estimation of LE and sensible heat for a natural cover vegetation
structure as complex as the dehesa using the TSEB is adequate and encourages future
applications. Given the results obtained in this section, the model version selected for the
distributed application in a dehesa-type ecosystem in the following chapter 3 was a TSEB model
with the simple Goudriaan formulation for the wind speed profile, a Priestley-Taylor coefficient of
0.9 and clumping factors over nadir of 0.71 (Las Majadas) and 0.62 (Santa Clotilde), with Raupach
(1994) roughness length formulation.

2.5. SUMMARY AND CONCLUSIONS
Concerning the ground-truth data used to analyze the influence of complex vegetation in energy fluxes
exchange modelling, the data collected by means of eddy covariance techniques, showed an average
closure within the error range found by other authors (Foken, 2008; Franssen et al., 2010) which was
suitable for evaluation/validation. The analysis of the contributing area at both ECTs indicated that the
area within 500 meters contributed most to the energy fluxes measured, with 80% of the fluxes
coming from the area between 0 and 1000 m. In view of these results, and considering that the same
land use is extended and uniform for at least 1 km along the principal wind directions (SW at Santa
Clotilde, SW and NE at Las Majadas), no problems of fetch were to be expected for ECT data measured
over this wind component. Both areas sharing the same ecosystem, have similar conditions and
fractional cover, making possible the extrapolation of results from one area to the other.
The energy storage within the biomass at both locations was estimated (Stewart and Thom, 1973;
Stewart, 1978), and it was found that it could reach values greater than 10% of the net radiation,
although monthly mean S values ranged between 0 and less than 10 Wm -2, and could therefore be
neglected under these conditions. In dehesa ecosystems with more dense canopies than the usual
values (fC ~0.2), integrating biomass energy storage into the surface energy balance could improve the
balance closure and the further applications.
A separate analysis of the leaf area index of oaks and grasses enabled us to take into account
separately the effect of each canopy layer, which differs in phenology and physiology, on the
radiative and turbulent exchanges. Based on the analysis performed using local field LAI
measurement and spectra information, the assumption of a constant oak LAI during the year is
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acceptable for the purposes of this study. Similarly, the use remotely sensed vegetation indexes for
oaks and grasses LAI estimations in this ecosystem is sufficiently accurate. The c lumping factor was
estimated and integrate into TSEB reducing local oak LAI, following Kustas and Norman (2000), and
showing values of 0.71 and 0.61 for Las Majadas and Santa Clotilde, respectively, in accordance
with the ecosystem structure. Green fraction index, which was also integrate into the TSEB
calculations and derived as Guzinski et al. (2013) suggested, may not reflect phenological
conditions during the dry period with sufficient accuracy, as the comparison between that value
and fg derived from spectra information showed, and the direct comparison with photography
where the phenology of the canopy layers was captured.
The roughness length and zero displacement plane parameters, used in the resistances to the heat
flux transfer formulations, showed that the estimated value of d 0 was less influenced by the
formulation selected than roughness length. The results of the sensitivity analysis showed that the
maximum variation in flux estimation caused by the value adopted for d 0 was less than 1 Wm-2 for
LE and 4 Wm-2 for H, with the variation caused by Z OM being an order of magnitude greater (~20
Wm-2). We found that the best adjustment for the roughness length was provided by the Raupach
(1994) formulation (45% MAE), which also integrated the vertical structure of the trees. Mean
“measured” roughness length was smaller (~0.52) than what would have been expected for this
tall vegetation environment (~1) using the common formulations, possibly due to the low
fractional cover of the oaks. The roughness length at Santa Clotilde was higher (~0.7) than at Las
Majadas, possibly due to the steeper slope observed in the landscape and to a lesser extent to the
slightly higher tree height (8.5 vs. 8 m).
The Priestley-Taylor coefficient constant value of 1.26, which influences the calculation of the
canopy latent heat flux used by TSEB as the first estimation of the iteration process was revised,
with a similar optimization scheme as Agam et al. (2010) finding that during the summer, a smaller
RMSD for LE was found with the lowest values of αPT. Up to α PT = 0.9, errors remained low, and
larger differences could not be found in the interval 0.5-0.9, but when the standard value α PT =
1.26 was selected errors emerged at around 10 Wm -2 with fg=1 and slightly less with fg variable. It
can be seen that the P-T coefficient value does not greatly influence the overall error, except
during the summer, when values higher than 0.9 resulted in errors of more than 10 Wm -2. The α PT
bulk estimation displayed average values of 0.57, because LE in the equilibrium is usually higher
than or equal to LE, so the bulk coefficient may range between 0 and 1. In this case, the low tree
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fractional cover makes it impossible to isolate the influence of the soil in this bulk coefficient. The
results showed that α PT bulk has an indirect relationship with the VPD, as suggested by Agam et al.
(2010) and Baldocchi and Xu (2007). The estimates of α PT in summer with no grass in the field,
using the net radiation reaching the canopy had an average value of 1.03, with wide variation (σ =
0.6). On the basis of the previous analysis, we decided to select value of α PT equal to 0.9 from this
system, in accordance with the results of Baldocchi and Xu (2007), who found this value for a
similar ecosystem with dry grass and at full leaf and soil moisture. In general, on the basis of our
own analysis and other studies of forest and similar landscapes (Droppo et al., 1973; Kelliher et al.,
1992; Kanda et al., 1997; Tanaka et al., 1998; Meiresome, 1999; Komatsu, 2005 ) we can conclude
that natural vegetation displays a lower value of α PT than the standard for crops, reflecting the
relatively conservative water-use tendencies of undomesticated plants.
With regard to the wind-speed profile, the use of an exponential wind profile within the forest
could not be appropriated in oak savanna ecosystem (Brutsaert, 1984) and other formulations
were tested besides the one directly integrated into TSEB ( Goudriaan, 1977; Massman, 1987; Lalic
et al., 2003). The relative error in the estimates of wind speed at a height of nine meters (i.e.
outside the canopy layer) assuming a logarithmic approach and taking stability effects into account
was 20%, with r 2 of 0.94, which is accurate enough for this application. The errors were highly
dependent on the fetch influencing the measurements, related to highly unstable conditions
under which the logarithmic profile may break down. With regard to the estimates of wind speed
at a height of five meters (within the tree canopy layer), the three formulations tested, Massman,
Goudriaan and Lalic, yielded relative errors of 32%, 43% and 99% respectively. The Lalic model
estimated a strong wind-speed extinction coefficient within the canopy, which yielded a very low
wind speed at five meters. In view of these results, the Lalic model was not used for the
subsequent analysis. The differences in the slope of the relationship between measured and
estimated values of wind speed at five meters may correspond to different seasons, and
consequently to different existences and activity of a herbaceous layer influencing the
relationship.
When the modified wind speed profile was applied to the data, taking into account this double
canopy layer by deriving an extinction coefficient for each layer, we found that the error in the
estimation of wind velocity at 5 meters was reduced to 24%, when we adopted the Massman
approach and 28% using Goudriaan. These results encourage us to consider Massman approach as
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a possibility to model wind profile in TSEB under this conditions, as Cammalleri et al. (2010)
suggested for olive groves, while the Goudriaan model also yields reasonable estimates. However
no measurements under the grass canopy layer were available, which prevented a complete test
of the assumption that separation of the extinction coefficients for each canopy layer might be a
suitable solution for this ecosystem. The use of an “oak extinction coefficient” for the wind speed
estimate at a height of 5 meters seems an appropriate solution under the conditions studied.
Assuming constant behavior of the oak LAI, the approaches proposed to integrate the two-canopy
layers were tested, by modifying the wind-speed profile formulations to include the differences in
the vegetation layers. RMSD values from the application of this different TSEB modified windspeed profile versions, as well as TSEB with αPT equal to 0.9 and ZOM/d0 computed following
Raupach (1994) and TSEB with αPT = 1.26 and ZOM/d0 Massman (1997) are within the limits found
by other authors (~20 Wm -2 - ~50 Wm-2) for more uniform and homogeneous canopies (Norman et
al., 1995; Kustas and Norman, 1999; Timmermans et al., 2007; Sánchez et al., 2008; GonzálezDugo et al., 2009), and the uncertainties of the measurement technique (~40 Wm -2). It is worth
noting that all the modified wind-speed profile versions (TSEBGp, TSEBMp, TSEBef) displayed
similar deviations between each other.
The accuracy of the estimates of LE and sensible heat flux for a natural vegetation cover structure
as complex as the dehesa, using the TSEB with an adjusted αPT and a ZOM/d0 formulation that takes
into account the tree structure is adequate and encourages future applications of the model on a
regular basis to assist management actions over this ecosystem.
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Chapter 3: Application and evaluation of TSEB
over a dehesa ecosystem integrating remote
sensing information from medium and low
spatial resolution sensors
The main results of this chapter are been prepared for publication in a peer review journal. Partial results have been previously
presented at:
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3.1 INTRODUCTION
Mediterranean evergreen oak woodlands in Southern Spain (dehesas), Portugal (montados) and
Greece are savanna-type ecosystems with widely-space trees (Quercus ilex, Quercus suber,
Quercus pyrenaica and Quercus rotundifolia) combined with a sub-canopy of crops, annual
grassland and shrubs. They are widely distributed over Europe ( ≈3 million hectares) and
Mediterranean-type climate areas (e.g. California and South Africa), being recognized as an
example of sustainable land use that depends upon human maintenance ( Habitats Directive
92/43/EEC), forming a multiple agroforestry land use system ( Diaz et al., 1997; Plieninger and
Wilbrand, 2001; Grove and Rackham, 2003; Papanastasis, 2004; Carreiras et al., 2006). The
climate of these areas is highly seasonal and variable, with wet winters and hot dry summers,
when natural droughts are frequent. The intensity and duration of these events is increasing,
aggravated by the intensification of use and global warming ( Pulido and Díaz, 2005; Miranda et
al., 2006).
A better understanding of the processes that drive the functioning of these ecosystems and how
they respond to these changes could therefore improve their management and conservation. In
these water-controlled ecosystems there are many interactions between climate, soil and
vegetation, with evaporation (ET) being a key indicator of woodland health ( Moran et al., 2004),
connecting the energy and water budgets. As these ecosystems comprise several layers of
vegetation that differ in physiology and phenology (Baldocchi et al., 2004; Baldocchi and Xu, 2007)
and areas with bare soil, they cannot be treated as a single spatially uniform system for energy
and water exchanges (Paço et al., 2009). These ecosystems, located in rainfall transition areas, are
well adapted to the extreme and variable weather conditions, and have evolved control
mechanisms to deal with water-stress conditions.
In this context, regional estimation of ET using thermal-based EB models which distinguish
soil/substrate and vegetation contributions to the radiative temperature and radiation/turbulent
fluxes such as TSEB (Norman et al., 1995; Kustas and Norman, 1999), can be more precise than
single-source approaches (Timmermans et al., 2007; Gonzalez-Dugo et al., 2009). Moreover, TSEB
has a more robust physical basis than other models and allows for adaptation to the specific
characteristics of the ecosystem, modifying some aspects of the EB in order to take into account
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the particular physiological, phenological and meteorological conditions of this ecosystem. The
model has largely been validated over agricultural areas (Kustas and Norman, 1997; French et al.,
2005; Timmermans et al., 2007; Gonzalez-Dugo et al., 2009), while studies of woody natural
vegetation or woody crops are less common (Cammalieri et al., 2010; Guzinski et al., 2013;
Morillas et al., 2013). Although further research is required, mapping ET on this regional scale is
currently possible by integrating earth observation techniques, using distributed information as
model input to describe the current surface status. This provides a better representation of
ecosystem heterogeneity and takes to a certain degree local meteorological conditions into
account.
In this study, a TSEB model that integrates satellite remote-sensing images was evaluated in two
areas of dehesa ecosystem Western and Southern Spain. Instant LE values [Wm -2] and the
associated daily ET values [mm] were derived on a regional scale and compared with ECT
measurements, this last value being more useful for agricultural and hydrological purposes than
the one directly provided by the model at the time of the satellite overpass. Distributed ET over
Andalusian dehesa was mapped as an approach to monitor the ecosystem status on a regular
basis. This procedure might permit early detection of droughts and the determination of
ecosystem health, by examining whether the vegetation is operating adequately, maintaining its
optimal activity and structure over the time, or is water-stressed, what reduces its capability to
produce quality commodities and provide services to society (Moran, 2003).

3.2. MATERIALS AND METHODS
Details of two study areas, the input meteorological data (air temperature, wind velocity, solar
incoming radiation and relative humidity) and the ground-truth data for validation are described in
Chapter 2, sections 2.2.1 and 2.3.1. One site is located in Southern Spain (Santa Clotilde,
Andalucía, 39°56′ N; 5°46′ W, 736 m a.s.l), and the other in the Southwestern (Boyal de Majadas
del Tiétar, Extremadura, ES-LMa, 39°56' N; 5°46' W, 260 m a.s.l). Both study sites are dehesa-type
ecosystems, with homogeneous landscapes and smooth topographies, gentle slopes and
Mediterranean climate. Ground fractional cover of the oaks (fC) is around 20%, determined during
the period with maximum spectral contrast between the overstorey and the understorey
(Carreiras et al., 2006). Significant parameters for the description of the canopy structure, such as
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leaf area index (LAI), tree height or leave size have been assessed in the field.
All energy balance components used to evaluate the behavior of the model were measured
directly with eddy covariance towers (ECT), the closure balance error being 20% and 14% for Santa
Clotilde and Las Majadas respectively, both values within the range found by other authors ( Foken,
2008; Franssen et al., 2010). A cumulative normalized contribution to the flux measurement curve
was estimated for each area as a function of the distance from the measurement point, as well as
the relative contribution to the measured flux (Schuepp et al., 1990). The area that contributed
most to the energy fluxes measured at both ECT was within 500 meters, with 80% of the fluxes
captured by the ECT coming from the area between 0 and 1000 m. Principal wind direction is SW
for Santa Clotilde, with 1 km fetch, and SW and NE for Las Majadas, with 1.5 km and 2 km fetches
respectively.
Both areas share the same ecosystem, and although they are located 250 kilometers apart they
have similar conditions and fractional cover, making it possible to assume the extrapolation of the
results from one area to the other. Since both of them can be regarded as representative of the
dehesa ecosystem, the results should be useful for the whole region and other savanna areas with
similar conditions.
The TSEB model was evaluated in chapter 2 with the radiometric temperature derived from the
ECT data, to refine the formulation, and the behavior of some key parameters was also analyzed,
finding that the application of the TSEB was accurate enough to continue with the distributed
application. In this study, the TSEB model was employed, and was compared using MODIS
(Moderate Resolution Imaging Spectroradiometer) images at both study sites, testing the scaledependance of the model outputs. Daily ET [mm] was derived from MODIS images for both study
sites and compared with the measurements of the ECTs. TSEB was also evaluated using Landsat-7
ETM+ and Landsat-8 OLI images, with higher spatial resolution, for the Santa Clotilde site.
After validation of the model on different scales, an example of a potential regional monitoring
procedure extended over time was proposed and discussed. TSEB was employed over the whole
Andalusian dehesa, covering around 1.2 million hectares (10 – 15 % of the region) using MODIS
images and meteorological maps captured in 2014. For this first application some days of the
current year during the winter, spring and summer season were selected and analyzed, with the
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idea of extending the study using daily MODIS images, that might provide more continuous
monitoring of the ecosystem depending on the cloud coverage. The dehesa over this region
extends primarily along the Sierra Morena mountains (Biosphere Reserve), where it displays a high
degree of geographical continuity, and to a lesser extent around Cádiz and Málaga. The most
important dehesa ecosystems are located over the Sierra de Aracena y Picos de Aroche, Sierra
Norte de Sevilla, Sierra de Hornachuelos, Sierra de Cardeña y Montoro, Sierra de Andújar, Los
Alcornocales and Sierra de Grazalema Natural Parks. Figure 3.1 shows dehesa ecosystem and the
Andalusian Natural Parks, being 7 of them located at dehesa ecosystem.

Figure 3.1: Dehesa-type ecosystem located over Andalusia (in green) and Natural Parks of the region (marked in
grey).
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3.2.1 Remote sensing data: surface radiometric temperature and vegetation
indexes
Two satellite sensors with different spatial and temporal resolutions were used as a source of surface
radiometric temperature (TRAD) values: MODIS (Moderate Resolution Imaging Spectroradiometer)
and Landsat 7ETM+ and 8OLI. The first sensor has daily coverage, with 250 meters and 1 km spatial
resolution for the visible and the thermal bands respectively. The thermal product MYD11A1, which
supplies TRAD with the atmospheric and emissivity effects corrected was used. For Las Majadas, 40 days
in 2008 and 2011 were analyzed and for Santa Clotilde site 65 days between 2012 and 2014. Eleven
cloudless Landsat 7ETM + & 8OLI images (path 201 and row 33) coincident with the study period
and the series of data from the Santa Clotilde ECT without gaps were also acquired and processed
(DOY 124 for 2012 and 110, 182, 190, 198, 206, 214, 310, 318, 342, 350 for 2013). The images
were already geo-referenced, with spatial resolutions of 30 m in the shortwave bands and 60/100
m in the thermal band, depending on whether the satellite was 7ETM+ or 8OLI. Atmospheric and
surface emissivity effects were corrected by an atmospheric radiative transfer model MODTRAN4
(Berk et al., 1998). The lack of available atmospheric data required for an in-situ atmospheric
characterization led us to use MODIS satellite-derived atmospheric profiles of air temperature and
humidity (MOD07 product) which, according to Jimenez-Muñoz et al. (2010), provides an RMSE of
0.6 K in radiometric temperature estimates compared to locally measured profiles. The followed
procedure is described in detail in Annex I.
The dates used in the analyses have been selected from the data series from both ECT, discarding
days according to the following criteria: (a) periods with gaps due to instrument failure, (b) lacking
thermal information in the ECT pixel of the image due to clouds, (c) unsuitable footprint. The
selection was made in an attempt to capture the seasonal variability of dehesa; the dates are
shown in Table 3.1. However, in Santa Clotilde the first data series collected by the ECT had several
gaps, mainly due to the set-up and different tests performed on the tower and the instruments,
and it was not always possible to capture an image every month. Nevertheless, the data collected
was distributed as homogeneously as possible, taking into account these imitations.
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Table 3.1: MODIS selected dates for Santa Clotilde and Las Majadas study sites.
Year Month Day
Santa Clotilde site
2012
6
21
2012
7
21
2012
7
23
2012
7
28
2012
7
29
2013
3
15
2013
6
13
2013
6
26
2013
7
5
2013
7
6
2013
7
7
2013
7
8
2013
7
12
2013
7
13
2013
7
15
2013
7
16
2013
7
17
2013
7
20
2013
7
21
2013
7
22
2013
7
24
2013
7
26
2013
7
29
2013
7
30

Year Month Day
Santa Clotilde site
2013
7
31
2013
8
1
2013
8
2
2013
8
3
2013
8
13
2013
8
25
2013
8
27
2013
8
28
2013
8
30
2013
9
1
2013
9
3
2013
9
6
2013
9
8
2013
9
12
2014
1
7
2014
1
20
2014
2
2
2014
3
4
2014
3
6
2014
3
21
2014
4
7
2014
4
30
2014
5
10
2014
5
25

Year Month Day
Santa Clotilde site
2014
6
4
2014
6
9
2014
6
26
2014
6
29
2014
7
9
2014
7
17
Las Majadas site
2008
1
4
2008
1
20
2008
1
30
2008
3
18
2008
3
21
2008
3
23
2008
4
6
2008
4
27
2008
4
29
2008
5
3
2008
5
17
2008
6
6
2008
6
12
2008
6
25
2008
7
6
2008
7
16
2008
7
31

Year Month Day
Las Majadas site
2008
8
3
2008
8
13
2008
8
27
2008
9
7
2008
11
1
2008
12
2
2008
12
12
2008
12
22
2008
12
25
2011
3
22
2011
3
31
2011
4
7
2011
4
10
2011
5
20
2011
6
29
2011
7
29
2011
8
8
2011
10
17
2011
11
6
2011
11
17
2011
11
26
2011
12
3
2011
12
6
2011
12
19

For the estimation of NDVI and the derivation of the leaf area index and the fractional cover, red
and near infrared (NIR) bands were used, as well as blue band for the green fraction (Table 3.2),
following the same procedure as described in Chapter 2, section 2.2.2.1.
Table 3.2: MODIS and Landsat-7 ETM+ and -8 OLI wavelengths intervals for Blue, Red, NIR and TIR bands
MODIS

Landsat 7TM

Landsat 8TM

Blue

B3 (0.459-0.479 μm)

B1 (0.441-0.514 μm)

B1 (0.452-0.512 μm)

Red

B1 (0.620 – 0.670 μm)

B3 (0.631-0.692 μm)

B4 (0.636-0.673 μm)

NIR

B2 (0.841 – 0.876 μm)

B4 (0.772-0.898 μm)

B5 (0.851-0.879 μm)

TIR

B31 (10.78 – 11.28 μm)
B32 (11.77 – 12.27 μm)

B6 (10.31 – 12.36 μm)

B10 (10.60 – 11.19 μm)
B11 (11.50 – 12.51 μm)

When the MODIS satellite was used, the NDVI for the first period (2012 and part of 2013) over
Santa Clotilde was derived from the separate red and NIR bands daily reflectance data. For the
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following periods and for Las Majadas, after testing, the behavior of the MODIS product
MOD13Q1 with 250 m of resolution and fifteen days of frequency was regarded as accurate
enough for our requirements (Figure 3.2). This product select an NDVI representative of the 15day period, as the average of the two days with maximum NDVI and higher-quality information.
For that reason, MOD13Q1 data are always higher than daily derived NDVI (Fig. 3.2). However, the
similarity of the pairs of data, with RMSD between the estimated NDVI and that provided by MODIS
equal to 0.03, with a relative error of 6% and the continuous nature of changes in NDVI, led to the
decision to use the MOD13Q1 product directly, facilitating the process.

Figure 3.2: Comparison between NDVI derived from reflectance MODIS product and NDVI from MOD13Q1
product.

Landsat-7 ETM+ suffered a technical problem on 31 st May 2003, related to the scan-line corrector,
since when it has been operating without this instrument functioning properly. The sensor images
the surface in a “zig-zag” pattern, resulting in some areas not being scanned. These areas are
approximately 22% of a Landsat-7 scene (Storey et al., 2005), with the effect being greater on the
east and west sides, with no missing values over the central line. In this case, Santa Clotilde is on
the east part of the image, with losses due to this effect that could be visible on the results. No
gap-filling techniques have been used.

For the example of a potential regional monitoring procedure extended over time, the same
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MODIS images for 2014 over the Iberian Peninsula, listed in Table 3.1 were selected, to apply TSEB
over the Andalusian dehesa.

3.2.2 Derivation of the oak LAI and total ecosystem LAI from remote-sensing data
In order to isolate the effect of the tree layer from the understorey component and to study its
variability in the course of the year, the local LAI of the trees was derived from MODIS data for
both locations, taking into account that the LAI index thus derived integrated the clumping effect.
This was done for the period when the herbaceous layer was dry, assuming that the reflectance
registered by the sensor corresponded only to the oaks. The estimated oak LAI results from Santa
Clotilde were compared with field measurements of LAI in order to study the accuracy of the
estimation. Seven days were analyzed following this procedure (21 st June, 23rd July and 23rd August
2013, 4th June, 17 th June, 30 th June and 17 th July, 2014). During the period with an active grass
layer, with local LAI field measurements of both oaks and grass, an “average ecosystem LAI”
weighted by the surface occupied by each component was derived and then compared with the
MODIS-estimated index. Dates available for the analysis were 15 th and 21 st May, 8th April, 20 th
September, 17th and 31 st October and 14 th of November in 2013, and in 2014, 25 th April and 19 th
May.

3.2.3 Footprint analysis
In order to validate the model estimates, it is necessary to determine the area which is
contributing to the ECT measurements. As we showed in Chapter 2 it is possible to integrate
information from low spatial resolution sensors (pixel size ~103 m) directly along the principal
component of the wind due to the homogeneous fetch of that area. For satellites with medium
spatial resolution and lower temporal resolution, such as Landsat (pixel size of 60 and 120 meters,
temporal resolution of 15 days) a weighted integration of the pixels inside the contributing area
was calculated, in order to validate these estimates against ground-truth measurements even
when the wind direction was not the predominant one. The method used to calculate the
footprint was described by Timmermans et al, (2009).
A three-dimensional footprint model that calculates the source strength, F x'y' of a single
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observation point was used as follows:

Fx 'y '=

Fx '

√ 2 π αy'

e

'2

2

−( y /2 αy ')

(3.1)

where αy' is the cross-wind spread in the direction y' perpendicular to the wind direction (x') and F x' is
the relative contribution per running meter along the wind direction, as:

Fx '=

u

zm

ustar k x
vk

−( u/ustar )(z m /kvk x ')

'2

e

(3.2)

where kvk is the von Karman constant and zm the measuring height. The footprint model, described in
detail in Soegaard et al. (2003), was then combined with a weighting function to obtain the relative
contribution of each pixel to the tower measurements.
For the net radiation sensor, 99% of the observations originate from a circle whose diameter is 10
times the sensor height (170 meters), corresponding approximately to a thermal Landsat pixel.
However, since a re-sampling of the TRAD images to 30 meters as the visible spatial resolution bands was
performed, a window of 5 x 5 pixels was taken, as well as for the soil heat flux, in an attempt to
integrate the heterogeneity of this flux.

3.2.4 Daily evapotranspiration estimation
An integrated value of the latent heat flux over the day is more useful for agriculture and hydrological
applications than the instantaneous values provided by the energy balance models at the time of the
satellite overpass. In this case, the extrapolation was performed assuming that the energy partition
among the balance components, expressed by the evaporative fraction (F evap), remains constant over
the day (Shuttleworth et al., 1989; Crago and Brutsaert, 1996). However, some authors (Crago, 1996;
Lhomme and Elguero, 1999; Gentine et al., 2007) have found that the Fevap calculated in mid-days hours
produced an underestimate of ET, because Fevap daily- curve has a convex shape with a minimum
around noon. Anderson et al. (1997) found differences of around 10% between estimated and daily
fluxes for instantaneous values computed at around the Landsat overpass time. For the same time of
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day, Gonzalez-Dugo et al. (2009) found an optimal adjustment using measured fluxes with a correction
coefficient of 1.1. We used an evaporative fraction given by:

Fevap =1.1

LE
Rn−G

(3.3)

3.2.5 Distributed evaluation of energy fluxes over Andalusian dehesas
For this application of the model to the entire dehesa region, we selected 10 MODIS images from
2014 (2nd February, 6 th March, 21 st March, 7th April, 30 th April, 25 th May 9th June, 26 th June, 9 th July
and 17th July) with the lowest cloud coverage and distributed over the winter, spring and summer
seasons. Meteorological variables used as model input, including air temperature and humidity,
wind speed and solar incoming radiation were spatially interpolated with the inverse of distance
algorithms, using half hourly data registered by 29 meteorological stations in the regional
agroclimatic network (RIA, Fig. 3.3). The stations were selected to integrate the variability
between the different areas of dehesa, in an attempt to capture the heterogeneity of the
Andalucía region.

Figure 3.3: Location of the regional meteorological stations selected.
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Because the fluxes from the dehesa need to be estimated above the woodland turbulent layer, the
spatial meteorological information must be measured at greater heights than is usual (2 m). Under
non-neutral conditions the air flow will be affected by the transfer of sensible heat and water
vapor. However, in the lower part of the atmospheric boundary layer (dynamic layer) the water
vapor and the sensible heat may be regarded as passive mixtures, and the effects of density
stratification resulting from humidity and temperature gradients will be negligible. Under these
circumstances (with near-neutral atmospheric conditions), the upscaling of the wind speed, air
temperature and humidity with a logarithmic profile can be accurate. Given the location of the
meteorological stations over open areas with bare soil and/or short grass (h C < 0.2 m, Fig. 3.4), the
assumption that the heights ranging from 2 to 17 m are within the dynamic sublayer can be
considered accurate enough.
However, under high stable or unstable conditions the logarithmic profile may break down. Such
conditions can occur (a) when the vertical motion of air is suppressed by thermal stratification
(stable condition), a situation that typically occur at night when H is negative (T air > TRAD) and (b)
when H is positive (the surface is warmer than the air) and mixing is enhanced (unstable
condition). The first situation was not studied here, because more unstable conditions can be
expected due to the time of the estimates (~13:00 hr), which are determined by the satellite
overpass. These unstable conditions produces lower wind speeds than under neutral conditions,
due to strong vertical air motions which prevent significant increases in wind speed.
Highly unstable conditions are associated with low wind speeds (< 2 ms -1), high levels of incoming
solar radiation (> 600 Wm -2) and steep gradients between Tair < TRAD. The parameters used to
estimate atmospheric stability (Obukhov length or the Richardson number) usually require
measurements of heat and momentum fluxes or temperature at two different levels ( Arya, 2001).
The regional meteorological stations do not offer these data, and no stability corrections were
therefore made for the extrapolation of wind speed following the logarithmic approach.
Nevertheless, distributed maps of the gradient between Tair and TRAD, together with wind speed
and solar radiation maps were analyzed for each day, in an attempt to study the stability of the
individual zones. Areas were classified into 5 classes using Pasquill (1961) scheme for each period:
very unstable, unstable, near-neutral, stable and very stable. Roughness length and zerodisplacement height were taken to be equal to 1/8 h C and 2/3 hC, respectively, for the wind speed
extrapolation.
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To extrapolate the individual air temperature and humidity measurements provided by the
meteorological stations additional information about the sensible heat flux density are needed.
Therefore, taking into account the small roughness length of the area and the fact that the
magnitude gradient becomes smaller far from the surface, we have assumed a constant value for
these two variables.

Aroche

Chiclana del Segura

Jimena de la Frontera

Bélmez

Lebrija

Hornachuelos

Basurta

Huercal

Figure 3.4: Location of selected meteorological stations form RIA network (Source: IFAPA, Consejería de
Agricultura, Pesca y Desarrollo Rural)

3.3 RESULTS AND DISCUSSION
3.3.1 Comparison between MODIS estimated and measured LAI. Derivation of the
oak constant LAI
The RMSD between observed and estimated local oak LAI values for Santa Clotilde was 0.12, which
suggests an error of 16% (Fig. 3.5). For the average LAI of the complete ecosystem, taking into account
the changes in the pasture layer, the RMSD was 0.45, which yielded a 30% error. As we can see in
Figure 3.5, the measured ecosystem LAI was in general lower than its estimated value. This could be
caused by a mismatch in the comparison procedure. Constant values of oak and grass ground fraction
coverage were assumed for every measurement day, without considering the possible existence of
bare soil. This fraction is difficult to assess accurately in the field on a large scale, given its high spatial
variability. However, satellite-estimated LAI suggests that this influence produces lower and more
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spatially variable LAI values. During the study period, the mean estimated local LAI for the oaks
(integrating a constant 0.2 fC for the trees and estimated during summer) with MODIS over Santa
Clotilde was 3.17, with a standard deviation of 0.09, and for Las Majadas was 3.37 with similar σ value.

Figure 3.5: Comparison between effective LAI observed in the field (following the ecosystem structure with a
constant fc for trees and grasses) and MODIS-estimated LAI.

The variability of the effective LAI estimated with MODIS during the year is higher, because it integrates
the herbaceous layer phenology, making it difficult to provide an average LAI value for the season.
Effective total LAI values of 1.06 (σ = 0.65) and 1.26 (σ = 0.49) were estimated for Santa Clotilde and
Las Majadas respectively, with higher deviation than oak LAI, caused by the grass influence.

3.3.2 Distributed application using MODIS images over Las Majadas and Santa
Clotilde
The TSEB model was utilized and evaluated over both areas, finding that the RMSD values for the
energy fluxes (Table 3.3) are within the range found by other authors (Norman et al., 1995; Kustas
and Norman, 1999; Timmermans et al., 2007; Sánchez et al., 2008; González-Dugo et al., 2009)
and consistent with typical uncertainties derived for the flux measurement system (~40 Wm-2) (e.g.
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Twine et al., 2000). Norman et al. (1995) found values of H RMSD ranging from 30 to 60 Wm-2 and from
40 to 55 Wm-2 for LE, over a semiarid rangeland and a subhumid environment, applying the original
formulation of TSEB with radiometric surface temperature data measured in the field. Kustas and
Norman (1999) found for a furrowed sparsely vegetated cotton crop located over central Arizona, a
RMSD for Rn and G ~20 Wm-2 and 23 Wm-2 and 42 Wm-2 for H and LE, respectively, applying TSEB
with ground-truth and airborne-based radiometric temperatures (Kustas, 1990). Later Kustas and
Norman. (2000) integrated into the model the effect of the clumping value and found for the same
location a RMSD value of 25 Wm -2 for H and 37 Wm -2 for LE. Sánchez et al. (2008) applied a TSEB
patch version with ground-based surface radiometric temperature over a maize (corn) crop in
Maryland, over the growing season with different fractional covers, yielding RMSD of 13 Wm -2, 38
Wm-2, 19 Wm-2 and 48 Wm -2 for Rn, G, H and LE respectively. Gonzalez-Dugo et al. (2009) found,
when they applied the model integrating Landsat images over a rainfed corn and soybean crops
located over Iowa, RMSDs of 25 Wm -2 for the turbulent fluxes.
Cammalleri et al. (2010b) found in a similar sparse, semi-arid ecosystem (olive orchard) as the dehesa,
RMSD values for Rn of 28 Wm-2, for G of 17 Wm-2, and 40 and 43 Wm-2 for H and LE, respectively. It can
be derived from the comparison with Cammalleri et al. (2010b) results, that an important source of
error might be the higher soil heat flux error found in the dehesa application, as this directly influences
the available energy of the system. Morillas et al. (2013) found in a much more arid environment
(almost a desert) RMSD values for Rn of 58 Wm -2, 64 Wm-2 for H and 105 for LE Wm-2, with canopy and
soil radiometric temperatures ground data.
Table 3.3: TSEB-MODIS RMSD of the surface energy fluxes for Las Majadas and Santa Clotilde.

Rn
G
H
LE

Las Majadas
RMSD [Wm-2]
MAE [%]
24
5
30
37
62
36
44
28

Santa Clotilde
RMSD [Wm-2]
MAE [%]
26
5
33
31
61
21
47
35

LE relative error increases during the summer, due to the low rates of the daily flux over this semi-arid
ecosystem. Differences in the Rn and turbulent fluxes magnitudes (Fig. 3.6 and 3.7) between both
locations are due to the different periods/seasons selected. At Santa Clotilde (Fig. 3.7), a large number
of days during the dry summer period were analyzed, with LE values being more concentrated and less
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dispersed than at Las Majadas (Fig. 3.6).

Figure 3.6: TSEB-MODIS estimated values and ECT observed values of energy fluxes over Las Majadas site during
2008 and 2011.

Figure 3.7: TSEB-MODIS estimated values and ECT observed values of energy fluxes over Santa Clotilde site
during 2012- 2014.

3.3.3 Distributed application using LANDSAT images over Santa Clotilde area
To compare the turbulent fluxes results with the measurements it is necessary to weight the pixels that
contribute to the ECT measurements. In this case the footprint analysis was made following the
procedure described by Timmermans et al. (2009). On 80% of the days analyzed using Landsat images,
the wind direction corresponded to the predominant one (SW). A high wind speed also means a larger
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footprint, and this needs to be incorporated in the validation. After studying the homogeneity of the
area when no predominant wind direction was observed, we selected the days where a comparison of
the ECT measurements and the TSEB estimation was possible.
Figure 3.8 shows the observed and estimated values of the energy fluxes, showing a RMSD of 64 Wm -2
for LE (38% absolute difference), 51 Wm-2 for H (26% absolute difference), and 44 (7%) and 40 (36%)
Wm-2 for Rn and G respectively, somewhat higher than the errors found for the MODIS application but
still within a similar range. Absolute discrepancies applying the model with the radiometric
temperature derived from the four-way radiometer (Chapter 2, section 2.3.8) showed slightly higher
values than the distributed application, particularly for Rn and G. That result might be due to the
average TRAD provided by the satellite, which better integrates the heterogeneity of the source area.
Estimates of the G as a function of Rn reaching the soil and the time of the day may be not adequately
modeled. Even when it integrates the seasonal variation of net radiation over the year, the ratio
between G/Rn might not be the same along the dry/wet period (Norman et al., 1995). Due to the
disposition of the sensors registering G in the field, located in the EA1 and EA2 grazing areas, the
measurements might be not representative of the surrounding areas. The partition between the net
radiation reaching the soil and the vegetation, influenced by the two different layers of canopy (i.e.
understorey vegetation) might be not accurate enough in this type of ecosystem.

Figure 3.8: TSEB-Landsat estimated values and ECT observed values of energy fluxes over Santa Clotilde site
during 2012- 2013.

Figure 3.9 shows an example of the distributed fluxes estimated over Santa Clotilde. Results derived
from Landsat-7 ETM+ TRAD images present unscanned areas visible as no-data lines. It can be seen that
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in summer the H over the area is high compared with the LE, and the trend is inverted during wet
periods (May) with maximum values of LE, as expected. However, during the winter, both turbulent
fluxes are low, probably due to the low values of available energy and the lack of precipitation during
the days studied. Spatial quantification of these variables, together with their evolution under different
circumstances, in the context of climate change effects such as droughts, waterlogging or heat waves,
could help to monitor the functioning of the ecosystem and its response to these extreme events.

Figure 3.9: TSEB-Landsat energy fluxes distributed estimations for Santa Clotilde experimental site.
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3.3.4. Temporal evaluation of daily ET
Daily estimations of ET integrating MODIS data (Fig. 3.10 and Fig. 3.11) were compared to the groundtruth measurements yielding a RMSD of 1 mm day -1 for Las Majadas and 0.9 mm day-1 for Santa
Clotilde. Although the extrapolation to daily ET using 1.1F evap (Eq. 3.3) during the day might contribute
to the discrepancies of estimated and observed values, this accuracy was regarded as being good
enough for management purposes and similar to values found by other authors for more
homogeneous crops (Kustas et al., 2013) and similar woody sparse semi-arid crops as vineyards
(Gonzalez-Dugo et al., 2012). However, further research of the Fevap daily-curve of this particular
ecosystem (i.e. analyzing Fevap with ECTs data) is needed, particularly during stress conditions (Lhomme
and Elguero, 1999). These results are also within the range of previous studies of this system using a
different approach based on water balance and vegetation index-derived crop coefficients. Campos et
al. (2013) found an RMSD for daily ET of 0.55 mm day -1. This agreement may encourage further studies
to integrate the two approaches, taking advantage of the opportunities of coupling both
methodologies.
Daily ET data derived from remote sensing would allow the ecosystem to be monitored on a constant
basis, and thus enable the degree of water stress that the vegetation is enduring to be assessed by
comparing actual with potential ET values. Figure 3.10 shows how in Las Majadas (2008) after the end
of June (around DOY 175), the curves of actual ET and reference ET (ET 0) display opposing trends,
which means that the transpiration rate is drastically reduced during the summer. This is due to the
reduction in green grass vegetation on the one hand and the reduction of oak transpiration caused by
soil water deficit on the other. As Figure 3.11 shows, given the low rates of actual ET during the
summer, the reproduction of ET values is difficult during this dry period. During 2014, the ET0 and ET
curves were similar until they reached DOY 150, when they displayed a turning point as the
evaporative demand started to be higher than the capability of the ecosystem, for the given water
conditions.
Although days with data points are joined up in Figure 3.10 and 3.11 by a dotted line to illustrate the
evolution of ET values, the interpolation between dates is not linear and sharp changes may be
expected, specially after rainfall. This limitation can be overcome to some extent using MODIS data,
which can provide frequent surface radiometric temperature data, depending on the cloud coverage.
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When the temporal resolution of the satellites or cloud coverage does not permit continuous
monitoring, the coupling between water and energy balance models might present a good solution,
using the information derived from the EB as a real proxy of the ecosystem water status to be
incorporated in the continuous water-balance approach.

Figure 3.10: TSEB-MODIS daily estimated ET and daily measured ET (ECTs) and ET 0 for Las Majadas (2008 and
2011).

Figure 3.11: TSEB-MODIS daily estimated ET and daily measured ET (ECTs) and ET 0 for Santa Clotilde (2012-2014).
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3.3.5 Evaluation of distributed energy fluxes over Andalusian dehesas
For this first attempt to evaluate the energy fluxes over Andalusian dehesas, 10 days of the current
year within winter, spring and summer were selected and analyzed, with the objective of
evaluating a future extension of the study using daily MODIS images, depending on the cloud
coverage. Distributed maps of meteorological variables were used as input to study the
heterogeneity of the region, where the differences in orographic, meteorological, abiotic and
biotic conditions (Fig. 3.12) create different Mediterranean subtypes (bioclimatic levels).

Figure 3.12: Example of the meteorological maps used as an input for TSEB-MODIS dehesa application.
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The fractional coverage of the vegetation of the entire region is also shown for the wet and dry
seasons (Fig. 3.13), and we can observe the differences between zones caused by climate and
landuse variability. The densest coverages are located over the natural parks in the Cádiz region
(zone 1) and lower coverages over the north of Andalucía (zone 2). In the Cardeña y Montoro
natural park (zone 3) the average values of f C are shown. We selected these zones as examples to
provide some insights in the behavior of surface energy fluxes throughout the year.

Figure 3.13: MODIS-estimated fractional cover for Andalusian dehesa for the a) wet and b) dry seasons.
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The most dense forested areas are located over zones with higher annual mean precipitation and
a moderate Mediterranean climate, due to the proximity to the sea that reduces annual
temperature oscilations (Fig. 3.14). The mountains of Grazalema and Los Alcornocales natural
parks mountains offer a topographic wall to the Atlantic ocean's water-saturated winds. As a result
rainfall events are very intense, with some points registering the highest rates in Spain with more
than 2200 mm per year. (Fig. 3.14).

a)

b)

Figure 3.14: Annual mean values for temperature and precipitation for a) the entire Andalusian region and b) the
zones 2 & 3.
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Due to the differences in these conditions compared to other areas of dehesa, other species occur
more frequently than Quercus Ilex; these include Quercus suber and Quercus faginea, and to a
lesser extent Quercus pyrenaica. The variety of wild olive tree, commonly known as acebuche
(Olea europaea var. sylvestris), is also widely distributed throughout all dehesa ecosystems. During
the dry season when the sub-canopy layer is not active, the fractional cover values derived from
the remotely sensed information are due only to the oaks. In Figure 3.13 we can see that f C = 0.2
for almost the entire dehesa area except zone 1, where woodlands are dense. As Figure 3.14
shows, between zones 2 and 3 there is a rising gradient for precipitation and air temperature, in
southwesterly direction, that results in the different canopy and soil conditions.

Stability effects may be an important source of error for these large-scale estimates when strongly
unstable conditions are observed (sunny days with high temperature gradients) and the
logarithmic profile assumption may break down. Maps of the temperature gradient between air
and surface were analyzed together with wind speed and radiation maps (Fig. 3.15), finding a
higher gradient over zone 3 during the summer, for which more unstable conditions are likely,
than in zones 1 and 2, which presented lower gradients. In zone 1, high wind speed values are
frequently registered. Heat transport in the very unstable areas may be overestimated, due to the
lower values of wind speed caused by unstable conditions.

a)

b)

Figure 3.15: Stability classes (A-very unstable, B-unstable, C-near-neutral, D-stable, E-very stable) derived from
air-surface temperatures gradient, wind speed and solar incoming radiation for a) wet and b) dry season.
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As expected, during the dry season (Fig. 3.16) LE showed the lowest values, due to water scarcity
and the summer meteorological conditions. Nevertheless, over zone 1 (Fig 3.16) it was still
possible to observe relatively high values of this flux (~300 Wm- 2), due to the particular
characteristics of the area. Higher water availability conditions may be ascribed to summer fogs
and mists, known as “barbas de levante”, moisturizing the environment. The strong winds of the
area, due to the proximity of the Strait of Gibraltar and the topography of the mountains, have
similar effects, bringing humidity from the sea. These factors create a special micro-climate similar
to subtropical areas.

The H (Fig. 3.17) and G (Fig. 3.18) showed lower values during the winter, as expected, and higher
values during the dry season, when the surface temperature rose. Throughout the year, d ehesa
located in zone 2 displayed the lowest values of ET, due to the low annual mean precipitation
together with a stronger arid climate and low vegetation fractional coverage. Over these areas, it
is likely that one of the canopy mechanisms that enable dehesa to adapt to the harsh environment
conditions is reducing the ecosystem fractional cover, as we can see in Figure 3.13. Rn showed
higher values during the dry season, as expected (Fig. 3.19).
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Figure 3.16: TSEB-MODIS estimated LE distributed over Andalusian dehesa for 2014. Other landuses different of
dehesa were masked (white area)
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Figure 3.17: TSEB-MODIS estimated H distributed over Andalusian dehesa for 2014. Other landuses different of
dehesa were masked (white area)
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Figure 3.18: TSEB-MODIS estimated G distributed over Andalusian dehesa for 2014. Other landuses different of
dehesa were masked (white area)
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Figure 3.19: TSEB-MODIS estimated Rn distributed over Andalusian dehesa for 2014. Other landuses different of
dehesa were masked (white area)
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We can observe the spatial gaps in the results due to the existence of clouds in the images used as
input data, resulting in some loss of information. March 21 st was analyzed but not integrated into
the final series. It is shown in Figure 3.20, compared with April 7 th as an example of how the
quality and number of observations can affect the final estimates. The meteorological inputs may
be re-scaled by using physical approaches, by (a) utilizing logarithmic profiles as we did but
analyzing the stability effects based on Richardson number and correct the wind speed, (b) by
using MODIS atmospheric temperature and humidity profiles or (c) ALEXI approach, which
estimates air temperatures operating in differential mode using information obtained twice a day
from geostationary satellites (Anderson et al., 2010). This last approach is less sensitive to
absolute errors in surface radiometric temperature. Topographic corrections could be applied to
the solar radiation and temperature data with the interpolation algorithms, using the procedure
described by Aguilar et al. (2010), to avoid the limitations of the conventional spatial interpolation
over areas with high slopes. Nevertheless, no steep gradients are observed in the landscapes with
dehesa ecosystem.

Figure 3.20: Example of the gaps caused in the TSEB-MODIS LE estimates by the cloud coverage, for March 21 st
(DOY 80) and April 7th (DOY 97).
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3.4. SUMMARY AND CONCLUSIONS
Our evaluation of the TSEB model estimates of the energy fluxes integrating medium and low
resolution satellite images over dehesa ecosystem leads us to consider that the model is
sufficiently accurate for it to be employed for management purposes on a regular day-to-day
basis.
Considering the footprint analysis made in Santa Clotilde and Las Majadas sites, since the same
land use is extended and uniform at least 1000 me along the principal wind directions (SW for
Santa Clotilde, SW and NE for Las Majadas), no problems of fetch should be expected from taking
ECT data measured over this wind component, making it possible to integrate information from
medium-resolution (pixel size between 30 and 120 meters) and even low-resolution (250-1 km
pixel size) Earth observation satellites.
With the TSEB application using MODIS images, the RMSD values found for the net radiation ( ~25
Wm-2), soil heat flux (~30 Wm-2), sensible heat flux (~60 Wm-2) and latent heat flux (~45 Wm-2) are
within the range founded by other authors (Norman et al., 1995; Kustas and Norman, 1999;
Timmermans et al., 2007; Sánchez et al., 2008; Gonzalez-Dugo et al., 2009) and consistent with
typical uncertainties derived for the flux measurement system (~ 40 Wm-2) (e.g. Twine et al.,
2000). With regard to the application using higher-resolution information, a 3D footprint analysis
was been previously performed to integrate images where the ECT ground-truth data were not
registered along the prevailing wind direction. The RMSD for this application was also consistent
with the values found by other authors (RMSD ~40 Wm-2- ~60 Wm-2). An important source of error
in the experimental sites could be due to the higher soil heat flux error found in the dehesa
application, which directly influenced the available energy of the system. Nevertheless, this flux is
difficult to measure on field scale, due to the heterogeneity of the experimental areas and the
difficulties involved in locating sensors distributed throughout the zone, due to the type of
extensive livestock farming that is typical of this region. Discrepancies between observed and
estimated fluxes might also be due to the existence of a subcanopy layer with a different
phenology than that of the oaks. This requires further research, which should attempt to integrate
this behavior not only into the wind speed profile (Chapter 2), but also over the radiation budgets,
with different extinction coefficients depending on the individual canopy layers.
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Although further research of the daily evaporative fraction variation (i.e. analyzing ECT fluxes),
daily estimates of ET integrating MODIS yield a RMSD of ~1 mm day -1, the accuracy being good
enough for management purposes and similar to the values found by other authors for more
homogeneous crops (reviewed by Kustas et al., 2013), and similar woody sparse semi-arid crops
such as vineyards (Gonzalez-Dugo et al., 2012). These results also lie within the range of studies of
this system that took a different approach based on water balance and vegetation index derived
crop coefficient (Campos et al., 2013). This agreement may encourage further studies to integrate
both approaches, taking advantage of the opportunities offered by coupling methodologies. Daily
ET data derived from remote sensing would allow the ecosystem stress to be monitored on a
regular basis and on a distributed scale. This would help to monitor the functioning of the dehesa,
and its responses to climate change and extreme events such as droughts.
An initial attempt was made to evaluate evapotranspiration over the Andalusian dehesas in 2014,
with the objective of assessing a future extension of the study using a constellation of satellites,
which would provide information with various spatial and temporal resolutions. The analysis
showed that integrating spatially distributed remotely sensed data and meteorological maps make
it possible to estimate the energy fluxes on a regional scale. This would be more useful for
management purposes, noticing the different behavior of each dehesa zone and taking into
account vegetation heterogeneity, individual fractional covers and local meteorological conditions.
The gaps caused by the existence of clouds might be solved by coupling EB techniques with water
balance approaches. The information provided by such a distributed approach could allow early
detection of droughts and the determination of the status of the entire ecosystem thus providing
an indication of whether the vegetation is under stress. Correct operation of the system enable us
to maintain the forestry, agricultural and livestock production of the dehesa, as well as the
services related to the community and to society as a whole.
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ABSTRACT
A two-source model (TSEB) for deriving surface energy fluxes and their soil and canopy components
was evaluated using multi-angle airborne observations (Norman et al., 1995; Kustas and Norman,
1999). In the original formulation (TSEB1) a single temperature observation, a Priestley-Taylor
parameterization and the vegetation fraction are used to derive the component fluxes. When
temperature observations are made from different angles, soil and canopy temperatures can be
extracted directly. Two dual angle model versions are compared versus TSEB1; one incorporating the
Priestley-Taylor parameterization (TSEB2I) and one using the component temperatures directly
(TSEB2D), for which data from two airborne campaigns over an agricultural area in Spain are used.
Validation of TSEB1 versus ground measurements showed RMSD values of 28 Wm -2 and 10 Wm-2 for
sensible and latent heat fluxes respectively. Reasonable agreement between TSEB1 and TSEB2I were
found, and lower correlation between TSEB1 and TSEB2D was observed. The TSEB2D estimates appear
to be more realistic under the given conditions.
Key words: Two Source Energy Balance (TSEB) model, component temperatures, resistance schemes,
available energy.

4.1 INTRODUCTION
Quantification of the spatial and temporal variability in hydrological processes and land surface states
is of interest on several different disciplines, including agriculture, hydrology, meteorology and
climatology. Interconnections and feedbacks between hydrological variables and regional
hydrometeorology have led to an increase in the use of satellite remote sensing to determine the
water and energy budgets at the earth's surface. The partitioning of available energy into sensible and
latent heat fluxes largely depends on the composition of the observed area, specifically, whether it is
vegetated or bare. Due to the heterogeneity of the earth's surface at most scales, energy-balance
models that distinguish between soil/substrate and vegetation contributions to the radiative
temperature and radiation/turbulent fluxes have proven to be most reliable. A proper partitioning in
component fluxes is of importance, not only for its practical consequences, such as the determination
of the water-use efficiency of plants but also because it is important for climate change issues, since
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the transpiration component shows a strong correlation with carbon sequestration (Scott et al., 2006).
During the last few decades these physically based models have evolved into an operational mode. In
particular, the two-source energy balance model (TSEB) of Norman et al. (1995) has been shown to be
robust for semi-arid sparse canopy-cover landscapes. Although it has a strong physical basis, still a
number of assumptions and tabulated input parameters, which are neither easily available nor
measured at an operational basis are required, and their influence on model output over a variety of
landcover units needs to be evaluated. Such models tend to use resistance schemes in which the
turbulent sensible (latent) heat fluxes are determined by the ratio of a temperature (vapor pressure)
difference between the overlaying air and the surface, wether soil or canopy, over an aerodynamic
resistance to heat (vapor) transport. Since operational remote-sensing observations of vapor pressure
are not readily available, the models are usually designed to utilize observations of temperature rather
than vapor pressure. As a result the resistance schemes used to derive sensible heat fluxes and latent
heat fluxes are then calculated as a rest-term in the energy balance. In an operational mode, the soil
surface temperature, TS, and canopy temperature, TC, are usually derived from a single observation of
directional radiometric temperature, TRAD, in combination with an estimate of the fractional vegetation
cover, fC.
In the TSEB model, TRAD is calculated from the brightness temperature, which is directly measured by
the radiometer, thereby assuming a single directional emissivity that represents soil and vegetation
combined. Deriving the soil and canopy component temperatures from f C and a single TRAD observation
requires an iterative process, where it is uncertain whether the proper solution is obtained in terms of
component temperatures and hence in terms of properly parameterized resistances. Numerous
validation studies have shown a good performance of the TSEB model flux output versus flux
observations (French et al., 2005; Gonzalez-Dugo et al., 2009; Kustas and Norman, 1997; Timmermans
et al., 2007), which are usually “lumped-together” observations of total H and LE fluxes. Less is known
about the validity of the internal model parameters, these being the component temperatures,
resistances and the component flux output. This limits our understanding of the physical processes
involved and thus limits model portability (Colaizzi et al., 2012a; Kalma et al., 2008).
However, when TRAD observations made from multiple angles are available, the component
temperatures can be derived directly (Kustas and Norman, 1997), thereby offering the possibility to
assess the validity of the parameterizations used. Some studies have tested the TSEB model by using
component temperatures (Colaizzi et al., 2012a; Kustas and Norman, 1997; Morillas et al., 2013).
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However, a key assumption of the TSEB model, and also of other dual source models, is that the
effective source/sink for turbulent flux exchange for the entire canopy, as well as for the soil/substrate,
can be described by a bulk canopy, or bulk soil/substrate, temperature and resistance, (Colaizzi et al.,
2012a). Even so, large local differences in observed temperature exist for sunlit and shaded leaves and
soil, old and young leaves, and transpiring and non-transpiring leaves (Timmermans et al., 2008a).
When locally measured component temperatures such as in Colaizzi et al. (2012a) or Morillas et al.
(2013), or ground-based multiple viewing angle observations such as in Kustas and Norman (1997) are
used they may not represent the bulk canopy and bulk soil temperatures used in the parameterization
scheme. Moreover, a significant mismatch between the spatial resolution of the temperature
measurements and the size of the flux footprint can cause significant discrepancies between modeled
and measured fluxes (Kustas and Norman, 1997). Therefore in the current contribution we preferred to
use airborne imagery acquired from very different viewing angles at a resolution that is low enough to
obtain “observations” of the representative bulk component temperatures but high enough to capture
within-field variation. As such, this study focuses more on inter-model output differences than on
absolute validation.
The objective of this study was to determine how physically based retrieval of the representative bulk
soil and canopy component temperatures, which are used in the model parameterization, influences
estimates of the turbulent fluxes, their components and model parameters. To achieve this goal, the
first step is the validation of the TSEB model, as it is commonly used (Anderson et al., 1997; French et
al., 2005; Norman et al., 1995), against ground-truth observations of radiation and energy fluxes over
the current area. The second step involved the extraction of soil and canopy component temperatures
from dual angle airborne observations, which were then used in the dual angle version of TSEB
(Colaizzi et al., 2012a; Kustas and Norman, 1997). The third step was to compare the output produced
by the different versions of the model. Finally, an attempt has been made to explain the differences in
model output.

4.2 MATERIALS AND METHODS
4.2.1. Description of the two source energy balance model
The dual-source model used in this study is the well-established Two-Source Energy Balance (TSEB)
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model of Norman et al. (1995) which has shown good performance over a wide range of arid and
partially-vegetated landscapes (French et al., 2005; Gonzalez-Dugo et al., 2009; Kustas and Norman,
1997; Timmermans et al., 2007). Under such circumstances, a dual source model that distinguishes
between the soil and vegetation contribution to the turbulent fluxes has clear and well-known
advantages over simpler single-source models that treat these contributions in a lumped manner
(Huntingford et al., 1995; Kustas et al., 1996). The TSEB model presents two different versions,
according to the assumed resistance network for parameterizing the energy flux exchange, being
either in series or in parallel (Norman et al., 1995). The series version of the TSEB resistance network
allows interactions between soil/substrate and main canopy layer and is therefore particularly useful
over relatively dry but relatively densely vegetated areas. Because the vineyard area under study is
characterized by just these conditions, use here is made of the series approach only. Although
descriptions of the model are available in Norman et al. (1995) and Kustas and Norman (1997), the
following sections offer a detailed description of the several steps involved in the different versions.
This is considered relevant in view of the specific differences in their output, see section 4.3.2.
4.2.1.1. Single-angle model
The single-angle model is the updated version of the Two-Source Energy Balance (TSEB) model
(Norman et al., 1995), as described by Kustas and Norman (1999) and Li et al. (2005). From here on
this scheme will be referred to as TSEB1.
The model assumes that the surface radiometric temperature (T RAD) is a combination of soil (TS) and
canopy (TC) temperatures, weighted by the vegetation fraction (fc):
4

4

(1/ 4)

T RAD (φ)=[f C (φ )TC +(1−f C ( φ) T S )]

(4.1)

where fc is affected by the sensor viewing angle (ϕ). Note that the angular variation of directional
emissivity is neglected because variations of less than 0.005 are obtained between viewing angles at
nadir and 60° for most vegetated surfaces (Anton and Ross, 1987; Kustas and Norman, 1997).
The surface energy-balance equation can be formulated for the entire soil-canopy-atmosphere system,
or for the soil and canopy components separately:
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RnC=L EC +HC

(4.2)

RnS=L ES +HS +G

(4.3)

Original formulations for Rn, RnC, RnS and G can be found in Norman et al. (1995) and Kustas and
Norman (1999). The spatial variation in the horizontal direction is mainly regulated by fractional
vegetation cover and in the vertical (radiation extinction within the canopy) by LAI. Since the radiation
formulation follows the so-called “layer-approach” (Lhomme and Chehbouni, 1999), a simple
summation of the soil and canopy components yields the total flux;

Rn=RnC +RnS

(4.4)

H=HC +HS

(4.5)

L E=L EC +L ES

(4.6)

The model was originally developed for uniformly distributed crops. In the case of clumped canopies
with partial vegetation cover, such as vineyards and orchards, the parameterizations are corrected by a
so-called clumping factor (Anderson et al., 2005). This factor corrects for the reduction in the
extinction of the radiation in a clumped canopy as compared to a uniformly distributed one, by
multiplying the LAI by the clumping factor. The soil heat flux is then estimated as a time-dependent
function of the net radiation reaching the soil:

G=cg RnS

(4.7)

where cg is slightly variable with time. Details of the original determination can be found in (Kustas et
al., 1998). Here it is calibrated against local observations using the measurements from the test sites.
Within the series resistance scheme, the sensible heat fluxes HC, HS and H are expressed as:

HC=ρa Cp ( TC −T AC )/RX

(4.8)

HS =ρa Cp ( TS −TAC )/RS

(4.9)

H=HC +HS =ρa Cp (T AC −Tair )/R A

182

(4.10)

Chapter 4: Influence of thermal component derivation over a vineyard using TSEB

where TAC is the air temperature in the canopy – air space [K], R X is the resistance to heat flow of the
vegetation leaf boundary layer [s m-1], RS is the resistance to the heat flow in the boundary layer above
the soil [s m-1], and RA is the aerodynamic resistance calculated from the stability-corrected
temperature-profile equations (Brutsaert, 1982), using Monin-Obhukov Similarity Theory (MOST), and
Tair is the air temperature. The procedure to derive TAC is provided in the Appendix of Norman et al.
(1995).
For the sake of completeness and to facilitate the discussion of model results, we present the
resistance parameterizations for RX, RS and RA below, following Norman et al. (1995) and Kustas and
Norman (1999);

RA=

[ln(z u−d0 /z 0 M−Ψ M)][ln(z T−d0 /z 0 M−ΨH)]
k 2vk u
'

0

RS=

1 /2

( )

C
s
R X=
LAI ud +z

(4.11)

(4.12)

0M

1
a'+b ' u s

(4.13)

where C’ is taken equal to 90 s1/2 m-1, following Norman et al. (1995) and ud0+z0M is given by;

[(

ud +z =uC exp −a 1−
0

0M

d0 +z0 M
hC

)]

(4.14)

in which the wind speed at the top of the canopy, uC, is given by;

[ ]
( )
( )
ln

uC =u

ln

hC −d0
z0 M

z u−d0
z0 m

(4.15)

−Ψ M
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and the factor a given by Goudriaan (1977) as:
2 /3

1 /3 −1/ 3

a=0.28 LAI hC s

(4.16)

The wind speed just above the soil surface, u S [m s-1], in Eq. (4.13) is parameterized following Eq. (4.14),
but using 0.05 m as the reference height, as follow;

[ ( )]

uS =uC exp −a 1−

zS

(4.17)

hC

Coefficients a’ [m s-1 K-1/3] and b’ [-] in Eq. (4.13) are provided by Kustas and Norman (1999), as used in
the work of Kondo and Ishida (1997):

(1 /3 )

a'=0.0025( T S−TC )

and

b '=0.012

(4.18)

The canopy latent heat flux is derived using as an initial assumption a potentially transpiring canopy,
following the Priestley-Taylor equation (Priestley and Taylor, 1972):

Δ Rn
L EC=α PT f g Δ+
C
γ

(

)

(4.19)

where αPT is the Priestley-Taylor coefficient, usually taken as 1.26 [-], f g is the green vegetation fraction
[-], Δ is the slope of the saturation vapor pressure versus temperature [kPa K -1] and γ is the
psychrometric constant [kPa K-1].
In practice all conductive fluxes, i.e. Rn, Rn C, RnS and G, are calculated once, following the formulations
as given by (Norman et al., 1995), and remain constant thereafter. When only one radiometric
temperature image is available the next step is then to derive H C from Eq. (4.2). A first approximation
of TC, i.e. the average of air temperature Tair and radiometric temperature T RAD, is used to derive T S from
Eq. (4.1). In the series approach, which was used here, a linear approximation of T C is calculated
following the procedure described in the Appendix of Norman et al. (1995), using HC and TS to arrive at
the within-canopy air temperature, TAC. TAC is then used for a first estimation of H S using Eq. (4.9). LES is
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finally derived from Eq. (4.3). If the vegetation is stressed, the Priestley-Taylor approximation, i.e. Eq.
(4.11), overestimates the transpiration of the canopy and negative values of LE S are computed. This
improbable condensation over the soil during daytime indicates the existence of vegetation water
stress and it is solved by reducing αPT. An updated, lower, estimate of LEC is obtained which yields an
updated, higher, estimate of HC through the use of Eq. (4.2). Next, Eq. (4.8) provides a new, higher,
estimate of TC, which in turn yields a, lower, estimate of T S through Eq. (4.1), resulting in a, lower,
updated estimate of HS. Through the use of Eq. (4.3) an updated, higher estimate of LE S is obtained.
This iteration process is continued until LES > 0.
At this moment all the fluxes, radiative, conductive and turbulent, and their components, soil and
canopy are known, as well as the “equilibrium” soil and canopy component temperatures. However,
when multiple viewing angle observations of T RAD are available, the soil and canopy temperatures may
be derived directly from the observations. These provide the opportunity to estimate the component
sensible heat fluxes from Eq. (4.8) and (4.9), thereby avoiding the need of the above iteration process
and as such a check on the physical realism of the model.
4.2.1.2. Dual-angle model
In the dual-angle approach, a version also described by Kustas and Norman (1997), TRAD observations at
different viewing angles provide soil and canopy component temperatures. The physical framework of
the model remains identical to the single-angle version of TSEB. However, the mathematical
framework to determine the turbulent fluxes is slightly different. The radiative and conductive fluxes,
RnS, RnS and G, are estimated following the same parameterization as in TSEB1 and they remain
constant during the steps necessary to derive the component turbulent fluxes. Still, different
approaches can be followed to arrive at HS, HC, LES and LEC. Two fundamentally different approaches
are described in detail in the following sections.
Dual-angle iteration approach
In what it is referred to as the dual-angle iteration approach, TSEB2I, the first step concerns the
estimation of LEC and HC following Eq. (4.2) and (4.19) as in TSEB1. H C is used in combination with TC to
obtain the within-canopy temperature, TAC, as in TSEB1. Since T S is known from the observations, it is
used with TAC in Eq. (4.9) to estimate H S. LES is then calculated as a rest-term from Eq. (4.3). If negative
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values of LES are computed, this problem is solved by reducing α PT, as in TSEB1. An updated, lower,
estimate of LEC is obtained which yields an updated, higher, estimate of HC through the use of Eq. (4.2).
The updated HC is again used in combination with TC to derive an update of TAC, which in turn is used in
conjunction with TS in Eq. (4.9), to produce a new estimate of H S. Again, through the use of Eq. (4.3) a
new estimate of LES is obtained. This iteration process is continued until LES > 0.
Dual-angle component approach
In the dual angle component approach, TSEB2D, neither the Priestley-Taylor approximation nor any
other iteration process is used. Instead the within-canopy temperature, TAC, is estimated directly from
the known component temperatures and the resistances, as follow:

Tair T S T C
+ +
RA RS RX
T AC=
1 1 1
+ +
RA RS R X

(4.20)

The component sensible heat fluxes, H C and HS, are then calculated directly from Eq. (4.8) and (4.9).
Note that the formulation of Eq. (4.20) is equal to the general expression of the aerodynamic
temperature in two-source models (Shuttleworth and Gurney, 1990; Merlin and Chehbouni, 2004).
The component latent heat fluxes, LEC and LES, are simply calculated as rest-term from Eq. (4.2) and
(4.3). If LEC or LES is below 0, then it is set to 0, and HC or HS is calculated as a rest-term from Eq. (4.2) or
Eq. (4.3) respectively. Basically, the TSEB2D approach is the same as the 2ANGLE model described by
Kustas and Norman (1997).

4.2.2. Methodology
In order to ensure the proper extraction of the bulk soil and canopy component temperatures from
dual-angle observations, some minimum difference in viewing angle of these observations is needed.
The optimum viewing-angle difference, usually between nadir and a particular zenith viewing angle,
depends among other things on pixel resolution, local vegetation cover and geometry, as well as on
component temperature differences. For practical application, differences of some 40 to 60 degrees
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are generally desirable (Vining and Blad, 1992; Kustas and Norman, 1997; Merlin and Chehbouni,
2004; Colaizzi et al., 2012a).
Airborne data that fulfill these requirements were obtained during two campaigns over a vineyard in
an agricultural test-site near Barrax, Spain. This concerns the EODIX and REFLEX campaigns. The first,
carried out in June 2011, was specifically designed to obtaining imagery with large differences in
viewing angle. Unfortunately, during this campaign no detailed flux and component temperature
observations were collected, which made it difficult to validate the model results. Over the vineyard
the only data available for validation was the water flux measured by a weighing lysimeter. Therefore
data from the REFLEX campaign, which was flown in July 2012 over exactly the same vineyard and was
designed specifically to advance our understanding of land-atmosphere interaction processes, were
then used to validate the model output for surface energy fluxes.
The approach was first to validate the model performance for several different land cover units at the
Barrax site, using data from the REFLEX-2012 campaign to ensure that the model was providing
reliable output for this area, and the vineyard in particular. The results are shown in section 4.3.1.
Secondly, data from the EODIX campaign were used to extract bulk canopy and soil component
temperatures for the vineyard, which is located at the center of the site. The procedure is outlined in
section 4.2.3.2 and the results are shown in section 4.3.2.1. At the time of the campaigns the vineyard
is characterized by dry soils and drip-irrigated grape stands. The drip irrigation system was not located
directly on the soil, but some cm above it, watering the surface along the tube. As a consequence, to
some degree grass was growing under the vine stands and at some locations also in the corridors. The
vineyard can best be described as relatively sparse; grape stands ranging in height from 1.0 to 2.5
meter are planted in rows at about 3 meter intervals, but having a relatively dense canopy. This makes
the site particularly suitable to test the TSEB series model parameterization, which was specifically
designed for this type of landcover (Norman et al., 1995). This is done by comparing model output
from the single-angle and dual-angle TSEB versions using the data of the EODIX campaign. Since for all
TSEB versions the net radiation and soil heat flux parameterizations are identical, the focus in the
comparison study is on the turbulent flux output only. The results are provided in section 4.3.2.2 and
4.3.2.3.
A brief description of the observations and processing done for the input to and validation of the TSEB
model is provided below. For a more complete description of the campaign observations see
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Timmermans et al. (2014) and Van der Tol et al. (2014) for the REFLEX campaign and Mattar et al.
(2014) for the EODIX campaign.

4.2.3. Observations and data processing
4.2.3.1. REFLEX 2012 Campaign
Ground-truth data
Reference meteorological data were recorded at two permanent meteorological stations in the area.
During the campaign, which took place from 16 to 28 of July 2012, three eddy covariance (EC) towers
and a large aperture scintillometer (LAS) were installed over different landcover units as well. Apart
from the turbulent H and LE fluxes, the flux towers measured standard meteorological parameters at
three different heights, see Van der Tol et al. (2014) for a detailed description of these observations.
Required meteorological model inputs concern incoming shortwave radiation and air temperature,
relative humidity and wind speed at a certain reference level. Since some crop and tree heights in the
area were greater than the measurement level at the reference stations, the required meteorological
model input was obtained by the average of the three EC stations at a reference height of 5 meter.
Although a certain spatial variability in these variables is known to influence flux estimations over such
heterogeneous sites (Timmermans et al., 2008b) this spatial average (the standard deviation of air
temperature was 0.9 degrees, and 0.09 ms -1 for wind speed) was considered to be representative of
the area with respect to the current model validation.
In addition to the standard meteorological observations, the components of the surface energy
balance (Rn, G, H and LE) were measured continuously for the duration of the campaign. The EC
towers were installed over the camelina field, vineyard and the reforestation area, and the LAS was
installed over a large wheat-stubble field, see Figure 4.1. Typical site characteristics, such as
representative canopy, or stand, heights and average fractional cover for each site are provided in
Table 4.1.
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Figure 4.1: Site overview with reference stations and flux tower sites. The zoom shows details of the vineyard site
with a W-NW to E-SE crop row orientation, and lysimeter and flux tower positions.

Table 4.1. Site characteristics.
Canopy

Canopy height [m]

Fractional cover [%]

Camelina

0.5

2.25 (± 0.9)

Vineyard

2

13.45 (± 1.1)

Reforestation area

1

4.03 (± 1.2)

0.15

4.78 (± 1.2)

Wheat-stubble

Net radiation was measured at the vineyard and camelina sites using a 4-component radiometer. At
the forest nursery and wheat stubble sites local surface-temperature observations were used to
estimate outgoing longwave radiation, while incoming longwave and shortwave radiation were
assumed to be constant over the whole area. An estimate of reflected shortwave radiation for these
sites was obtained by using albedo estimates from the airborne overpasses. It goes without saying that
this approach prevents a proper ground-based validation of the net radiation at these two sites.
The soil heat flux measurements at the individual sites were taken at depths of a few centimeters and
needed to be corrected for storage in the soil layer above the sensors. Over the vineyard, one
measurement was taken below the vine stand and another one in between the stands, such as to
obtain representative observations for this particular site.

Soil moisture and soil temperature
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observations were taken at different depths for the post-processing of the soil heat fluxes following the
methodology described in Van der Tol (2012). Unfortunately, these additional measurements were not
taken at all four sites. However, following de Vries (1963) the soil heat flux may be described by:

[

G ( z,t ) =A ( 0 ) e−z/D √ωBDcλ sin ωt−

z π
+
Ddd 4

]

(4.21)

where z [m] is depth from the surface, t is time [unit the same as ω], A(0) is the amplitude of the
temperature wave at the surface [K], ω is the period of the soil heat flux (here taken as one day, unit
taken in hours), ρ is the soil density [kg m -3], c the soil specific heat [kJ kg -1 K-1], λ the soil thermal
conductivity [Wm-1 K-1] and Ddd the so-called damping depth [m]. The corrections made at the camelina
site were used in combination with Eq. (4.13) to derive D dd and the time delay of the temperature wave
between 2 different depths. Assuming that soil properties in the area were homogeneous, these were
then used to correct soil heat flux measurements taken at the other sites.
A detailed discussion of the turbulent flux observations is provided in Van der Tol et al. (2014), which
includes a discussion of the well-known closure problem. For validation purposes, a correction
procedure is sometimes followed whereby the residual is distributed according to the Bowen ratio to
the sensible and latent heat flux (Foken, 2008). However, due to the indirect procedure employed to
obtain ground observation of net radiation for the forest nursery and wheat stubble site, combined
with the uncertainties in the net radiation measurement over the vineyard and the small number of
soil heat flux observations at most of the sites (Timmermans et al., 2014), the energy balance was not
closed.
Detailed footprint analysis were performed for each site at the time of the airplane overpass in order
to enable a comparison between the remote sensing-based turbulent flux estimates and the
corresponding ground measurements to be made. The procedure outlined in Timmermans et al.
(2009), originally developed for LAS observations, but easily adaptable for EC observations, was used
for all four sites. Observations from these sites were then used for the validation of TSEB1 over the
Barrax site.
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Remote sensing data
Required remote sensing-based model inputs covered broadband surface albedo, normalized
difference vegetation index and surface temperature. These were obtained from optical airborne data
acquired with the Airborne Hyperspectral Scanner (AHS), a sensor mounted on the Spanish Instituto
Nacional de Tecnica Aerospacial (INTA) aircraft platform. Acquisitions were made on two consecutive
days in order to cover a full daily cycle (Timmermans et al., 2014). However, for the current
contribution, an overpass at 09:28 UTC on the 25th July 2012 was used.
At-surface georeferenced reflectances (level 2b), resampled to a 4 meter pixel size, were provided by
the INTA Remote Sensing Laboratory that was in charge of post-processing the airborne acquisitions.
The at-surface reflectance was validated against field spectroscopy acquired in situ over a variety of
landcover units, that showed good overall agreement. Details of these observations and postprocessing steps are provided in De Miguel et al. (2014).
Broadband surface albedo and NDVI were then derived from the surface reflectance in specific Red
and Near Infrared (NIR) bands of the AHS sensor, following the same procedure as described in
Timmermans et al. (2011).
At-sensor radiances (level 1b) from the thermal AHS channels were processed by the Global Change
Unit at the Faculty of Earth Physics at the University of Valencia, Spain and validated against ground
observations performed over several different landcovers. Land surface temperature and emissivity
were retrieved simultaneously using the Temperature-Emissivity-Separation algorithm of Gillespie et
al. (1998), adapted for use with the AHS data as described in Sobrino et al. (2009).
4.2.3.2. EODIX 2011 Campaign
Ground-truth data
The necessary meteorological model input data were obtained from the lysimeter station located
inside the vineyard, see zoom Figure 4.1. The meteorological observations were acquired at a height of
4 meter. They consisted of 15-minute averages of incoming shortwave radiation and 1-hour averages
of air temperature, relative humidity and wind speed. The hourly averages were then interpolated to
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acquire estimates at the airborne overpass time. The lysimeter station records hourly actual
evaporation rates, which are interpolated for the overpass time of the airplane. The observation was
used as an indication of the model performance, testing to which degree the estimations of LE fluxes
were realistic and physically meaningful. The average fractional cover over the vineyard obtained in the
EODIX 2011 campaign was 39% (± 0.02).
Remote-sensing data
Airborne optical imagery used to analyze the performance of the different model versions was also
obtained from the Airborne Hyperspectral Scanner (AHS) operated by INTA. Two parallel flight lines
acquired at 09:00 and 09:20 UTC on the 12 th June 2011 were utilized for this purpose. The flight lines
were chosen such that they were parallel to each other and also parallel to the row orientation of the
vineyard, in order to minimize potential local differences in shadowing effects due to differences in
viewing azimuth. The campaign was specifically designed to obtain large differences in viewing angle.
In order to achieve view zenith angles close to 60°, a wedge was placed under the sensor, to tilt it
during the flight (Mattar et al., 2014). This produced a nadir viewing angle over the vineyard for the
flight line acquired at 09:00 and a zenith viewing angle of 57° over the vineyard for the flight line
obtained at 09:20.
Required general model inputs, broadband surface albedo, NDVI and surface temperature were
obtained from the nadir flight in exactly the same manner as for the REFLEX 2012 campaign and are
therefore not described here again. In addition, the dual-angle model versions require bulk soil and
canopy component temperature observations. These were obtained from the two parallel flight lines,
which were characterized by viewing zenith angle differences over the vineyard of around 57°.
The soil and canopy component temperatures were obtained from the simultaneous solution of two
equations containing two unknowns, where fc1 and fc2 and TRAD(φ1) and TRAD(φ2) are the fractional covers
and the radiometric surface temperatures at the first viewing angle, φ 1, and second viewing angle, φ2.
Eq. (4.1) was used for the two flight lines to derive the component soil and canopy temperatures,
following:
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In order to take the small time difference of 20 minutes between the two successive flight lines into
account, a correction of TRAD was made, using the ratio of TRAD(φ1) / TRAD(φ2) taken from a
homogeneously vegetated area (dense grass cover) just north of the vineyard. However, the
differences obtained were almost negligible.
As can be seen in the zoom of Figure 4.1, two corridors exist in the vineyard, characterized by a very
low fractional cover. As they were oriented perpendicularly to the flight lines, the difference in
fractional cover between the two flight lines was minimal. Since this difference is in the denominator
of Eq. (4.13) the determination of TS can become very sensitive to errors. These pixels were therefore
excluded from the analysis.

4.3 RESULTS AND DISCUSSION
4.3.1 Validation of single-angle model over Barrax (REFLEX 2012 Campaign)
TSEB model output for Rn, G, H and LE as derived from the AHS overpass at 09:28 UTC on 25 th July,
2012, was validated against ground observations. For this purpose the so-called field-of-view of the
local sensors needs to be determined. This is especially important when dealing with high-resolution
imagery as is the case in the underlying study.
For the net radiation sensor, 99% of the observations originate from a circle whose diameter is 10
times the sensor height (i.e. 5 meter), although ground surfaces closer to the sensor have a higher
weighting. A window of 10 x 10 pixels (i.e. 40 x 40 m) was selected around the location of the
observation. The same was done for the soil heat flux observations, which are characterized by a high
spatial variation. To at least take this effect into account we chose a similar window as for the net
radiation observations. For the turbulent fluxes a different strategy is followed. The “field-of-view”, or
footprint (Vesala et al., 2008), of these sensors depend on terrain characteristics, wind speed and wind
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direction. The procedure outlined in Timmermans et al. (2009) is used to calculate the footprints of the
observation towers at the moment of airborne overpass. Footprint-weighted averages of the model
output for H and LE were then compared to the ground observations. Results for the individual sites
for all four fluxes are shown in Figure 4.2.

Figure 4.2: Observed versus estimated fluxes with the TSEB model over the Barrax site for 25 th July 2012 (REFLEX
campaign).

Model performance was evaluated using difference statistics comprising of the mean absolute
difference (MAD), the mean absolute error (MAE) and the root mean square difference (RMSD), Table
4.2.
Table 4.2. Difference statistics for the four observation sites.

-2

MAD [Wm ]
MAE [%]
RMSD [Wm-2]
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H
22.5
13.9
28.0

LE
8.7
29.4
10.0

G
85.0
51.2
87.2

Rn
51.5
13.6
58.3
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Although only a limited ground observations were available for this particular study, a general good
agreement between observed and modelled fluxes is noted from Table 4.2 although performance for
Rn and G is less than what is observed in other studies (French et al., 2005; Timmermans et al., 2007).
Despite that the focus of the current contribution is on the turbulent fluxes, we explain the results for
all four fluxes below.
Generally, modelled net radiation estimates are slightly lower than the observed values. However, the
somewhat high difference between observed and modelled net radiation estimates is mainly due to
the difference over the vineyard site. This is attributed to the position of the sensor relative to the
geometry of the vineyard. At a sensor height of 5 m over a row crop of 2 m height and a sensor field of
view of 150° the canopy will be more dominant than it is in the airborne observations. This
phenomenon has a greater effect in the shortwave region than in the longwave region under the
circumstances during the overpass. Therefore the, locally observed lower albedo resulted in a higher
local observation of net radiation. Leaving out this observation results in a far better match between
modelled and observed radiation values, that is comparable to previous studies (MAD=36.3 Wm -2;
MAE=10.3%; RMSD=37.4 Wm-2).
As mentioned before, soil heat flux quantities may be spatially highly variable. Despite the attempt to
position the limited number of available soil heat flux plates at representative locations, this makes
validation slightly difficult. Moreover, local calibration of the model coefficient c g in Eq. (4.7) linked the
model soil heat flux estimates to the model estimates of net radiation, which may reach up to 50%
thereof in semi-arid ecosystems like the study area. Although this results in a slight underestimate of
the soil heat fluxes, the effect on the available energy (i.e. net radiation minus soil heat flux) is partially
cancelled out by this phenomenon.
The results for the turbulent fluxes show a good similarity to local observations, with RMSD for H and
LE equal to 28 Wm-2 (MAE 14%) and 10 Wm-2 (MAE 29%) respectively. The relatively high value of MAE
for the LE fluxes is due to the low absolute magnitude of this flux. In this semi-arid climate during the
summer, over non-irrigated areas, this flux will rarely exceed 5% to 10% of net radiation rates. Not
surprisingly, the vineyard observations of LE show the highest values of the observation sites, which is
reflected by the model results. However, observations at this location are influenced by the
neighbouring fields. During the overpass, the prevailing wind direction was from the South-East. For
the camelina, nursery and wheat stubble sites, the footprint analysis revealed that observed fluxes
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originated almost solely from the land cover where the observations were made. For the vineyard site
however, 64.9% of the observed flux originated from the nearby dry barley stubble field. For validation
purposes this effect is taken into account, but “pure” vineyard rates for LE will be higher than those
observed by the flux tower.
Model estimates for sensible heat flux show very good agreement with local observations for all sites.
When compared with the error obtained by other studies (~30 Wm -2) for relatively homogeneous
canopies (French et al., 2005; Gonzalez-Dugo et al., 2009; Kustas and Norman, 1997; Timmermans et
al., 2007) the results obtained over the current area are even more favorable. Therefore, we regard the
overall model performance of TSEB1 with respect to the estimation of both radiative and especially
turbulent fluxes over the heterogeneous Barrax site as reliable.

4.3.2. Comparison between single-angle and dual-angle model (EODIX 2011
Campaign)
4.3.2.1. Soil and canopy component temperatures
Bulk soil and canopy component temperatures obtained from the dual angle airborne observations
showed average values of 310.6 and 300.7 K respectively, with standard deviations of 0.62 for the soil
and 0.30 for the canopy. Although these "observed" temperatures are actually derived from Eq. (4.22)
and (4.23), and as such are not actual observations of T S and TC, they will be referred to as "observed"
from here onwards, to differentiate them from soil and canopy temperatures as modelled by TSEB1.
The soil temperatures ranged from 303.8 to 318.1 K, while observed canopy temperatures were
between 298.0 and 302.6 K. Unfortunately, during the EODIX 2011 campaign, no detailed ground
observations of soil and leave component temperatures were available. However, given an observed
air temperature of 296.5 K and a vapor pressure deficit of 1.2 kPa the observations are in agreement
with theoretical limits as defined by Jackson et al. (1981) and Gardner et al. (1992), or more recently,
by Colaizzi et al. (2012b). They report that typical values for foliage temperatures under these
circumstances may range from 1.5 K below air temperature for potentially transpiring crops to 5.0 K
above air temperature for non-transpiring crops, although it is stated that measurements may
occasionally exceed these limits.
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Similar observations were made by Timmermans et al. (2008a) during the Sen2Flex campaign over the
Barrax vineyard. Apart from measuring sunlit and shaded soil temperature, they used contact probes
to measure individual leaf temperatures of sunlit and shadowed, old and young leaves, at different
heights in the canopy. They found within-canopy differences in leaf temperature ranging from 5 K
below air temperature to 6 K above air temperature in late morning and reported standard deviations
as large as 3.1 K for soil and 1.3 K for the canopy component temperatures, within a 5 m radius.
The canopy temperatures observed in the study are obviously biased towards the upper theoretical
limit with respect to air temperature. This may indicate that, though irrigated, the crops are transpiring
at a sub-potential rate.
A comparison of the component temperatures with the modelled values of soil and canopy
temperatures obtained from TSEB1 is provided in Figure 4.3. For a large part of the vineyard the
modelled values of TC are lower than observations (298.7 K vs. 300.7 K on average respectively) and in
much of the vineyard the values of modelled T S are higher than observed (312.1 K vs. 310.6 K on
average respectively). Apart from this the spread of the modelled values of both TC and TS is smaller
than for the observations. Observed TC shows a standard deviation of 0.30 K versus a standard
deviation of 0.20 K for the modelled values. For TS the standard deviations for observations and
modelled values are 0.62 K and 0.49 K respectively.

Figure 4.3: Observed versus estimated component temperatures for 12 th, June 2011.

4.3.2.2. Single-angle (TSEB1) and dual-angle iteration approach (TSEB2I)
Model output from TSEB1 is plotted versus TSEB2I output for the turbulent fluxes in Figure 4.4.
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Although a reasonable agreement and clear correlation, R, between the two model versions (R is equal
to 0.91 for LE and 0.82 for H) is noted in this figure, there are also clear differences. A general underestimation of sensible heat flux by TSEB2I with respect to TSEB1 output is noted and a similar overestimate of latent heat flux by TSEB2I with respect to TSEB1 can be seen. An explanation for this is
found by a closer examination of the component flux outputs of both model versions, which are shown
in Figure 4.5. Model output statistics, including those from the TSEB2D model version, are presented in
Table 4.3.
Table 4.3. Model output statistics for TSEB1 and TSEB2I: mean (x) and standard deviation (σ).

H

HC

σ
TSEB1 102 4.0 5
TSEB2I 68 7.7 3
TSEB2D 142 5.2 69

HS

LE

σ
σ
2.7 97 3.7 185
4.2 66 7.0 219
10.0 73 6.6 145

LEC
σ
6.8 97
10.8 100
5.7 34

LES
σ
6.8 88
7.5 119
8.8 112

σ
4.2
7.0
6.7

Figure 4.4: Turbulent fluxes from TSEB1 vs. TSEB2I, left panel for sensible heat flux, right panel for latent heat
flux.

Figure 4.5: Component turbulent fluxes from TSEB1 vs. TSEB2I, left panel for the canopy, right panel for soil.
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In the left panel of Figure 4.5 the canopy component fluxes of TSEB1 are plotted against those of
TSEB2I, and in the right panel the soil components are shown.
The canopy component fluxes of TSEB1 and TSEB2I are identical for almost all pixels in the vineyard.
This is due to the Priestley-Taylor iteration procedure that was used here in both versions of the
model. If the first estimates of TS, in TSEB1, or observations of TS, in TSEB2I, yield an HS that is smaller
than RnS-G, then the first estimate of LES > 0. This is the situation for nearly all points, which means
that the two versions yield the same values for LEC and HC fluxes under these circumstances.
Since for almost all pixels the canopy component fluxes are identical for the two versions of the model
and LES is determined as a rest-term, the differences for H and LE are entirely regulated by the
differences for HS. The TSEB2I model output for HS is almost everywhere smaller than in the TSEB1
version, see Figure 4.5 right panel. Examination of Eq. (4.9) reveals that differences in H S may be
invoked by differences in TAC, in RS or in different values for TS.
Many of the observed values of TC are larger than the TSEB1 model output for TC, see Figure 4.3. Eq.
(4.1) shows that for TS the opposite then must hold true, which is confirmed in the right panel of Figure
4.3. Lower values of TS in TSEB2I potentially yield lower values for H S. Model differences for RS are
mainly regulated by differences in the coefficient a’ in Eq. (4.13) and defined in Eq. (4.18). Larger T C
values in TSEB2I, and thus lower TS values, result in lower values for a’ and thus in higher R S values,
since wind speed values do not differ significantly between model versions. Higher R S values potentially
yield lower values for HS in TSEB2I as well.
Within canopy air temperature, TAC, is obtained by rewriting Eq. (4.8) to:

T AC =T C−HC RX /ρa Cp

(4.24)

Since values for RX, mainly driven by wind speed, and HC are similar in both versions of the model,
higher values of TC in TSEB2I also yield higher values of TAC in TSEB2I. Larger values of TAC potentially
yield lower values of HS in TSEB2I as compared to TSEB1.
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The model differences for RS and TAC described above are illustrated in Figure 4.6. Using the original Rs
formulation, where a' in Eq. (4.18) is equal to 0.004 and independent of T S-TC reduced differences for
Rs, but did not significantly influence model differences for Hs (the difference between Hs from TSEB1
and TSEB2I-D with the original Rs formulation and the one temperature dependent was less than 20
Wm-2). Resuming, larger values of observed TC as compared to modelled TC in TSEB1 for all three
parameters that have a direct influence on HS yield lower values of HS. On the other hand, if lower
values of TC were observed than for TSEB1-modelled TC this would yield higher values of H S in TSEB2I
than in TSEB1. Since many of the observed values of T C were higher than those of the modelled TC the
dual angle model output for HS, and thus for H, is lower.
4.3.2.3. Single-angle (TSEB1) and dual-angle component approach (TSEB2D)
The model output from TSEB1 is plotted versus TSEB2D output for the turbulent fluxes in Figure 4.7.
Agreement between the two models is less than in the case of TSEB1 versus TSEB2I, with the
correlation, R, between the two model versions equal to 0.55 for LE and 0.30 for H. Once again, an
explanation is found by a closer examination of the component flux outputs of both model versions, as
shown in Figure 4.8

Figure 4.6: Left panel RS, right panel TAC.
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Figure 4.7: Turbulent fluxes from TSEB1 versus TSEB2D, left panel for H, right panel for LE.

Figure 4.8: Component turbulent fluxes from TSEB1 versus TSEB2D, left panel for canopy, right panel for soil.

For the soil component fluxes, shown in the right panel of Figure 4.8, a similar reasoning may be
followed as described in the last paragraph of section 4.3.2.2. Therefore the right panel of Figure 4.8 is
very similar to the right panel of Figure 4.5.
However, a striking difference between the two model versions can be observed with respect to the
canopy component fluxes. In the TSEB2D approach, values for H C range from -35 to 175 Wm-2.
However, in the TSEB1 approach, for almost the entire vineyard, the canopy is transpiring at the
potential rate, resulting in negligible values for HC under the current circumstances.
In the absence of senescent vegetation, the first estimate of the partitioning of Rn C into LEC and HC in
TSEB1 is determined entirely by the slope of the saturation vapor pressure, Δ, which depends solely on
air temperature. In the temperature range between 25 and 35 °C, which are typical summertime
values at this latitude, the first estimate of the portion of Rn C that is consumed by latent heat exchange
ranges from 95 to 105 %. This leaves only negligible amounts of energy available for sensible heat
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exchange between the canopy and the air. Under TSEB1 these first estimates will not change as long as
the first estimate of the soil component of the sensible heat flux, H S-1, is smaller than the available
amount of energy for the soil, i.e. Rn S-G. In other words, these first estimates will not change as long as
LES-1 is larger than 0. This is the case for almost all pixels in the vineyard.
Following Eq. (4.24), negligible sensible flux over the canopy results in a within-canopy air temperature
very similar to the canopy temperature. One could reason that in such a case the sensible heat flux
over the soil is driven by the difference between T S and TC. Given that the first estimate of TC in TSEB1 is
the average between air temperature and radiometric surface temperature, this means that the first
estimate of HS is driven by the difference between air and radiometric surface temperature as a
function of fractional canopy cover, fc, over the surface resistance, following:

HS−1=

ρa Cp
RS
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)

(1/ 4 )
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( ( )) ( )
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−
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(4.25)

The first estimate of LES is then given by:
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LES −1 =(1−cg ) Rnexp −0. 45 −2ln ( 1−fC )

S−1

(4.26)

Substituting Eq. (4.25) in Eq. (4.26) provides a simple first check whether given conditions will predict
water-stressed canopy conditions. Under the current conditions, LE S-1 is positive everywhere, meaning
no lowering of αPT in Eq. (4.29) occurred at any location. Hence the canopy sensible heat flux estimates
in TSEB1 are negligible (Table 4.3). This is remarkable, given that the observed canopy component
temperatures are “biased towards the upper theoretical limit with respect to air temperature”,
indicating potentially relatively high canopy sensible heat fluxes.
TSEB2D estimates for canopy sensible heat fluxes, that range from -35 to 175 Wm -2, are on average 69
Wm-2 and show a standard deviation equal to 10.0 Wm -2. This relatively large range is also observed by
Kustas and Norman (1997) who state that in general an approach that uses the component
temperatures directly produces considerable scatter. Of course we do not have component flux
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observations at the scale of individual vines, but given the observed range in canopy temperatures a
certain scatter in canopy sensible heat fluxes may be expected. Locally even stable conditions may
occur, given the nature of the vineyard where hot bare corridors alternate with drip-irrigated vines. On
the other hand also relatively stressed vines may exist within the vineyard, since the irrigation scheme
is rather irregular at this experimental test farm. The last irrigation registered on the lysimiter was 20
mm on the 7th June, five days before the airborne overpass. This relatively small amount may not have
reached the depth where the vineyard roots are, especially given the presence of grass in between the
vine stands. The relatively high LE from the soil, or substrate, can be partly attributed to this
phenomenon. In addition, dew is recorded by the lysimiter almost all mornings in the period of the
campaign, typically a few hours before the flight. Vaporization of this dew will also contribute to the
soil, or substrate, component of LE, Although no individual canopy flux observations are available, the
range in TSEB2D model output seems realistic. The larger rate of latent heat from the soil could be
related with the dew registered also on the lysimeter.
In TSEB2D, the canopy sensible heat fluxes were estimated following Eq. (4.8), where ρ a, Cp and TC are
observed parameters and RX and TAC are estimated following Eq. (4.12) and (4.20) respectively. Since
the latter depend on observed air and component temperatures as well as on the resistances, Eq.
(4.11-4.13), the different resistance parameterizations are of crucial importance for obtaining accurate
component flux estimates. Validation of these parameterizations for the current study would have
involved further experimental observations of within- and above-canopy wind, temperature and flux
profiles. However, this is beyond the scope of the current study, whose objective was merely to
investigate the effect of using observed component temperatures instead of model-derived
component temperatures on model output.
All in all, using the observed component temperatures in TSEB2D results in higher values for H, and
lower values for LE, as compared to TSEB1 under current conditions.
An indication of the model performance may be obtained from Table 4.4, where TSEB1, TSEB2I and
TSEB2D model outputs for LE are compared with the lysimeter measurements. The best fit
corresponds to the TSEB2D output, although the agreement with TSEB1 is still within accurate ranges.
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Table 4.4: LE model results for TSEB1, TSEB2I and TSEB2D versus the lysimeter observation.

Latent heat

Lysimeter

TSEB1

TSEB2I

TSEB2D

flux [Wm-2]

124

163

201

125

4.4 SUMMARY AND CONCLUSIONS
Validation of the widely used single-angle model, TSEB1, over a very heterogeneous agricultural area in
a semi-arid environment showed good results that are comparable to previous validations work done
for the model. Reliable results were obtained for both conductive and turbulent fluxes, where a slight
under performance for the conductive fluxes is attributed to the nature of the ground observations
rather than to model malfunctioning. Turbulent flux exchanges, especially over the vineyard, showed a
particularly good fit with respect to ground observations.
Dual-angle measurements yielded “observations” of soil and canopy component temperatures that
showed a larger spread than modelled values for TS and Tc. No ground observations of component
temperatures were made during the overpass but values showed very similar responses compared to
observations made during previous and comparable campaigns and were within theoretical limits.
Values obtained for canopy temperature indicated relatively stressed vegetation stands. This was not
confirmed by results of the TSEB1 model, which generated values for T C that were generally lower than
observations and TS that were generally higher than observations.
The output of two types of the dual angle version of TSEB, comparable to those described in (Kustas
and Norman, 1997) and (Colaizzi et al., 2012a), was compared with the output of the single-angle
model version. The first version, TSEB2I, contains a similar iteration procedure to that of the singleangle version, invoking a step-wise lowering of the Priestley-Taylor coefficient. The second version,
TSEB2D, without iteration procedure, utilizes the “observed” component temperatures to estimate
component sensible heat fluxes directly.
Reasonable agreement and correlations between TSEB1 and TSEB2I model outputs for the turbulent
fluxes were found. TSEB1 generates slightly lower values for LE and slightly higher values for H than
TSEB2I. This is entirely regulated by the soil component of the fluxes, since the canopy flux estimates
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of both model versions are similar due to the iteration procedure used in both model versions. This
procedure yields a potentially transpiration canopy in over almost the entire vineyard under the
current conditions. The higher values for TS obtained in TSEB1 as compared to observed values for T S
always result in higher estimates of H S in the current parameterization. LES is calculated as a rest-term,
so TSEB1 estimates are lower than estimates of TSEB2I. TSEB1 results for H are therefore higher than
for TSEB2I and TSEB1 results for LE are lower than for TSEB2I.
There is less agreement between the TSEB1 and TSEB2D model outputs. Since the soil components are
estimated in a similar manner as for TSEB2I, the reason for the lower agreement lies in the estimation
of the canopy component fluxes. Under the current conditions, TSEB1 predicts potential transpiration
rates for the entire vineyard, which yields negligible H C estimates overall. However, using “observed” TC
in TSEB2D to directly estimate HC yields values that range from -35 to 175 Wm -2. Even though no
ground observations are available for these component fluxes, these values seem to be more realistic
under the given conditions.
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Chapter 5: Conclusions and future research
lines
This work has addressed the modelling of the energy balance, integrating thermal infrared data into
TSEB model, over two extended and valuable Mediterranean ecosystems, as the dehesa and the
vineyard. Both exist under arid or semi-arid climatic conditions, sharing important structural
characteristics with other typical woody ecosystems (e.g. olive orchards) also adapted to this waterlimited environments. These complex landscapes usually comprise several layers of vegetation that
differ in physiology and phenology (e.g. evergreen sclerophyll trees, shrubs and annual herbs) that
have evolved control mechanism to deal with these variable weather conditions. That context have
been taken into account for the regional estimation of ET, analyzing some aspects affecting the EB.
In particular, over the dehesa we have studied some aspects such as the co-existance of two
vegetation layers and their effect over the wind-speed profile, the structure of the vegetation and its
impact on the overall balance, the tree/vegetation separate leaf are index behavior and its variability
along the year, and the oak evaporative control. Over the vineyard the TSEB model produced accurate
turbulent flux estimations when compared to ECT ground observations. We used this ecosystem,
where the partition between soil and canopy is especially important, to gain insights into the TSEB
component turbulent fluxes estimations (LES, LEc and HS, Hc).
The accuracy on the estimates of the energy fluxes for a natural woody cover such as dehesa by means
of TSEB model, with an adjusted Priestley-Taylor coefficient reflecting the relatively conservative wateruse tendencies of this undomesticated semi-arid vegetation and a roughness length formulation which
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takes into account the tree structure and the low fractional covers, is adequate and encourages future
application. Further research is still needed to integrate the different canopy covers into the
ecosystem. Meanwhile it can be assumed a constant oak leaf area index, the herbaceous layer with an
annual cycle, presenting a local leaf area index which ranges from 0 (dry period) until a threshold value
similar to the tree (wet period). Although the hypothesis that a separately wind-speed extinction
coefficient for each layer has not been completely addressed, it seems that for the oak this approach is
more precise than taken a bulk system coefficient. Nevertheless, it is necessary to integrated the
different layers not only into the wind-speed profile, but also into the radiation budged, which limits
the energy available for the turbulent fluxes.
Mapping ET on a regional scale has been possible integrating earth observation techniques and
meteorological distributed information into TSEB model input, better representing the ecosystem
heterogeneity and local meteorological conditions. Instantaneous LE values and the associated daily ET
values were derived using MODIS images, with 1 km spatial resolution and daily temporal frequency
(depending on the cloud coverage) for both study sites (Las Majadas and Santa Clotilde), and later
compared with ECTs measurements. The difference between estimated and observed values is
consistent with typical uncertainties derived for the flux measurement system, being sufficiently
accurate to be employed in a distributed way and on a more regular basis. TSEB was also evaluated
using a higher spatial resolution satellite (30/120 m), Landsat-7 ETM+ and Landsat-8 OLI for the Santa
Clotilde site with similar accuracy. An important source of error could be due to the measurement and
modelling of G. The soil heat flux directly influence the system available energy, limiting the energy
used in the evapotranspiration and air heating processes. However, this flux is difficult to measure at
this field scale, due to the heterogeneity of the experimental areas and the difficulties involved in a
distributed sensors location, due to the type of extensive livestock farming that is typical in the region.
Discrepancies between observed and estimated fluxes might also be due to the sub-canopy layer
existence, with a different phenology and physiology than that of the oaks. All these aspects requires
further research and an attempt should be done to integrate this behavior not only into the wind
speed profile, but also into the radiation budgets.
Distributed LE over Andalusian dehesa was mapped as a first approach to monitor the ecosystem
status on a regular basis with the objective of assessing a future extension of the study. As we showed,
it has been possible to derived LE values that reflected the local conditions and micro-climates and the
evolution of the vegetation covers along the seasons. The gaps caused by the existence of clouds might
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be solved in a future by coupling EB techniques with water balance approaches, together with the use
of various satellites with different spatial and temporal resolutions. The re-scalation of the
meteorological maps to precisely estimate the energy fluxes over the dehesa above the canopy layer
could be done by means of logarithmic profiles but a better analysis of the stability effects, by using
ALEXI approach or MODIS atmospheric temperature and humidity profiles is required.
The partition of the turbulent fluxes into soil and canopy components, provided by TSEB, produces an
estimation of the vegetation transpiration. It has been studied in this work over a vineyard system, by
means of directional TRAD observations at different viewing-angles that allows direct estimates of T S and
TC and therefore, of the separate component turbulent fluxes. The soil and canopy temperatures
derived from the directional radiometric surface temperature showed a larger scatter than the ones
modelled by TSEB, although no ground observations of component temperatures were available.
Values obtained with dual-angle TSEB model indicated some degree of stress over the vegetation
stands, which was not confirmed by the results of TSEB, where the crop was transpiring always
potentially. Nevertheless, and given the importance of producing separate estimations of transpiration
and evaporation components, especially in irrigated systems, and the difficulties of directly measuring
it in the field, sensor supplying high-resolution temperature data (in the order of few centimeters) may
allow the obtention of bulk canopy and soil temperature, providing new insights of turbulent fluxes
partition.
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Annexe I: Correction of Landsat images
In this section we will explain the procedure followed to corrected the Landsat images used in the
analysis (Red, TIR, NIR). Landsat products contain a number of bands, each of them in a particular
range of the electromagnetic spectrum. The reflectance is registered from visible to reflected infrared,
with a spatial resolution of 30 meters, from band 1 to 5&7 for Landsat 7 and 1 to 7 for Landsat 8. TIR
information is registered by L7 with a resolution of 60 meters in band 6, and 100 meters in bands 10
and 11 for L8. The temporal resolution is 15 days, but the using of both satellites reduces the temporal
frequency to eight days. The electromagnetic radiance recorded by the sensors is transmitted through
the atmosphere, which is both an absorbing, emitting and dispersing medium that modifies the energy
by via these processes. Even though the satellites function in the atmospheric windows where these
processes are minimized (Chapter 1), the influence of the atmosphere cannot be neglected, and postprocessing of the data is necessary. Absorption is due almost completely to water vapor, whose
atmospheric concentration is extremely variable. Part of the radiation emitted and reflected by the
surface is absorbed by the vapor, which distorts the final signal arriving at the sensor.
Landsat satellites do not provide an operative product for reflectance or T RAD, and the values measured
by the sensor must be corrected to obtain the effective values. Different procedures are followed
according to the part of the spectrum of interest. Images are geo-referenced, with each pixel located
within a coordinate system and it is not necessary to perform a geometric correction. It is necessary to
prepare the data directly provided by the U.S. government, converting the numerical values into
radiance. This first step is the radiometric calibration, the conversion of raw numerical values into
radiance values [Wm-2 sr-1 μm-1]. The minimum and maximum radiance values measured in each band
are known (depending on the sensor), with their corresponding numerical values, so it is only
necessary to linearly re-scale the image (Chander et al., 2009).
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Lsensor =G·DN + B

(A.1)

where Lsensor is the spectral radiance derived from the sensor [Wm -2 sr-1 μm-1], DN the digital number
obtained directly from the sensor, G is the gain and B the offset. After this calibration, the effect of the
interference caused by atmospherical particles on the radiance must be corrected for the visible and
thermal bands separately. To correct the visible bands, an ENVI module called Fast Line-of-sight
Atmospheric Analysis of Spectral Hypecubes (FLAASH, Spectral Sciences, Inc.,) was used. This tool,
which integrates MODTRAN4 (Berk et al., 1989) radiative transfer model, corrects wavelengths in the
visible through near-infrared and shortwave infrared regions, up to 3 μm. You can choose any of the
standard MODTRAN model atmospheres (that will depend on the latitude and season) and aerosol
types to characterize the scene. The manual describing the process followed can be found at:
http://www.exelisvis.com/portals/0/pdfs/envi/Flaash_Module.pdf
If we wish to use data from an area with steep slopes we need to make a topographic correction
after the atmospheric correction, due to the differences in the light conditions caused by the
irregularities of the landscape (Teillet et al., 1982; Minnaert et al., 1941, Colby, 1991).
Nevertheless, no steep gradients are observed in Santa Clotilde dehesa experimental site. In
Figure A.1 the different corrections that we should apply over the visible part of a Landsat image are
shown.
The study of electromagnetic radiation transmission through a medium is based on the equation of
radiative transfer. As a hypothesis, we assume that the atmosphere is free of aerosols, so the
dispersion process is not relevant, is in thermodynamic equilibrium and is stratified in parallel layers.
Surface spectral radiance is the sum of two components; surface emissions and the fraction reflected
by the atmosphere to the surface. The equation of radiative transfer in the sensor can be written as:

Lsensor =(ε LS (T surface )+(1−ε)L↑) ς+ L↓

(A.2)

where Lsensor is the radiance measured at satellite level [Wm-2 sr-1 μm-1], ε is the surface emissivity, LS the
radiance measured if the surface had been be a black body at surface radiometric temperature (T Surface),
ζ is the atmospheric transmissivity, L↑ [Wm-2 sr-1 μm-1] the upwelling radiance (solar radiance) and L ↓
the radiance added by the atmosphere [Wm-2 sr-1 μm-1]. To estimated the radiometric surface
temperature from the sensor temperature, the Eq. (A.2) should be inverted, and the values of the
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surface radiance, the atmospheric parameters (atmospheric transmissivity, atmospheric radiance and
solar radiance) and the emissivity need to be known. Atmospheric parameters are computed using
MODTRAN 4 (Berk et al., 1999) model. To evaluate the emitted radiance by the atmosphere we need
to consider the vertical variations in atmospheric transmissivity, which are dependent on the water
vapor, it being necessary to characterize the atmosphere in the study site in terms of its temperature
and water vapor profiles. These can be obtained with a weather probe or by using MODIS satellitederived atmospheric profiles (MOD07 product) which, according to Jimenez-Muñoz (2010),
provide an RMSE of 0.6 K in radiometric temperature estimates compared to locally measured
profiles.

Figure A.1: Landsat correction process (Image based on the report “Corrección de Imágenes Landsat” from
Rafael Pimentel and Javier Herrero, 2012)
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The emissivity could be obtained as:

ε≈ε v f C +(1−f c ) εs

(A.3)

where εv is vegetation emissivity and εs is soil emissivity.
The radiance measured by the sensor can be converted to brightness temperature (T b), assuming that
the Earth's surface is a black body, and incorporating atmospheric effects (absorption and emissions
along the path). It is necessary to use the prelaunch calibration constants given by Landsat, which
depend on the sensor (Chandler et al., 2009). The conversion formula is:

T b=

k2

(

)

k1
ln
+1
LS (T surface )

(A.4)

where k1 [Wm-2sr-1μm-1] and k 2 [K] are the calibration constants.
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