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ABSTRACT

ABSTRACT

Evidence suggests that human-induced greenhouse gases emissions have altered
our climate at a relatively rapid rate, rising the global temperatures and inducing
drastic changes in precipitation patterns to water-limited environments and
agricultural areas, restricting crop yield, production rates and food availability.
Biophysical parameters, such as leaf water content (LWC), leaf area index (LAI) or
leaf chlorophyll content (LCC), are considered important indicators of health,
growth and productivity of crops. As they define the status of the vegetation, they
provide important inputs to models quantifying the exchange of energy and
matter between the land surface and the atmosphere. Also, knowledge of their
spatial and temporal distribution is highly useful for regional or global-scale
applications related to crop monitoring, weather prediction and climate change
studies.

The direct field measurements of biophysical parameters require continuous
updates and can be extremely time-consuming and expensive, therefore, an
alternative estimation methodology is necessary. Remote sensing from satellite
and airborne sensors has become a commonly used technique for monitoring
agricultural areas due to its ability to acquire synoptic information at different
times and spatial scales. For an optimal agricultural monitoring by remote sensing,
the spatial resolution should be at least 20 m and, preferably, 10 m, and a temporal
resolution of less than a week, in order to follow-up acute changes in the crop

condition and provide a timely response in management practices.

In this context, the Sentinel-2 (S2) missions from the European Space Agency (ESA)
Copernicus program respond to such operational requirements. S2 is a
constellation of satellites, with currently the Sentinel-2A (S2A) and Sentinel-2B
(52B) satellites in orbit. Together, they provide a 5-day nominal revisit, at the
Equator, of the Earth’s land surfaces with a 10, 20 and 60 m of pixel size. S2A and
S2B carry on-board a virtually identical sensor, the Multi-Spectral Imager (MSI),
covering a spectral range from 443 to 2190 nm through 13 bands located in the
visible (VIS, 440 — 690 nm), the near-infrared (NIR, 750 — 1300 nm) and the
shortwave-infrared (SWIR, 1300 — 2500 nm) spectral regions. With the narrow
band configurations specifically located for vegetation monitoring, the S2 missions
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ABSTRACT

improve the temporal, spatial and spectral resolution of remote sensing data,
compared to other multi-spectral missions, such as Landsat, and offers great
opportunities for agricultural monitoring. The mission’s main objective is
providing quality information for agricultural and forestry practices and, hence,
helping management and food security applications. In addition, ESA has
incorporated a user-friendly Biophysical Processor toolbox within the SNAP
(Sentinel Application Platform) program, for the straightforward delivering of
biophysical parameter products, such as LAl and canopy chlorophyll content
(CCC). These parameters are automatic products, associated with a quality
indicator, produced through an artificial neural network (ANN) which has been
trained with simulated spectra generated from well-known radiative transfer
models (RTMs), i.e., physically-based models that describe the absorption and
scattering of light throughout the leaf, canopy and atmosphere. Only eight bands
are used (B3, B4, B5, B6, B7, B8a, B11 and B12) for the biophysical parameter
products estimation. This way, the values of biophysical parameters can be
obtained in any study area with available S2 images, being very useful in
operational agronomic studies.

On the other hand, hyperspectral sensors are becoming more and more relevant,
which will be available by satellites such as the future ENMAP (Environmental
Mapping and Analysis Program) mission or the recently launched PRISMA
(PRecursore IperSpettrale della Missione Applicativa) satellite, or through
airplanes punctually over the corresponding study area, such as AVIRIS (Airborne
Visible/Infrared Imaging Spectrometer) and HyMap (Hyperspectral Mapper)
sensors. This type of sensors allows to identify and to discriminate with great
precision the surface, thanks to its high spectral resolution, allowing the detection
of anomalies with precision. The future FLEX (Fluorescence Explorer) mission
should also be specially highlighted, of which ESA is currently carrying out
scientific development. The main objective of FLEX mission is to observe the
vegetation functioning from space, based on the emitted fluorescence signal. The
fluorescence measurement provides direct information of the photosynthesis
process, constituting a novel tool for the rapid detection of vegetation stress, before
damage is irreversible. In this context, all the methodologies developed to estimate
biophysical parameters that are physiological state indicators are, therefore,
fundamental to understand the behaviour of terrestrial vegetation at the global
scale.

4



ABSTRACT

In general, there are three approaches for estimating biophysical parameters from
remotely sensed data, i.e., (1) empirical retrieval methods, which consist of relating
the biophysical parameter of interest against spectral data by means of simple
relations (e.g., vegetation indices—VlIs), (2) statistical methods, which define
complex regression functions according to information from remote sensing data
(e.g., artificial neural network — ANN) and (3) physically-based retrieval methods,
which typically refers to the inversion of RTMs.

There are numerous scientific contributions related to the biophysical parameters
estimation through remote sensing, but most of these studies focus on a single or
a small number of crop types. The challenge arises when these remote sensing
techniques are applied in a general context, i.e. for a high diversity in crop types.
This is important as agricultural areas are often composed of multi-crop types but
also because the retrieval algorithms should be robust on a global scale. This
Thesis attempts to achieve techniques to assess the general character of three
important vegetation health indicators for crop monitoring: canopy water content
(CWC), LAI and CCC. The methodologies finally proposed aim to present a
physical basis for applied crop monitoring and produce accurate results for a wide
range of crop types.

The starting point (Pasqualotto et al., 2018a) of this Thesis has been the proposal
of a methodology defined for the estimation of CWC. For this purpose, the
SPARCO3 (Spectra bARax Campaign) dataset has been used. This field data was
obtained in July 2003 in Albacete (Spain) and is composed of CWC destructive
values of six different crop types, as well as the spectral information obtained from
the hyperspectral HyMap airborne sensor. This sensor has a wavelength range
between 430 nm and 2490 nm and, for this campaign specifically, images with a
spatial resolution of 5 m were obtained. Using the multi-crop SPARC03 dataset,
commonly used water content index formulations were analysed and validated
for the variety of crops, indicating possibilities for improvement. Instead of using
specific band combinations, influenced by other parameters such as chlorophyll
content and LAI, a more physically based approach was employed. After a study
of the HyMap sensor spectra and the modelled spectra simulated with PROSAIL,
it was observed that, with simulations assuming no water content in the leaves,
the spectrum presented a straight-line shape in the range of water absorption
between 800 and 1200 nm. The slope and the magnitude of this reflectance line
depended mainly on LAI This line was used as a reference to define the Water
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Absorption Area Index (WAAI), which consists in determining the difference
between the area under the null water content reference line and the area under
the measured reflectance in the range 911 — 1271 nm, where the influence of water
content is maximal. The WAALI is an area index essentially developed for high
spectral resolution data. However, since hardly any of the currently operational
satellite sensors are equipped with such a high spectral resolution, the so-called
Depth Water Index (DWI) is proposed as a possible guide for the configuration of
future optical superspectral sensors. The DWI is a simplified four-band index
based on the spectral depths produced by the water absorption at 970 and 1200
nm and two reference bands. Hence, in this study two new CWC estimation
indices were defined, by means of which the CWC of multi-crop areas can be
estimated, obtaining more promising results (R? > 0.7) than the conventional
indices (R2<0.6).

Secondly (Pasqualotto et al., 2019a), in the same context of improving remote
biophysical parameter retrieval of important crop growth parameters, a simple
and operative methodology for the estimation of the LAl was developed. The LAI
is fundamental both for its function as an indicator of the plant physiological state
and for its essential role in scaling the leaf-based measurable parameters water
and chlorophyll content at canopy level. LAI can be distinguished in two types.
There is the LAIgreen, representing the leaves which are photosynthetically active,
being the most common type of LAI and the one studied in this Thesis, and, on the
other hand, there is the LAlbrown, representing the leaf area normalized which is
senescent and losing photosynthetic function. Two large field campaigns were
conducted that resulted in two independent datasets, composed of LAI in situ
values ranging from 0 to 4.5 m?/m?, obtained at test sites in Valencia (Spain) and
Foggia (Italy). The Valencia dataset is composed of LAI in situ values of 13
different crop types from the Huerta de Valencia and Foggia’s dataset is composed
of information from 3 crop types. Simultaneous satellite data from S2 overpasses
was analysed for the two test sites. The first analysis consisted in applying the
indices commonly used in the literature to estimate LAI for the Valencia dataset,
obtaining statistics that can be improved given a saturation process of the method
for high LAI values (= 3). Subsequently, an analysis was performed to verify better
band combinations for the estimation of LAI in multi-crop zones, minimizing the
effects of the saturation process. A physically meaningful combination of bands
was chosen for the normalized index (Rsss - R70s)/(Rses + Rros), with the 705 nm band
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located in the red-edge region, a spectral area which balances the influence of
strong chlorophyll absorption and minimal scattering at moderate-high LAI
values, and the 865 nm band located in the NIR region, as a reference band.
Improved statistics were obtained by applying this index for a partial dataset, with
a linear adjustment. The new index proposed, the Sentinel-2 LAlgreen Index (SeLl),
avoids saturation of the LAI estimation, allowing an improved LAI retrieval for
different crop types.

The third study (Pasqualotto et al., 2019b) of this Thesis consisted in the analysis
of the different existing methodologies for LAI and CCC retrieval, two key
parameters for the estimation and monitoring of evapotranspiration (ET) of
vegetation. In particular, this study performed a comparative analysis of empirical
Vs, semi-empirical approaches (CLAIR - Clevers Leaf Area Index by Reflectance
model with fixed and calibrated extinction coefficient) and artificial neural
network S2 products (ANN S2 products) to analyse the most optimal approach for
LAI and CCC estimation, from a statistical and operational point of view, using
concomitant S2 band information. The main objective of this analysis was to verify
how the method used for the estimation of these input parameters influences the
final result of crop growth models, here using the Penman-Monteith model,
widely applied for the estimation of ET. One of the main strengths of this third
study is that in order to carry out the comparative analysis of the different
estimation methods, four datasets composed of in situ LAI and CCC values from
different crop types and different plot sizes were used, allowing to obtain robust
results. The datasets collected in Italy (Caserta and Tarquinia), Argentina (Bahia
Blanca) and Spain (Valencia) covered in situ data with a LAl range of 0 to 5, and a
CCC range of 0 to 5.4 g/m2 SeLl is the index that presents good statistics in each
dataset (R? > 0.71, RMSE < 0.78) for LAI parameter and for the CCC, the Clred-cdge
(R? > 0.67, RMSE < 0.62 g/m?). Both indices use bands located in the red-edge
region, highlighting the importance of this spectral region. The biggest problem
with VIs was that the SeLI index produced saturation with LAI values > 3. On the
other hand, the LAI CLAIR model estimated with fixed extinction values (a*) of
0.41 for herbaceous crops and 0.30 for tree species obtained good statistics (R2 >
0.63, RMSE < 1.47) and the CLAIR model optimizing the parameter a* (CLAIRopt)
for each of the study areas only slightly improved the RMSE in the two Italian
datasets (RMSE = 0.70). ANN S2 products produced statistics very similar to the
VIs, but without producing saturation at high LAI values. It should be mentioned
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that with the Valencia area dataset, all the methodologies produce improvable
results (R2< 0.5, RMSE > 0.7 for LAI; R2< 0.4, RMSE > 1.0 g/m? for CCC), due to the
high soil influence in this area and the small size of the plots (< 1 ha). Finally, the
influence of the LAI parameter on the Penman-Monteith ET model adapted to
remote sensing was analysed, which derives the reference (ETo) and potential (ET-)
crop ET. During recent years, there has been a consistent effort to estimate
vegetation parameters from remotely sensed data, allowing to adapt the Penman-
Monteith equation for direct use with remote sensing data, minimizing time and
cost. To evaluate ET. throughout the season, the dataset from the Tarquinia test
site with available temporal in situ LAI data of two crop types, wheat and tomato,
was used. Due to the absence of independent reference ET data, the estimated ET-
with the LAl in situ values were considered as the proxy of the ground-truth. Also,
the results were compared with ET. estimated as the product of the reference
evapotranspiration (ETo) and the crop specific coefficient (K¢) derived from FAO
(Food and Agriculture Organization) table values, according to the methods
commonly used in operational studies. As a result, it was obtained that the ET.
values obtained with the LAI estimated with SeLl index were the closest to the
truth-terrain in the case of wheat, while for tomato the best correlation was
obtained with the ET. estimated with the ANN 52 LAI product. Therefore, with all
the above, it can be concluded that VIs produce the best statistics for low LAI
values, but the ANN S2 products are the only ones that do not produce saturation
towards higher values, both for the direct estimation of the LAI and CCC
parameters and the derived estimation of ET. It demonstrates the great potential
of ANN S2 products for operational use in the monitoring of agricultural areas.

The influence of soil can compromise the retrieval results of all the different
methodologies defined in this Thesis when the fractional vegetation cover is low
(FVC <30 %). Future work should consider the soil reflectance in order to improve
the general retrieval of vegetation biophysical properties.

The studies presented in this Doctoral Thesis demonstrate the high value of
current operational high spatial resolution S2 satellites for the monitoring of
biophysical crop parameters in the context of an increasing demand to secure
optimal growth and food production. The availability of high spatial and temporal
resolution of multispectral band sensors allow the application of biophysical
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parameters for water and pigment content at an unprecedented spatial and
temporal detail. Combined with growth or evapotranspiration models, these
biophysical parameters allow even further the remote scaling of biophysical
processes at the agricultural unit scale. This was demonstrated by integrating the
S2-derived LAI in the adapted Penman-Monteith equation for evapotranspiration
modelling. Future hyperspectral missions will even allow a further improved
retrieval of biophysical parameters, as demonstrated in the study on the Water
Absorption Area Index. Application of such spectrally detailed monitoring will
further allow to improve the monitoring of crop growth and functioning at
different scales.
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RESUMEN EXTENSO

1. Contexto

1.1 Pardmetros biofisicos claves de la vegetacion

Las emisiones de gases de efecto invernado inducidas por actividades humanas
han alterado nuestro clima a un ritmo relativamente rapido (IPCC, 2019), con la
consecuencia de que el aumento de las temperaturas y los cambios en el patréon de
precipitaciones exponen drasticamente los ecosistemas limitados por el agua,
como son los ecosistemas agricolas, restringiendo el rendimiento de los cultivos,
la productividad y la disponibilidad de alimentos (McKersie, 2015). El
seguimiento de los cultivos a lo largo de toda la etapa de crecimiento es esencial
para detectar anomalias y optimizar los costes y recursos del sector agricola (Brisco
et al., 1998). Los pardmetros biofisicos de la vegetaciéon, principalmente el
contenido en agua de las hojas, el indice de area foliar o el contenido en clorofila,
estdn considerados indicadores importantes de la salud, crecimiento y
productividad de los cultivos (Gitelson et al., 2003). El conocimiento espacial de
las mismas es determinante para la toma de decisiones relativas principalmente a
la planificacion del riego (Jackson et al., 2004) y para la estimacion de la
productividad (Pefiuelas et al., 1993; Zhang et al., 2010).

Concretamente, el indice de area foliar (LAI - leaf area index) se define como la
superficie foliar por unidad de superficie de suelo (m? de hoja/m? de suelo o
adimensional); el contenido en agua a nivel de cubierta (CWC - canopy water
content) como la cantidad de agua en la vegetacion por unidad de superficie (g de
agua/m? de suelo) y suele ser estimada como el producto del contenido de agua a
nivel de hoja (g de agua/m? de hoja) por el parametro LAL y el contenido en
clorofila a nivel de cubierta (CCC - canopy chlorophyll content) como la cantidad de
pigmentos verdes de la hoja por superficie de suelo (g de clorofila/m? de suelo),
parametro estimado cominmente multiplicando la clorofila a nivel de hoja (g de
clorofila/m? de hoja) por el LAL

Estos parametros biofisicos no solo son importantes por proporcionar informacion
por si mismos del estado fisioldgico de la vegetacidn, sino también porque son
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parametros clave de entrada en importantes modelos de crecimiento de cultivo. A
modo de ejemplo, el LAI es un parametro de entrada en el modelo adaptado
Penman-Monteith de la FAO - Food and Agriculture Organization (Allen et al., 1998),
el cual deriva la evapotranspiracion de referencia y potencial de los cultivos.

1.2 Nuevos sensores remotos

La medida directa de estos parametros biofisicos sobre el terreno requiere
elevados recursos econdémicos y de tiempo (Bréda, 2003), por lo que es necesaria
una metodologia de estimacion alternativa. La deteccion remota a través de
satélites y sensores aerotransportados se ha convertido en una técnica
comunmente utilizada para el seguimiento de los cultivos debido a su capacidad
de adquirir informacién a diferentes escalas, tanto espaciales como temporales
(Campos-Taberner et al., 2016; Yao et al., 2017). Para una éptima monitorizacion
de la agricultura a través de teledeteccion, la resolucién espacial debe ser al menos
de 20 my, preferiblemente, de 10 m, con el fin de hacer posible la gestién de dreas
especificas. En cuanto a la resoluciéon temporal, es necesaria una resolucién menor
a una semana para detectar cambios en las condiciones de los cultivos y
proporcionar una respuesta eficaz (Mulla, 2013).

Actualmente estd cobrando especial importancia en los estudios agrondmicos la
serie de satélites Sentinel-2 (52) del programa Copernicus, de la Agencia Espacial
Europea (ESA - European Space Agency) (Drusch et al., 2012). S2 es una constelacion
de satélites, de los cuales actualmente estan en Orbita los satélites Sentinel-2A
(52A) y Sentinel-2B (S2B), lanzados por la ESA el 23 de junio de 2015 y el 7 de
marzo de 2017, respectivamente. Ocupan la misma 6rbita a una altitud de ~786
km, pero separados por 180°. Juntos proporcionan un periodo de revisita de 5 dias,
en el Ecuador, de la superficie de la Tierra con un tamario de pixeles de 10, 20 y 60
m. S2A y S2B llevan a bordo un sensor idéntico, denominado Multi-Spectral Imager
(MSI), que abarca la region del espectro comprendida entre 443 nm y 2190 nm
mediante 13 bandas localizadas en las regiones espectrales del visible (VIS, 440 —
690 nm), del infrarrojo cercano (NIR - Near-Infrared, 750 — 1300 nm) y del infrarrojo
de onda corta (SWIR - Shortwave-Infrared, 1300 — 2500 nm). La region espectral
entre el VIS y el NIR, es decir, entre 690 y 750 nm, se denomina zona del red-edge
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y es la zona entre el maximo de absorcion de la clorofila en el rojo y el maximo de
reflectividad en el NIR. Numerosos estudios con datos espectrales reales
(Delegido et al., 2008; Herrmann et al., 2011) y simulados (Delegido et al., 2011;
Liu et al., 2004) han evidenciado la fuerte relacién de esta zona espectral con
parametros biofisicos como la clorofila y el LAI, ya que esta zona minimiza la
saturacion que suele producirse en la regién del rojo a altos valores de LAL
Ademas, la sefal en esta region es alta y con poca presencia de ruido. S2 incorpora
nuevas bandas estrechas (ancho de banda de 20 nm aproximadamente) localizadas
en esta region, concretamente centradas a 705 nm y 740 nm. Por lo tanto, la misién
52 mejora la resolucion temporal, espacial y espectral de los datos de teledeteccion,
en comparacion con otras misiones operativas multiespectrales anteriores, como
Landsat, ofreciendo grandes oportunidades para la monitorizacién agricola. El
principal objetivo de la mision es proporcionar informacién de calidad para el
seguimiento agricola y forestal y, por tanto, ayudar a gestionar la seguridad
alimentaria. Ademas, actualmente la ESA ha incorporado, en las imagenes de S2
corregidas atmosféricamente (Nivel 2A), productos de parametros biofisicos,
como el LAI y el CCC, proporcionados a través de la herramienta Biophysical
Processor del programa SNAP (Sentinel Application Platform). Estos parametros son
productos automaticos obtenidos a través de una red neuronal artificial (ANN -
Artificial Neural Network), calibrada con bases de datos simuladas generadas a
través de modelos de transferencia radiativa (RTMs - Radiative Transfer Models,
modelos de base fisica que describen la absorcién y dispersion de la luz a través
de la hoja, cubierta y atmosfera), principalmente a través del modelo SAIL -
Scattering from Arbitrarily Inclined Leaves (Weiss and Baret, 2016). Para la estimacion
de dichos parametros biofisicos, tan solo se utiliza la informacién espectral de ocho
bandas de Sentinel-2: B3, B4, B5, B6, B7, B8a, B11 and B12. De esta manera, se
pueden obtener parametros biofisicos de cualquier zona de estudio que disponga
de imagenes de S2, siendo muy ttil en el contexto de estudios agrondémicos
operativos. Hay que mencionar que tanto las imagenes proporcionadas por la serie
de satélites S2 como el programa SNAP son totalmente gratuitos, y en un futuro
no solo van a seguir proporcionandose este tipo de imagenes y productos, sino

que esta prevista su continua mejora.
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Por otro lado, también estan cobrando especial importancia los sensores
hiperespectrales, que seran transportados por satélites como la futura mision
EnMAP - Environmental Mapping and Analysis Program (Guanter et al., 2015) o la
recientemente lanzada PRISMA - PRecursore IperSpettrale della Missione Applicativa
(Candela et al., 2016), o aerotransportados a través de aviones de manera puntual
sobre la zona de estudio correspondiente, como AVIRIS - Airborne Visible/Infrared
Imaging Spectrometer (Vane, 1987) y HyMap — Hyperespectral Mapper (Cocks et al.,
1998). Este tipo de sensores permiten identificar y discriminar con gran precision
la superficie terrestre, gracias a su alta resolucion espectral, permitiendo la

deteccion de anomalias con alta precision.

Hay que destacar especialmente la futura misiéon hiperespectral FLEX -
Fluorescence Explorer, de la cual la ESA esta realizando el desarrollo cientifico
actualmente (posible lanzamiento hacia 2024) (Coppo et al., 2017). Esta misién
presenta como principal objetivo la observacién del funcionamiento de la
vegetacion desde el espacio, basado en la sefial de emision de la fluorescencia. La
medida de la fluorescencia proporciona informacién directa del proceso de
fotosintesis, constituyendo una novedosa herramienta para la rdpida deteccion del
estrés en la vegetacion, antes de que el dafo sea irreversible. En este contexto,
todas las metodologias desarrolladas para estimar parametros biofisicos
indicadores del estado fisiologico de la vegetacion son, por tanto, fundamentales

para entender el comportamiento de la vegetacion terrestre a escala global.

1.3 Metodologias de estimacion basadas en informacion remota

Cada pardmetro biofisico presenta su influencia méxima en una zona del espectro,
como se ha comentado previamente con la region del red-edge y los parametros
clorofila y LAI Gracias a esta relacion, se pueden estimar los parametros biofisicos

a través de técnicas de teledeteccion.

De manera general, existen tres tipos de metodologias para estimar los parametros
biofisicos a partir de datos obtenidos por teledeteccion: (1) métodos empiricos, que
consisten en relacionar el parametro biofisico de interés con la informacion

13
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espectral a través de relaciones simples (p.ej. indices de vegetaciéon — VIs), (2)
métodos estadisticos, los cuales definen funciones de regresién mas complejas a
través de la informacion espectral (p.ej. ANN), y (3) métodos fisicos, que se
refieren a la inversién de RTMs.

Los enfoques empiricos proporcionan un nivel de precision aceptable en la
estimacion de parametros biofisicos y pueden calcularse sin grandes exigencias
computacionales, pero debido a la sensibilidad de las VIs al tipo de vegetacién y
caracteristicas del sensor, se requieren mediciones in situ fiables para la calibracién
del modelo. Ademas, los VIs se ven muy afectados por los parametros que afectan
a la reflectividad, como son la estructura del dosel, la orientacién y distribucion
espacial de las hojas, las propiedades pticas de las hojas y del suelo y la geometria
del sensor (Sakamoto et al., 2012). Asimismo, los VIs se basan generalmente en una
combinacion de pocas bandas espectrales y en una observacion de un solo angulo,
lo que lleva a una subexplotacion de todo el rango espectral y direccional
disponible en los sensores de nueva generacion. Debe ser mencionado que la
mayoria de los VIs dejan de ser sensibles cuando parametros como el LAI superan
un cierto limite, comtnmente 2 o 3 (Haboudane et al., 2004). Esta saturacion a altos
valores de LAI se produce en el rango del rojo (600 — 700 nm) debido a la gran
absorcion que produce la clorofila en este rango (Kira et al., 2016). Para evitar esta
saturacion se utilizan bandas localizadas en la zona del red-edge (690 — 750 nm), ya
que se encuentra entre el maximo de absorcién de la clorofila en el rojo y la maxima
reflectividad producida en el NIR debido a la estructura celular (LAI) (Guyot et
al., 1992). Ademas, hay modelos basados en VIs que han sido mejorados
incluyendo factores de correccion, como es el caso del modelo CLAIR (Clevers Leaf
Area Index by Reflectance) (Clevers, 1989), que incluye un factor correctivo de la
influencia del suelo.

Los métodos estadisticos pueden ser paramétricos o no-paramétricos (Lazaro-
Gredilla et al., 2013). Los modelos paramétricos se basan en el conocimiento fisico
del problema y construyen expresiones parametrizadas explicitas, asumiendo un
conjunto finito de parametros. Por lo tanto, la complejidad del modelo esta
limitada incluso cuando la cantidad de datos es ilimitada. Esto les hace bastante
inflexibles. Alternativamente, los modelos no-paramétricos se ajustan para
predecir un modelo empirico utilizando un conjunto de datos (pares de datos
entrada-salida), construyendo un modelo de regresion no lineal utilizando los

14
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pardmetros observados como entradas y sin tener en cuenta las restricciones

fisicas. Esto les proporciona un caracter mas flexible.

Por otro lado, los modelos fisicos consideran la arquitectura del cultivo, la
iluminacién, la influencia del suelo y las geometrias de iluminacion y de
visualizacion, haciéndolos ttiles en multiples aplicaciones operativas para la
estimacion de parametros biofisicos del cultivo (Bacour et al., 2006). Sin embargo,
presentan otras restricciones, como el riesgo intrinseco de simplificar
excesivamente la arquitectura del dosel (Casa et al., 2010). Generalmente, los
modelos fisicos realizan una descripcion simple de la arquitectura del dosel que
puede no representar la real, particularmente en las superficies vegetales mas
dispersas o arboladas. Ademas, en los modelos de base fisica, las incertidumbres
de las mediciones radiométricas deben afiadirse a las simulaciones cuando se
elaboran las bases de datos de calibracién (Frederic and Buis, 2008). Otra
restriccion es lo que se denomina el problema ill-posed, cuando diferentes
combinaciones de parametros proporcionan una firma espectral idéntica, lo que
produce incertidumbres significativas en la estimacién de parametros, por lo que
se debe realizar un proceso de regulacion de los resultados que considere tan solo
las respuestas cercanas a la realidad (Atzberger, 2004).

2. Aportacion de la tesis y organizacion

Existen numerosos estudios cientificos de estimacion de parametros biofisicos a
través de sensores remotos. Pero la gran mayoria de estas aportaciones estan
enfocadas a un solo tipo o a un niimero reducido de tipos de cultivo. El reto surge
cuando se quieren utilizar estas técnicas de teledeteccion en un contexto general,
es decir, aplicables a numerosos tipos de cultivos. Esto es realmente importante ya
que las zonas agricolas suelen presentar heterogeneidad de cultivos. Esta tesis
intenta conseguir técnicas con ese cardcter general, analizando, en primer lugar,
las metodologias existentes y su comportamiento ante bases de datos in sifu de
diversos tipos de cultivos y, posteriormente, definir nuevas técnicas de estimacion
de tres indicadores importantes del estado de la vegetacion: contenido en agua
(CWC), indice de area foliar (LAI) y contenido en clorofila (CCC). Concretamente,
el esquema de trabajo seguido es el representado en la Figura 1, mediante el cual

se quieren conseguir los objetivos especificos siguientes:
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* Toma de medidas in situ de los tres parametros clave en diferentes tipos
de cultivo y entornos agricolas.

= Asociaciéon de las medidas in situ con la informacion espectral de la nueva
mision S2 y el sensor hiperespectral HyMap.

= Definicion de las regiones del espectro donde la influencia de cada una de
los parametros es maxima, mediante informacién in situ y espectros
simulados.

= Analisis de las técnicas preexistentes para la estimacion de los parametros
CWC, LAI y CCC con teledeteccion, desde el punto de vista de
aplicabilidad a diversidad de cultivos.

= Definicion de nuevas metodologias con base fisica, que puedan ser
aplicadas a diversos tipos de cultivo.

= Comparacion de las nuevas metodologias con las existentes y seleccionar
finalmente la mas 6ptima, desde el punto de vista estadistico, fisico y
aplicabilidad a zonas heterogéneas.

=  Analisis de como el método de estimacion de estos indicadores afecta al
resultado final de modelos agrondémicos que utilizan estos parametros
como valores de entrada.

PARAMETROS
BIOFISICOS

BASESDE K ~ 7 ™
DATOS IN SITU

IMAGENES A APLICACION DE
DE SATELITE NFORMACION DE LAS ZONAS TG T A TG
ESPECTRAL DEL ESPECTRO ——————
LS ESTIMACION DE
IO PIL PARAMETROS
HALRIE D BIOFISICOS

MODELOS DE

TRANSFERENCIA

MULTICULTIVO
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BIOFISICO
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Figura 1. Esquema general de trabajo seguido en esta tesis.
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3. Resultados

Los resultados de esta tesis se refieren a los tres articulos de los que esta
compuesta, anexados al final de este documento. En primer lugar, el Articulo 1
(Pasqualotto et al., 2018a), se basa en la estimacion del contenido en agua a nivel
de cubierta a través del sensor hiperespectral HyMap. El Articulo 2 (Pasqualotto
et al., 2019a) se enfoca en la estimacion del indice de area foliar con el satélite
operativo S2 y, finalmente, el Articulo 3 (Pasqualotto et al., 2019b) realiza un
analisis comparativo de diferentes metodologias, basadas en S2, de estimacion de
los parametros LAI y CCC, ademas de analizar la influencia del parametro de
entrada LAI en un modelo agronémico de estimacion de evapotranspiracion. En
esta seccion se van a describir las principales aportaciones de cada uno de los
articulos, pudiéndose consultar la metodologia y resultados completos en los
articulos sefialados.

3.1 Articulo 1. Estimacion del contenido en agua de cubierta de
diferentes tipos de cultivos con dos nuevos indices hiperespectrales:
Water Absorption Area Index y Depth Water Index

Basado en el articulo (Pasqualotto et al., 2018a) y congresos (Pasqualotto et al.,
2017, 2018b) realizados durante el periodo doctoral:

Pasqualotto, N., Delegido, ., Van Wittenberghe, S., Verrelst, ]., Rivera, J.P.,
Moreno, J., 2018a. Retrieval of canopy water content of different crop types
with two new hyperspectral indices: Water Absorption Area Index and
Depth Water Index. International Journal of Applied Earth Observation and
Geoinformation, 67, 69-78.

Pasqualotto, N., Delegido, J., Van Wittenberghe, S., Verrelst, J., Moreno, J.,
2017. Estimacion del contenido en agua de la cubierta vegetal de diversos
cultivos mediante teledeteccion hiperespectral. XVII Congreso de la
Asociacion Espariola de Teledeteccién. 3-7 octubre, 2017. Murcia, Espafia.
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Pasqualotto, N., Delegido, J., Van Wittenberghe, S., Verrelst, J., Rivera, J.P.,
Moreno, J., 2018b. Remote estimation of canopy water content in different
crop types with new hyperspectral indices. International Geoscience and
Remote Sensing Symposium, IGARSS. 20-27 julio, 2018. Valencia, Espafia.

El punto de partida de esta tesis ha sido la estimacién del pardmetro contenido
en agua a nivel de cubierta (CWC), un indicador esencial del estado fisiologico
de los cultivos. A lo largo de los afnos, se han elaborado multitud de indices de
vegetacion para la estimacién de este parametro, definidos la mayoria de ellos
para uno o unos pocos tipos de cultivos, por lo que no pueden ser aplicados de
manera universal. Este estudio se basa en la definicién de nuevos indices de
estimacion de CWC aplicables a una gran variedad de tipos de cultivos. Para
ello, se ha utilizado la base de datos SPARCO03 — Spectra bARax Campaign
(Delegido et al., 2013), que se obtuvo en julio de 2003 en Albacete (Espana),
compuesta por valores destructivos de CWC tomada en seis tipos de cultivos
diferentes, asi como por la informacion espectral obtenida por el sensor
hiperespectral aerotransportado HyMap. Este sensor presenta un rango de
longitud de onda entre 430 nm y 2490 nm, con 125 bandas espectrales con un
ancho de banda espectral entre 11 y 21 nm y, en esta campana, una resolucion
espacial de 5 m.

En primer lugar, se determinaron las dreas del espectro donde la influencia del
contenido en agua es maxima. Este estudio se realiz6é produciendo diferentes
modelizaciones con el modelo de transferencia radiativa PROSAIL vy
analizando los espectros obtenidos en campo con HyMap. El agua presenta
mayor influencia en la zona del NIR y del SWIR, presentando picos
principalmente en 970, 1200, 1450, 1940 y 2500 nm, pero finalmente se decidio
basar este estudio tan solo en la region del NIR (750-1300 nm) debido a que en
esta area del espectro la sensibilidad al contenido de agua liquida es mayor y,
ademas, la sefial producida en el SWIR estd muy contaminada por la celulosa
y otros materiales que componen la hoja.

Utilizando esta base de datos, se probaron los principales indices de vegetacion
utilizados para estimar CWC con las bandas establecidas por los autores
originales, obteniendo que todos los indices producian estadisticos mejorables
cuando se aplican a diversos tipos de cultivos. Posteriormente, se procedio a
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realizar todas las combinaciones de bandas posibles con las estructuras de los
indices comunmente utilizados para estimar CWC junto a otros indices
definidos por la bibliografia para estimar otros parametros biofisicos. Este
analisis se realizd para determinar si algin indice ya establecido podria
utilizarse para una gran diversidad de cultivos cambiando simplemente la
combinacion de bandas. Al probar todas las combinaciones se obtuvieron
correlaciones muy altas (R?>0,8), pero al analizar las bandas seleccionadas para
obtener tan alta correlacion se observo que no presentaba sentido directo desde
el punto de vista fisico debido a que muchas bandas utilizadas no solo estaban
influenciadas por el contenido en agua sino también por otros parametros
como la clorofila y el LAI. A partir de este punto, se procedié a definir dos
nuevos indices que produjeran buenos estadisticos, pero también que
presentaran sentido fisico, que estuvieran basados en zonas donde la influencia

del contenido en agua fuese maxima.

Tras el estudio de los espectros reales y de las modelizaciones generadas con
PROSAIL, se observo que, con contenidos de agua nulos, el espectro
presentaba forma de linea recta entre 800 y 1200 nm, variando la pendiente de
la linea y el nivel de reflectividad tan solo con el parametro LAI Esta linea se
tomo como referencia para definir el Water Absorption Area Index (WAAI), el
cual consiste en la diferencia entre el area debajo de la linea de referencia y el
area debajo de la curva de reflectividad entre los limites 911 y 1271 nm. Estos
limites fueron los que proporcionaban los mejores resultados, lo cual puede ser
debido a que a 911 nm comienza el primer pico de absorcién del contenido en
agua y a 1271 nm termina la maxima influencia de este pardmetro. El indice
WAALI requiere una gran resolucidn espectral y la mayoria de los sensores
actuales no la presentan, por lo que en este estudio se propone otro indice que
utiliza menos bandas y, por tanto, mas aplicable a los sensores convencionales.
El Depth Water Index (DWI) es un indice de cuatro bandas basado en las
profundidades espectrales producidas por la absorcion del contenido en agua
a 970 y 1200 nm y dos bandas de referencia.

Por tanto, en este estudio se definen dos nuevos indices de estimacién de CWC,
mediante los cuales se puede estimar el CWC de zonas heterogéneas
obteniendo incluso estadisticos mejores que con los indices convencionales. El
indice WAAI presenta mejores estadisticos que el DWI. Esto puede ser debido
a que el indice WAAI explota un rango continuo del espectro, demostrandose
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en numerosos estudios previos la potencialidad de utilizar un mayor niimero
de bandas. A pesar de esto, los indices propuestos presentan problemas con
cultivos cuya fraccion de cobertura vegetal (FVC) es menor al 30 %, como es el
caso del ajo y la cebolla. Estos cultivos suelen presentar gran cantidad de agua
en sus hojas, pero al extrapolar a la cubierta, esta cantidad de agua se subestima
debido a la poca cobertura aérea que presentan, dejando al suelo un papel
predominante. Una posible solucién futura, es introducir en estos nuevos
indices el parametro FVC, para no subestimar el contenido en agua en cultivos
influidos por el suelo de fondo.

3.2 Articulo 2. Estimacion de LAI verde de multiples tipos de cultivo
mediante un nuevo indice simple basado en Sentinel-2 (SeLl)

Basado en el articulo (Pasqualotto et al., 2019a) y congresos (Amin et al., 2018;
Pasqualotto et al., 2018c, 2018d) realizados durante el periodo doctoral:

Pasqualotto, N., Delegido, J., Van Wittenberghe, S., Rinaldi, M., Moreno, J.,
2019a. Multi-crop green LAI estimation with a new simple Sentinel-2 LAI
Index (SeLl). Sensors, 19(4), 904.

Pasqualotto, N., Delegido, J., Amin, E., Cisneros, A., Van Wittenberghe, S.,
Verrelst, ]J., Paredes Gémez, V., Moreno, J., 2018c. Estimacion del indice de
area foliar verde y marrén de diferentes cultivos con Sentinel-2. XVIII
Congreso Nacional de Tecnologias de la Informacion Geogrdfica. 20-22 junio, 2018.
Valencia, Espafia.

Amin-Darei, E., Verrelst, J., Rivera-Caicedo, J.P., Pasqualotto, N., Delegido,
J., Ruiz-Verdd, A., Moreno, J., 2018. The SENSAGRI Sentinel-2 LAI green
and brown product: from algorithm development towards operational
mapping. International Geoscience and Remote Sensing Symposium, IGARSS.
20-27 julio, 2018. Valencia, Espana.

Pasqualotto, N., Delegido, J., Van Wittenberghe, S., Rinaldi, M., Moreno, J.,
2018d. Estimacién de LAI verde de diversos cultivos mediante el nuevo
indice SeLI para Sentinel-2. XVIII Simposio Internacional en Percepcién Remota
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y Sistemas de Informacion Geogrdfica (SELPER). 6-9 noviembre, 2018. La
Habana, Cuba.

En segundo lugar, en el contexto de esta tesis se quiso estudiar cual era la mejor
metodologia para estimar el indice de area foliar (LAI), ya que es un parametro
fundamental tanto por su funcién indicadora del estado fisiolégico de la planta
como por su papel esencial para escalar los parametros contenido en agua y
clorofila a nivel de cubierta. Existen dos tipos de LAI, el LAlverde que representa
las hojas que estan fotosintéticamente activas, siendo el tipo de LAl mas comtin
y el que se estudia alo largo de esta Tesis, y el LAlmarsn, que representa las hojas
en estado senescente y que han perdido la funcion fotosintética. Debido a la
importancia creciente de la misién S2 por la idoneidad de sus caracteristicas
para el seguimiento de zonas agricolas, el objetivo de este segundo articulo era
definir un indice sencillo y operativo basado en la informacién espectral de S2
y en las zonas del espectro con mayor influencia del parametro LAI, para la

estimacidn del mismo en zonas heterogéneas.

El punto de partida de este estudio fue la realizacion de campafias de campo
de las que se obtuvieron dos amplias bases de datos independientes,
compuestas por valores in situ de LAI tomados en Valencia (Espafia) y Foggia
(Italia), de varios tipos de cultivo, en un rango de valores de 0 a 4,5 m?/m?2. La
base de datos de Valencia estd compuesta por informacion de 13 cultivos
diferentes de la Huerta, los cuales estan cultivados en parcelas de pequefio
tamafio (<1 ha), y se utilizé como calibracién del futuro indice. La base de datos
de Foggia esta compuesta por informacion de 3 tipos de cultivo y se utiliz6 para
validar el nuevo indice. Las camparias de campo se realizaron proximas al paso
de satélite 52, por lo que las bases de datos se completaron con la informacion
espectral correspondiente.

El primer analisis consistid en aplicar los indices comuinmente utilizados en la
literatura para estimar LAI a la base de datos de Valencia, para comprobar su
comportamiento al ser aplicados a diversos tipos de cultivos. Se obtuvo un
coeficiente de correlacion entre 0,1 y 0,6 con diferentes tipos de ajuste, asi como
un proceso de saturacion con valores altos de LAI (= 3). Esto puede ser debido
a que la mayoria de estos indices utilizan bandas localizadas en la zona del
espectro correspondiente al rojo (B4 = 665 nm), comprobandose en este estudio
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con espectros reales de 52 que esa zona del espectro produce saturacion con
altos valores de LAI, mientras que las bandas localizadas en la zona del red-edge
no producen tal saturacién. Al descartar la utilidad de estos indices para su uso
en zonas heterogéneas, se pasd a realizar un analisis para identificar qué
bandas de S2 estan mas correlacionadas con el parametro LAI Este analisis
consistio en realizar todas las combinaciones de bandas utilizando la estructura
tanto de los indices utilizados para estimar LAI como otros indices
comunmente utilizados para estimar otros parametros biofisicos. Como
resultado se obtuvieron unos estadisticos mejores, pero al observar las bandas
utilizadas para obtener tales estadisticos, en general 1610 nm o 2190 nm,
estaban localizadas en zonas del espectro influidas principalmente por otros
parametros como son la lignina o el contenido en agua, por lo que no presenta
sentido fisico. El inico caso que presentaba sentido fisico, era la combinacién
de bandas dada para el indice normalizado de tipo NDVI (Rses - Rros)/(Rsss +
R7s) ya que la banda de 705 nm es una banda localizada en la regién del red-
edge y la banda de 865 nm se encuentra en la region del NIR, ambas regiones
influidas principalmente por el parametro LAIL

Al aplicar este indice a la base de datos de Foggia, se obtuvieron aiin mejores
estadisticos con un ajuste lineal, por lo que se decidio seleccionar este indice
finalmente. Este nuevo indice se denomind Sentinel-2 LAlgren Index (SeLl), el
cual produce buenos estadisticos sin producir saturacién en un rango de LAI
de 0 a 4,5 m¥m?, presentando sentido fisico al estar basado en las zonas del
espectro donde la influencia del parametro LAI es maxima. Ademas, es
aplicable a zonas heterogéneas, incluso cuando las parcelas son de pequefo
tamafio como es el caso de la zona de Valencia, en la que por primera vez en
esta zona la distincion de cambios dentro de la parcela es posible por
teledeteccién operativa. A pesar de esto, el indice agricola SeLl debe ser
validado con valores de LAl superiores a 5 para determinar su comportamiento
y posible saturacion, asi como determinar si con estos altos valores de LAI se
sigue manteniendo el ajuste lineal o son necesarios modelos no lineales.
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3.3 Articulo 3. Estimacion de la evapotranspiracion con Sentinel-2:
Comparacion entre indices de vegetacion, modelos semi-empiricos
y la herramienta Biophysical Processor de SNAP

Basado en el articulo (Pasqualotto et al., 2019b) y congresos (Pasqualotto et al.,
2019¢, 2019d) realizados durante el periodo doctoral:

Pasqualotto, N. D’Urso, G., Bolognesi, S.F., Belfiore, O.R., Van
Wittenberghe, S., Delegido, J., Pezzola, A., Winschel, C., Moreno, J., 2019b.
Retrieval of Evapotranspiration from Sentinel-2: Comparison of Vegetation

Indices, Semi-Empirical Models and SNAP Biophysical Processor
Approach. Agronomy, 9(10), 663.

Pasqualotto, N., Delegido, J., Pezzola, A., Winschel, C., Moreno, J., 2019c.
Estimacion del contenido de clorofila a nivel de cubierta (CCC) en cultivos:
Comparativa de indices de vegetacion y el producto de nivel 2A de Sentinel-
2. XVII Congreso de la Asociacion Espaiiola de Teledeteccién. 24-27 septiembre,
2019. Valladolid, Espana.

Pasqualotto, N.; Bolognesi, S.F.; Belfiore, O.R.; Delegido, J.; D’Urso, G,;
Moreno, J., 2019d. Canopy chlorophyll content and LAI estimation from
Sentinel-2: vegetation indices and Sentinel-2 Level-2A automatic products
comparison. IEEE International Workshop on Metrology for Agriculture and
Forestry. 24-26 octubre, 2019. Portici, Italia.

El tercer estudio consistié en realizar un andlisis de las diferentes metodologias
existentes para la estimacion de LAI y contenido en clorofila a nivel de cubierta
(CCCQC), dos parametros clave para la estimacion de la evapotranspiracion (ET). El
objetivo principal de este analisis era comprobar cémo el método utilizado para la
estimacion de estos pardmetros influye en el resultado final de los modelos
agrondmicos, como es el caso del modelo Penman-Monteith (Allen et al., 1998)
ampliamente utilizado para la estimacion de la ET. Concretamente, este estudio
analiza métodos empiricos (VIs), semi-empiricos (modelo CLAIR) y los productos
automaticos de redes neuronales de S2 para comprobar cudl es el mas dptimo para
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la estimacidn de los parametros LAl y CCC, desde un punto de vista estadistico,
fisico y operativo, utilizando la informacion espectral de S2.

Una de las principales fortalezas de este tercer estudio es que para llevar a cabo el
analisis comparativo de los diferentes métodos de estimacion de los parametros
LAI y CCC, se han utilizado cuatro bases de datos in situ totalmente
independientes: dos provenientes de Italia (Caserta y Tarquinia), una de
Argentina (Bahia Blanca) y otra de Espafia (Valencia). La base de datos de Caserta
estd compuesta por informacion de 3 tipos de cultivo diferente, cultivados en
parcelas > 100 m de lado. La base de datos de Tarquinia esta formada por valores
de 2 tipos de cultivo, cultivados en parcelas < 100 m de lado. La tomada en Bahia
Blanca esta compuesta por informacién de 7 tipos de cultivo, cultivados en
parcelas > 300 m de lado y, la base de datos de Valencia, esta formada por valores
tomados en 12 cultivos diferentes, cultivados en parcelas de 40-100 m de lado.
Todas estas bases de datos se completaron con la informacion espectral de las
imagenes de S2 mas proximas a la toma de la informacién de campo. Las bases de
datos abarcan un rango de LAl de 0 a 5, y de CCC un rango de 0 a 5,4 g/m>.

En primer lugar, a cada base de datos se aplicaron los indices mas comtinmente
utilizados para estimar CCC y LAI, incluido el nuevo indice SeLl; el modelo
CLAIR, con valores del coeficiente de extincion (a*) fijos y calibrados; y los
productos automadticos que proporcionan las imdgenes de S2 a través de la
herramienta SNAP. Como resultado se obtuvo que el indice de estimacién de LAI
que producia mejores estadisticos en cada una de las bases de datos era SeLI (R?>
0,71, RMSE <0,78) y para estimar el parametro CCC era el Clred-edge (R2 > 0,67, RMSE
< 0,62 g/m?). Ambos indices utilizan bandas localizadas en la region del red-edge,
destacando la importancia de esta zona espectral. El mayor problema con los
indices de vegetacion fue que el indice SeLl producia saturacién con valores de
LAI > 3. En cuanto al modelo CLAIR, el modelo producia para el parametro LAI
en cada una de las bases de datos un R?> 0,63 y un RMSE < 1,47 utilizando valores
fijos de a* (0,41 para las especies herbaceas y 0,30 para las arboreas) y calibrando
este coeficiente, solo mejoraba el RMSE en dos zonas de estudio (RMSE = 0,70).
Los productos automaticos de S2 presentaron buenos estadisticos tanto para el
parametro LAI (R? > 0,70, RMSE < 0,86) como para el CCC (R2> 0,75, RMSE < 0,68
g/m?) cuando se compararon con los valores de campo de cada una de las bases de
datos, sin producir saturacion para valores altos de LAL En general todos los
modelos obtuvieron buenos estadisticos en cada una de las bases de datos, excepto
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para el caso de Valencia. En esta zona los modelos no producian buenos resultados
seguramente debido a que la base de datos esta compuesta por cultivos en los que
su cobertura es dispersa y escasa, como es el caso de los cultivos de cebolla y
naranjos.

En segundo lugar, se analiz¢ la influencia del parametro LAI en la estimacion de
la ET. En este estudio se utilizé el modelo adaptado de Penman-Monteith de la
FAO-56, el cual estima la evapotranspiracion de referencia (ETo) y la potencial
(ET¢) de los cultivos. Durante los ultimos afios, se ha realizado un esfuerzo
constante para estimar los parametros biofisicos a partir de la teledeteccién, lo que
ha permitido adaptar la ecuacién de Penman-Monteith de tal forma que se puede
calcular directamente con informacién espectral de satélites (D’Urso, 2010),
reduciendo al minimo el tiempo y el coste econdomico. Concretamente en este
estudio se estimo la ET. en la zona de estudio de Tarquinia, debido a que en esta
zona se tienen datos temporales in situ de LAl de 2 tipos de cultivo: tomate y trigo.
Debido a la ausencia de datos in situ de ET, se tomé la ET. estimada con el LAI in
situ como la verdad-terreno, comparando con estos datos la ET. estimada con el
LAI obtenido con las diferentes metodologias. Ademas, se realizd6 una
comparaciéon con la ET. estimada como el producto de ET. por los
correspondientes coeficientes de cultivo (Kc) derivados de las tablas tabuladas de
la FAO, método comunmente utilizado en estudios operativos. Como resultado se
obtuvo que los valores de ET. obtenidos con el LAI estimado con el indice SeLl
eran los mas préximos a la verdad-terreno en el caso del trigo, mientras que para
el tomate la mejor correlacion se obtenia con la ET. estimada con el producto
automatico de LAI de S2.

En definitiva, este estudio muestra como los VIs producen los mejores estadisticos
tanto para la estimacion directa de los parametros LAl y CCC, como para la
estimacion final de la ET. Sin embargo, los productos automaticos de S2 de LAl 'y
CCC producen buenos estadisticos y es la tinica metodologia que no produce
saturacion a altos valores de LAI por lo que se concluye que es la metodologia
mas 6ptima para estimar estos parametros biofisicos claves y el producto final de
ET., desde el punto de vista operativo. En un futuro se quiere validar el producto
automatico de S2 de cobertura vegetal (FVC), para incorporarlo a los modelos que
se aplican a zonas con cultivos con FVC <50 %, como es el caso de la Huerta de
Valencia.
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4. Conclusions

The main conclusions drawn from the different analysis carried out in this

Doctoral Thesis about key biophysical parameters retrieval using remote sensing

data are summarized as follow:

o

Commonly used canopy water content (CWC) and leaf area index (LAI)
indices applied to multi-crop in situ datasets produce a R? lower than 0.6,
using linear, exponential and polynomial fitting.

Common LAl indices are affected by a saturation process when values are
higher than 2 or 3. This is mainly because these indices use bands located
in the red spectral range (600 — 700 nm), where high chlorophyll
absorption occurs.

When systematically deducing the vegetation indices (VIs) from best band
combinations, the optimal bands produce good statistics but sometimes
lack a direct physical meaning for the corresponding biophysical

parameter.

The Water Absorption Area Index (WAAI) defined as the difference
between the area under the null water content of reflectance (reference
line, depending on the LAI parameter) simulated with PROSAIL and the
area under measured reflectance using hyperspectral HyMap sensor
between 911 and 1271 nm is proposed as a new hyperspectral CWC
retrieval method. The Depth Water Index (DWI) is also proposed, a
simplified four-band index based on the spectral depths produced by the
water absorption at 970 and 1200 nm and two reference bands. The DWI
was formulated as a simpler and thus more applicable index to
conventional sensors with less spectral band information.

Both the WAAI and DWI outperform established indices in predicting
CWC when applied to heterogeneous croplands, using an exponential fit.
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The use of more bands influenced by CWC improves the correlation with
the in situ values; the WAAI leads to better results than the four-bands
DWI.

The new Sentinel-2 LAlIgreen Index (SeLl) is defined, based on a calibration
and validation with two independent in situ datasets, obtaining good
statistics with a linear fitting. SeLl is a normalized index that uses the new
Sentinel-2 (S2) narrow B5-band located at the beginning of the red-edge
region (705 nm), a spectral area which balances the influence of strong
chlorophyll absorption and minimal scattering at moderate-high LAI
values, and a NIR band (865 nm) influenced by leaf scattering, as a
reference band.

Using S2 spectral information and four independent in situ LAI and
canopy chlorophyll content (CCC) datasets, a comparative analysis of
empirical (VIs), semi-empirical (CLAIR model with fixed and calibrated
extinction coefficient) and artificial neural network S2 products derived
from the Sentinel Application Platform Software (SNAP) Biophysical
Processor (ANN 52 products) approaches is performed for the estimation
of LAl and CCC. It is concluded that:

- SeLlis the index that presents good statistics in each dataset (R2>0.71,
RMSE < 0.78) for LAI and for the CCC, the ratio red-edge chlorophyll
index (Clred-edge) performs best (R? > 0.67, RMSE < 0.62 g/m?).

- The LAI CLAIR model estimated with fixed extinction values (a*) of
0.41 for herbaceous crops and 0.30 for tree species obtained good
statistics (R?>0.63, RMSE < 1.47) and the CLAIR model optimizing the
parameter a* (CLAIRop) for each of the study areas only slightly
improved the RMSE in two datasets (RMSE = 0.70).

- The ANN S2 products present good statistics for LAI (R?>0.70, RMSE
<0.86) and CCC (R2>0.75, RMSE < 0.68 g/m?) retrievals.

The influence of the LAI input parameter on the FAO-56 Penman-
Monteith evapotranspiration model adapted to remote sensing was
analysed. This analysis showed that the crop potential evapotranspiration
(ET.) values obtained with the LAI estimated with the SeLI index were the
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closest to the truth-terrain (ET. estimated with LAI in situ) in the case of
wheat, while for tomato the best correlation was obtained with the ET-
estimated with the ANN 52 LAI product.

VIs are an easy applicable methodology that produces the best statistics
for LAI and CCC estimation for lower values, but the ANN S2 products
are the only ones that do not produce saturation at higher LAI values,
demonstrating the great potential of ANN S2 products for operational use
in the monitoring of agricultural areas.

The saturation produced by the VIs, including the new SeLlI index, which
use bands located in the red-edge spectral region, indicates that the
location of the S2 red-edge bands should be improved in future satellites.

The influence of soil can compromise the retrieval results when the
fractional vegetation cover is low (FVC < 30 %). Future work should
consider the soil reflectance in order to improve the general retrieval of
vegetation biophysical properties.

The studies presented in this Doctoral Thesis demonstrate the relevance
of current high spatial resolution S2 satellites for the monitoring of
biophysical crop parameters, allowing the remote scaling of biophysical
processes at the agricultural management unit scale. Future hyperspectral
missions will allow improved retrievals for crop growth and functioning
at different scales, considering the specific band locations used in each
new index defined. The presented analyses and results in this Thesis are
therefore of relevance to the spectral configuration of future operational
superspectral sensors for biophysical parameter retrieval.
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ARTICLE INFO ABSTRACT

Keywords: Crop canopy water conlent (GWC) is an essential indicator of the crop’s physiological state. While a diverse range
TyMap of vegetation indices have earlier been developed for the remote estimation of CWC, most of them are defined for
Ty perspectral specific crop types and arcas, making them less universally applicable. We propose two new water content

Canopy water eantent

indices applicable to a wide varicty af erop types, allowing to derive CWC maps at a large spatial scale. These
Vegetation indices

indices were developed hased on PROSAIL simulations and then optimized with an experimental dataset
(SPARCO3; Barrax, Spain). This dalasel consists of waler content and other biophysical variables for five
conumon crop types (lucerne, corn, potato, sugar beet and onion) and corresponding top-of-canopy (TOC) re-
flectance spectra acquired by the hyperspectral [lyMap airborne sensor. First, commonly used water content
index formulations were analysed and validated for the variety of crops, overall resulting in a R? lower than 0.6.
In an attempt to move towards more generically applicable indices, the two new CWC indices exploit the
prineipal water ahsorption features in the near-infrared by using multiple hands sensitive to water content. We
propose the Water Absorption Area Index (WAAT) as the difference between the area under the null water
content of TOC reflectance (reference line) simulated with PROSAIL and the arca under measured 10G re-
flectance between 911 and 1271 nm, We alsa propose the Depth Water Index (DW1], a simplified four-band index
based on the spectral depths produced by the water absorption at 970 and 1200 nm and twa reference bands.
Both the WAAI and DWI oulperform established indices in predicting GWC when applied 1o helerogeneous
craplands, with a R? of 0.8 and 0.7, respectively, using an exponential fit. However, these indices did not
perform well for species with a low lractional vegelation eover (< 30%). HyMap GWG maps caleulated with both
indices are shown for the Barrax region. ‘lhe results confinmed the potential of using gencrieally applicable
indices for calculating CWC over a great variety of crops.

1. Introduction et al., 1993; Zhang et al., 2010). What is more, the success of sustain-
able agriculture, mainly in arid and semi-arid regions of the world,

depends entirely on water availability (Alderfasi and Niclsen, 2001,

Water is the most abundant molecule in leaves and its availability in

leaf tissues is essential for cell enlargement, and, hence, plant growth.
The knowledge of leaf water content (LWC) is important for assessing
the physiological state, especially for derecting drought stress of the
plant. Shortage in water content can produce not only environmental
impacts such as an increase in fire risk, but moreover sovial and eco-
nomic negative effects caused by food production decrease {Carlson and
Burgan, 2003; Chuvieco et al., 2004; Riafio et al., 2005;
2005). Tn agriculture fields, crop water content provides vital in-
formation for making correct decisions regarding irrigation planning
(Jackson et al., 2004) and is used for produetivity estimation (Penuelas
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Because the quantity of water in leaf tissues is a critical factor in plant
survival (Kumar, 2007), assessing water stress symptoms accurately
using spectral reflectance measurements has been an important goal for
remote sensing research during the past decades. Remote sensing can
play a unique and essential role because of its ability to acquire synoptic
information at different time and space scales (Jackson, 1986; Oppelt
and Mauser, 2004; Peiluelas et al., 1993).

Vegetation hiophysical variables, snch as chlorophyll (Chl), leaf
area index (LAI) and water content, are considered to be the most im-
portant indicators of vegetation health, growth and productivity
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(Gitelson et al,, 2003). At leaf level, LWC is usually calculated by the
weight difference of freshly harvested leaves and their weight after a
drying process, i.e. a time-consuming procedure, especially for large-
scale study areas. At this large spatial scale, canopy water content
{CWC), defined as the amount of water in the vegetation per surface
unit (g/m* ground surface), is a physiological variable of high interest
which can be estimated multiplying the leaf water content {LWC, gf"crn2
of leaf) with the LAI {m? leaf per m? surface or dimensionless) to obtain
CWC. Therefore, alternative non-destructive methods have been de-
veloped by means of linking water content with optical remote sensing
dara (Pu et al., 2003). The rationale for doing so is as follows. Water
absorbs light energy along the entire spectrum, but in the near-infrared
(NIR, 750-1300nm), and short-wave infrared {SWIR, 1300-2500nm)
regions, water produces maximum absorptions features concretely at
970, 1200, 1450, 1940 and 2500 nm {Carter, 1991; Knipling, 1970;
Tucker, 1980). Thus, with the understanding of the water absorption
spectra, spectroradiometers provide the opportunity to quantify CWC
through non-destructive methods {Inoue et al., 1993).

Al the same time, an important process to consider in the study of
CWC is the aumospheric correction because atmospheric water vapour
{WV) absorption effects in the air column affect the reflected radiance
in the 900-1000 nm region measured at the remote sensor, at the air-
craft or satellite platform (Datt, 1999; Gao and Goetz, 1990; Goetz and
Boardman, 1995). The atmospheric correction process aims to retrieve
top-of-canopy {TOC) reflectance by removing the atmospheric effects.
This correction is one of the critical steps to obtain good information
related to the surface properties. Thus, the overall accuracy of CWC
retrieval will strongly depend on the accuracy achieved by the auno-
spheric correction process {Sabater et al, 2014; Vicent et al., 2015,
2017).

Statistical methods are most widely used to identify sensitive wa-
velength bands from atmospherically corrected TOC reflectance data
for the development of simple vegetation indices (VIs), which relate the
biophysical variable of interest to an arithmetic formulation of bands
(Verrelst et al., 2015a). These indices are defined in a way that enhance
the spectral characteristics associated with a given vegetation property
(Glenn et al., 2008). The potential of VIs for the biophysical variables
determination has been widely demonstrated in numerous studies: they
are intuitive, simple and fast (Broge and Leblanc, 2000; Colombo et al.,
2003; Gitelson et al., 2005). Over the last several decades, some authors
have proposed indices for LWC or CWC estimation, generally used for
monitoring different aspects of vegetation health, such as fire risk as-
sessment (Pefiuelas et al., 1997) or disease monitoring (Pu et al., 2003),
These indices typically use an insensitive band to water absorption
(e.g., 820 and 900 nm) and a sensitive band to change in this variable
(e.g., 970 and 1600 nm). Some of them have been defined in order to
provide LWC (e.g., Datt, 1999; Hunt et al., 1987; Pefuelas et al., 1993;
Pu et al, 2002). These authors have proposed LWC indices for the study
of a specific plant species. For example, Datt (1999) proposed two
normalized indices to determinate water content of various species of
Eucalyprus, and Pu et al. (2003) established two ratio indices in order
to calculate LWC of oak leaves. On the other hand, several authors
established indices to caleulate CWC (e.g., Hardisky et al., 1983; Hunt
and Rock, 1989; Rollin and Milton, 1998; Wang and Qu, 2007). Some of
these CWC indices are derived from indices developed ar the leaf scale,
such as the Water Index proposed by Penuelas et al. (1997) being a
modification of the Water Band Index {Pefiuelas et al, 1993) used for
caleulating LWC.

Despite the positive aspects of VIs, their major weakness is the lack
of a generally applicable index for multiple vegetation types. A uni-
versal relationship between a biophysical variable and a spectral sig-
nature cannot be expected since the reflected signal depends on com-
plex interrelationships between internal and external physical factors,
which can involve significant variation in time, space, and between one
type of crop and another (Colombo et al., 2003). The best way to find
efficient and robust indices is to use large and diverse field datasets,

LISTA DE PUBLICACIONES

Ine J Appi Earth Obs Geolnformation 67 (2018) 69-78

with a large variety in canopy structures (Glenn et al., 2008; le Maire
et al., 2008). This applies as well for different crop development stages,
representing instraspecies variability in canopy structure and biophy-
sical variables. Moreover, VIs have been traditionally developed for
sensors configured with only a few spectral bands. Several studies have
confirmed that applying indices composed of a few bands to hyper-
spectral data is suboptimal and not recommended (Kira et al., 2016;
Verrelst et al., 2015b). It is more optimal to use a larger number of
bands, thereby always taking into account multiple sensitive bands
along the spectral range (Verrelst er al,, 2016). Accordingly, several
authors have shown that exploiting a contiguous reflectance curve in-
stead of using a few single bands sensitive to biophysical variables tend
to be more promising o obtain good parameter retrieval results
(Delegido et al., 2010; Malenovsk§ et al., 2006; Mutanga et al., 2005;
Oppelt and Mauser, 2004). This thus suggests that there is a need for
the development of VIs not just based on a few bands as is commonly
done, but rather based on multiple bands along the spectral range.

When aiming to develop generically applicable CWC indices, an
ideal tool for studying general relationships between biophysical vari-
ables and VIs are Radiative Transfer Models (RTMs). RTMs are physi-
cally-based models that describe the absorption and scattering of light
throughout the leaf, canopy and atmosphere. In several studies, RTMs
have been used to develop optimized indices sensitive to water content
at leaf and canopy scales (Clevers et al., 2010; Haboudane et al., 2002;
Malenovsky et al., 2006). One of the most popular leaf RTMs is PRO-
SPECT (Jacquemoud et al., 1996; Jacquemoud and Baret, 1990), which
considers the leaf as a succession of absorption layers. And one of the
most popular canopy RTMs is SAIL (Verhoef, 1984), which describes
the canopy as a homogenous and horizontal turbid-medium. The cou-
pling of PROSPECT and SAIL, also known as PROSAIL {Jacquemoud
et al,, 2009), has been widely used to study canopy directional re-
flectance and their relationships with biophysical variables, including
CWC (Clevers et al., 2010).

‘The main goal of this study is to develop generically applicable CWC
indices, which are capable of providing CWC in heterogeneous crop
types areas, based on remote sensing measurements of the leaf spectral
behaviour when varying water content. For this purpose, PROSAIL si-
mulations and a large field dataset are used to tackle the following two
objectives. The first objective is to identify the spectral bands that
present the highest correlation (R?) for the estimation of CWC, tested
with commonly used VIs by the scientific community. Based on this
analysis and on a subsequent spectral sensitivity study of the multiple
crop types in response to changes in CWC, a second objective is to
develop and validate two new CWC indices, i.e. respectively applicable
to data with high and low spectral resolution. The performances of the
newly developed indices and established Vis sensitive to CWC are
evaluated and CWC maps are generated.

2. Materials and methods
2.1. SPARCO3 experimental dataset

The used daraset is based on the Spectra Barrax Campaign
{SPARCO3) (Delegido et al., 2013). This campaign took place between
12th and 14th of July (2003) in Barrax, La Mancha, Spain {coordinates
3973 N, 2°6° W, 700m a.s.l., Datum ETRS89). The SPARCO3 dataset has
been earlier used in various studies because it covers multiple crop
types, growth phases, canopy geometries and soil conditions. Specifi-
cally, field data of lucerne (Medicage satva), corn {(Zea mays), potato
(Solanum tuberosum), sugar beet (Beta vulgaris), garlic (Allium sativum)
and onion {Allium cepa) were collected. Table 1 describes the biophy-
sical and structural variables for each crop, indicating low structural
and biophysical differences between the different elementary samplings
units (ESUs) for each crop. The considered crops were in different de-
velopment stage at the moment of flight overpass. Lucerne was in the
pre-bloom phase, bud stage, in addition to being sparse with ray grass.
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Table 1
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Mean values and standard deviation of the obtained variables for each crop species used in the SPARCO3 campalgn.

Crop species N of ESUs Growth phase Chl (pg/em®) FVC (%) LAI {m?/m?) LWC (g/m? leaf) CWC (g/m” surface)
Luceme 18 Bud stage 4851 = 0.98 60 & 17 271 + 0.75 137 & 8 368 + 102

Corn 14 Swelling ear 5102 = 0.74 85 & 6 34 & 042 180 & 10 612 & 75

Potato 12 Tuber bulking 35.51 = 0.59 9% + 1 5.29 + 0.37 223 15 1165 + 90

Sugar beet 22 Maturity 44.09 = 1.72 94+ 1 4.05 £ 0.51 448 + 11 1805 & 225
Garlic 14 Maturity 14.51 + 1.94 12+3 0.58 + 0.11 595 + 15 344 + 60

Onion 10 Maturity 20.38 + 1.47 B4+ 1 196 + 0.46 681 + 14 1334 + 316

During the campaign (12th-14th of July}, airborne hyperspectral HyMap flight-lines were.

Corn crop was beginning to produce ears. Potato and sugar beet were
dense and well developed, ready to be harvested. Garlic crop was in a
maturity stage, but this crop type was in poor state and very sparse.
And, finally, onion was in a maturity stage, with mature bulbs.

Regarding the variables used, chlorophyll content (Chl), fraction of
green vegetation cover (FVC), effective LAI (green LAI) and leaf water
content (LWC) were measured for a total of 100 ESUs of 20 x 20m.
Each ESU was assigned a Chl value, measured using a CCM-200
Chlorophyll Content Meter and calibrated through laboratory analysis
of specific samples (Gandia et al., 2004); a FVC value, which was es-
timated through hemispherical photographs; a LAI value with LicorLAl-
2000 digital analyser (Welles and Norman, 1991), which uses a fish-eye
lens with an hemispheric field view { + 1487) 1o calculate the inter-
ception of blue light (320-490 nm); and a LWC value, obtained through
a drying and weighing method, collecting three leaves at the top level,
due to this is the part of the plant observed by the sensor. For CWC
estimation, leaf area was obtained by digital photographs of each leaf
over squared grid paper. From the two masses and the known sampled
area, LWC was calculated. LWC multiplied with LAI values (m? leaf/m*
surface) provided CWC in g/m2 of ground surface.

During the campaign {12th-14th of July), airborne hyperspectral
HyMap flight-lines were acquired for the study site, obtaining the TOC
reflectance value for each of the ESUs. HyMap is a hyperspectral sensor
that spans the 430-2490 nm wavelength range with 125 usable bands.
Spectral bandwidth varied between 11 and 21 nm and the pixel size at
overpass was 5m. The ESU TOC reflectance was computed as the mean
value of the central pixel and all adjacent pixels. The images obtained
were geometrically corrected (Alonso and Moreno, 2005) and then at-
mospherically corrected by the ATCOR4-r (Atmospheric and Topo-
graphic Correction - rugged terrain) method at the German Aerospace
Center (DLR), according to Guanter et al. (2005).

The total field and airborne dataset consisted of 100 CWC values
and their corresponding radiometric hyperspectral information, cov-
ering multiple crop types, i.e., 18 lucernes, 14 corns, 12 potatoes, 22
sugar beets, 14 garlics, 10 onions and 10 bare soils, in which LAI and
CWC values were zero.

2.2, Analysis of generic vegetation indices

The systematic analysis of the predicted power of VIs was mainly
conducted by using the Automated Radiative Transfer Models Operator
(ARTMO) scientific software package (Verrelst et al., 2012). ARTMO
consists of RTMs (e.g., PROSAIL) and several retrieval toolboxes that
enable the development and optimization of retrieval algorithms to
convert optical images into maps of vegetation properties. The spectral
indices assessment toolbox (Rivera et al, 2014) was used to calibrate
and validate established and generic indices by providing all the pos-
sible band combinations in the NIR region (750-1300 nm).

Based on established CWC indices in the literature, a series of VIs
was introduced into the toolbox together with the multi-crop TOC re-
flectance data. The indices introduced in ARTMO were a series of
generic indices, i.e. formulas in which the specific bands to be used are
not defined, whose formulation was based on commonly used CWC
indices (Table 2, in shading), among other VIs typically used to estimate

various biophysical variables {mainly Chl).

‘The first analysis was to test with different rypes of fitting functions
(linear, exponential and polynomial) the performance of commonly
used CWC indices, with their specific bands as defined by the original
authors, given the SPARCO3 field TOC reflectance dataset acquired over
a variety of crops.

Secondly, for each generic CWC index introduced {Table 2), all band
combinations were analysed, resulting in a best performing combina-
tion of bands. Only the NIR region was evaluated because of its high
sensitivity to mainly liquid water, whereas the signal from the SWIR
region is additionally heavily influenced by cellulose (Delegido et al..
2015). A cross-validation method was used to ensure more robust re-
sults. To cross-validate each index with the SPARCO3 dataset, the k-fold
method was used (Snee, 1977; Yang and Huang, 2014). This method
divides the available data into k subsets. From these k sub-datasets, k-1
sub-datasets are selected as a calibration dataset and a single k sub-
dataset is used for model validation. The cross-validation process is
then repeated k times, with each of the k sub-datasets used as a vali-
dation dataset. Thus, all data are used for both calibration and vali-
dation. Here, we used a 10-fold (k = 10) cross-validation procedure
{Pérez-Planells et al., 2015; Verrelst et al., 2015b).

2.3. CWC spectral sensitivity analysis for real and simulated data

As mentioned above, water produces maximum absorprions features
mainly at 970, 1200, 1450, 1940 and 2500 nm {Carter, 1991; Knipling,
1970; Tucker, 1980). These maximum absorptions can be observed for
several crop types of the SPARCO3 campaign with contrasting CWC
(Fig. 1).

In Fig. 1 the maximum CWC-related absorptions in the NIR region,
i.e. around 970 and 1200nm, can be inspected. In these points, the
depth of the spectrum {difference between the absorption minimums,
850 nm and 1080nm, and the NIR shoulder) is maximized as the CWC
increases. For this reason, the sugar beet spectrum (CWC = 2200 g/m?)
has the largest depth while the lucerne spectrum (CWC = 359g/m*)
the smallest.

‘These water absorption maxima can also be observed when simu-
lating vegetation reflectance with PROSAIL. In Fig. 2, two PROSAIL
simulations are plotted where CWC is expressed as the water sheet
thickness of the leaf (Cw, in cm). One spectrum (solid line) corresponds
with a high CWC (Cw = 0.05em) and the other {dashed line) with a
low CWC (Cw = 0.025 cm), both with LAI = 3. In addition, the atmo-
spheric WV transmittance simulated with the atmospheric RTM MOD-
TRAN (Berk et al., 2000) is shown (blue lines in Fig. 2).

Next, a spectral sensitivity analysis for varying CWC was conducted
to inspect the spectral behaviour when water content is approaching
zero, while varying LAL In Fig. 3, TOC reflectance spectra were mod-
elled for multiple LAT values ranging between 0.5 and 6 (in m” leaf/m”
surface or without units) and three representative values of Cw: the
minimum (0 em), intermediate (0.025 em) and maximum (0.05 em) of
the variable setting. The other model variables, maintained default
values (Chl = 30 pg/em”; Dry matter = 0.012 g/em”).

Fig. 3 shows that for the simulations when Cw is zero, the TOC
reflectance is characterized by a straight line without absorptions
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Genetie vegetarion indices atroduced In ARTMO, where Indicss based om eammonly CWC Indices zre shown shaded. Rh represents reflectance at the wavelength &, {nih. The gensric

name of

ch index has been established in this study. Desh and Curran (2004), Geo (1996), Girslson et al. (20029, Gower (19803, Hunt et al. (2013), V

eini e 2l (2008}, Zarco Teieda

and Ust D01}
rased Formula Generic name  Abbreviation | Generic formula
reference
Hunt & Ris00
Rock, 1989 En
Peiuelas et Rano q q
—=u Ratio Generic 3 Ry
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ZLarco- e
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Ustin, 2001 i
ardisky Ruzo = Rigso Normalized
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Racn — R Water Generic R, + R,
Guo, 1996 o Ind o
3 T b ndex
Rggo + Rizan c
Rollin & e " -
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Riie ‘Generic Index R,
1998
Normalized
Wang & Raao — (Riga0 — Ra130) Multi-band NMDGI Ri —(Rz —Ra)
Qu, 2007 Rago + (Riaao = Rai30) Drought A Ry + (R; —R3)
‘Generic Index
PR Three Ratio
Reoosa0 + Rgio- R, +R
Vincini et 00-530 510-680 Band Generic TREGI 1 z
al., 2008 Rrst-o0 Index Ry
Dash and | Multi-band
Rsss —R R, -R
Curran, . Simple Generie  MSGR ——
2004 708 681 Ratio 2 3
Gitelson
et al.,
Multi-band
& Rs20-600 — Reao—
ZD(IZ_ 520-600 630-630 Normalized MNGI
le Maire | Rgzg-go0 + Reao-ss0 = 2Raso-sz0 Generice Index
etal,
2008
Hunt et 0.02(Rg70 — Raso) + Triangutar 0.02(R, — Ry) +
Difference TDGI
al, 2013 0.01(Rg70=Rys0) Generic Index 0.01(R,=Ry)
Water Line
Glg';;r* Ry — 0.5(Rya + Regs) Height Generic  WLHGT | R, — 0.5(R, + Ry)
Index

features berween 800 nm and 1200 nm approximately. The slope and

the magnitude of this reflectance line varies only as a function of LAL

This water absorption-free reference line between 800 and 1200nm
was subsequently used as a starting point to define a new index.

2.4, Development of the Water Absorption Area Index

Here, the so-called Water Absorption Area Index (WAAID), is pro-
posed with the purpose of being generally applicable to a diversity of

07 < Fig. 1. Lucerne, com, sugar deet and potato TOC specua,
Shart-wave infrared awith a bare soll spectrum of the Asld campaign SPARCO3.
06 2 CWC is expressed in g water/m? surface.
0.5
> 04
£o3
g
E 02
0.1
0 t H t t t t | t
400 600 800 1000 1200 1400 1600 1800 2000 2200 2400
‘Wavelength [nm]
Bare soil ——Potato (CWC = 1209 g/m2) Sugar beet (CWC = 2200 g/m2)
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1 07 Fig. 2. Vegetation reflectance spectrum with more (solid
line) end less {dashed line) CWC expressed as leaf water sheet
thieaness (Cwl, TAT = 3, simulated with PROSATL, together

e Lo with amnospheric water vapour transmittance, simulaced
¥ with MODTRAN (sluc). (For interpretation of the references
los 20 colour in this Agure legend, the reader [s referred o the
= - —  web version of this article.)
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crop types. WAAI is based not only on the reflectance of a few bands, e
. . . O =2 97) —
bur instead on a wide spectral range with the purpose of minimizing WAAL = 20001857 Raco + 0.097) J[l Ri2)dd @
so0

estimation errors. The WAAT is defined as the difference between the
area under the reference line (Cw = 0 cm) and the area under the curve,
benween the integration limits 800 nm and 1200 nm. The specific area
covered by this index is shown in Fig. 4, with Cw the leaf water
thickness in em.

The first step to calculate WAAL therefore, was to obtain the re-
ference line. Fig. 5 shows Ry 50 a3 a function of Rege with Cw = ¢ cm of
PROSAIL simulations of varying LAIL in which a clearly linear relation
(R* = 1) is obsetved.

The linear relationship contained in Fig. 5 together with the area
under the line formed between 800 nm and 1200 nm (Eq. (1)) and the
integral between these same limits (Eq. (2)) were required for defining
the area index:

Area under the reference line {Trapezium area)

Reoo + Ruon
— ZE0 T RN 1900 —
2 {1200 — 800) )
1200
Arca under curve = J R(i)ydi
800 @)
where R;_ represents reflectance at the wavelength A.
Thus,  substituting  the linear relationship {R1200 =
0.857*Rsqq + 0.097) into Eq. (1) and subtracting {2) from Eq. {1), the
Water Absorption Area Index is defined as:

0.7

0.6

05

0.4

LAI[m2/m2]

03

Reflectance [-]

02

" A '

o .. - M.
400 600 800 1000 1200 1400 1600 1800 2000 2200 2400
Wavelength [nm]

After the WAAT calculation, the optimal integration limits were
determined. To do so, multiple spectral analyses were conducted on the
SPARCO3 dataset, i.e. by varying both integration limits within the NIR
region {750-1300 nm) to observe the index response and Lo determine
the spectral range that leads to the best correlation for estimating water
content.

2.5. Development of the Depth Water Index

The WAAI is an area index essentially developed for high spectral
resolution data, i.e. coming from hyperspectral imaging spectrometers.
However, since hardly any of the currently operational satellite sensors
are equipped with such a high spectral resolution the so-called Depth
Water Index (DWI) is proposed as a possible guide for the configuration
of future optical superspectral sensors. The DWI makes use of only four
specific bands, providing the sum of the depth at 970 nm (d,) and at
1200 nm {d,)}, i.e., the difference between the corresponding reflectance
at the baseline (y;) and the TOC reflectance ar 970nm for d, and
1200nm for d, (Fig. 6). The baseline y, is formed from the TOC re-
flectance points at 850 nm and 1080 nm.

‘Therefore, the Depth Water Index presents the following general
form:

DWI = (3 = Rwo) + (v, = Rizeo) (4)

Fig. 3.TOC reflectance modelled Dy PROSAIL
vasylag LAI and water content (Cw) vasTables

0.025 0.05
Cw [cm]
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Fig. 6. Graphlc represeatation of the DWI, which fs the sum of the deptie at 070 and 2t
1200 am of the TOC refleciance, with respect to the baseline formed between the peaks at
650 and 1080 nm. The two spectra correspond to dfferent CWE value (blue spectrum
459 g/m?, orange spectrum 359 ¢ 4n®). (For Interpretation of the references to colows b
this Zgure legend, the reader is referred to the web version of this article.}

Specifically, the baseline has the following form, from which y; can
be caleulated for x; = 970 and 1200 nm:
Riros"850 — Rye,"1080

—=230

Ryogo — R,
1080 =

* T

(5)
Consequently, substituting Eq. (5] into {4), the Depth Water Index
equation is obrained:

DWT = 2044R; o — 0.044R550 — Rang = R {6)

Cw [em]
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Fig. 4. TOC reflectance vbained with PROSAIL with di%erent w
content (Cw: leaf wai Jmess in e, at & Axed LAI = 4.5,
chaded area cotresponds with the aea calculated by the WAAL

0.05
0.038
0.025

0.013

Lastly, to analyse the statistical response of the WAAI and DWI, the
coefficient of determination, R* {ranging from 0 to 1), is used,

3. Results
3.1, Performance of established CWC indices for a multi-crop daaser

The above-described established indices as given in Table 2 were
evaluated with the multi-crop SPARCO3 dataset. To start with, the es-
tablished CWC indices have been tested with their default bands. The
R? obtained with different types of fitting functions ranged between
0.114-0.598 when applying the respective indices on the multi-crop
dataset {Table 3). Hence, the accuracies of each index obtained with
linear, exponential and polynomial fitting were rather low. All three
fitting functions performed similar, with the linear fitting performing
slightly better than the exponential and polynomial fitting. Therefore,
only linear fitting is used in further analysis.

In order to be more generic, the following step involved system-
atically calculating all bands combinations. Table 4 lists the best sta-
tistical results obtained for each of the generic indices and the corre-
sponding bands with a linear fit.

Comparing to the afore-tested established indices, these results al-
ready show a more promising correlation with a R? ranging between
0.811 and 0.908. However, questions arose when evaluating the ob-
tained wavelengths of the resulting best-performing bands from a
physical point of view. In most cases, the selected bands were physically
not only influenced by CWC, but also by other leaf constituents such as
Chl pigments {e.g., 738 nm, 753 nm, eic.), while other bands were lo-
cated in the NIR {e.g., 1272nm, 927nm, 943nm) but not closely

Table 3
R obtained with a linear, exponential and pelynomizl fitting for each (ndex with their
default bands.

Index  Formula R? r? R?
(linsar  (exponeatial  (palynomial
firing}  ditting) fitting}
RGI Faso 0485 0.478 0.473
Rsa
Eaw 0576 0565 0542
R
Rae) 0598 0.502 0.584
Rizo

NDWGI sz s 0556 0.551 0.564
Razn +Rasso
Ragy — b 0507 0585 0.579
Raegi + Fazdo

RDGI  Faps-mnthuebus) , g 0525 0521 0.491

e

NMDGI Fago— (fsan — Raiza) 0.124 0118 0114

[TRIETTREnT
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Table 4
Best combination of bands for &ach generie vegeratlon Indices Introduced in ARTMO,
ordered from highest to lowest R, with a linear fitting,

Index Bands RMSE (g/m’} NRMSE (36} B

MNGI 10067531113 210 10 0.908
TDGI 1022:829,738 220 1 0.895
WLHGI 1022;820,738 220 11 0.895
MSGR 102,927,753 240 12 0.876
TREGI 943,539;1272 230 11 0.876
NMDGI 157,106,753 250 12 0.867
RDGI 1272738 270 13 0.825
RGI 738;1272 270 13 0.825
NOWGH 1006943 290 14 0.811

located at the depth features 970 and 1200 nm. Consequently, the de-
velopment of alternative multi-band indices with a stronger physically
meaningful basis is needed.

3.2, Fining and validation of the Water Absorption Area Index

As outlined in Eq. (3), the WAAT was defined as an integration index
berween the limits of 800 and 1200nm. After multiple spectral ana-
lyses, the best regression result was achieved with the integration limits
set at 911 nm and 1271 nm (R® of 0.808, RMSE = 290 g/m?), using Eq.
{7), with an exponential fitting (Eq. (8)). This may be due to the fact
that at 911 nm the first absorption peak begins and at 1271 nm the
water content maximum influence ends. Fig. 7 shows the area index
response between these values.

1271
WAALpomaged = 180(L812Rg; + 0.271) — f R(1)dA
b1 7}

CWC (g/nP) = 42.98exp008 WAkeptinizee )

‘This optimized WAAI led to a good correlation and at the same time
is physically sound since the crop types with low CWC {garlic and -
cerne) have minimum index values, and crop types with high CWC
(sugar beet and potato) show maximum WAAI values. It should be
mentioned that garlic usually has a high LWC, but because it also has
low LAI {lower than 1), the derived CWC is consequently also low.
Moreover, garlic has a scarce and disp d ge which t

into a low FVC. In the case of corn, the crop was planted late on the
season and the plants were not fully grown at the time of measure-
ments, it was in the swelling ear stage. Also, lucerne has a low CWC
because it was in a bud stage and sparse with ray grass. On the other
hand, potato and sugar beet crops typically have high CWC because
these plants are usually leafy.
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3.3. Fitting and validation of the Depth Water Index

The DWI, a four-bands index (Eq. (6)), was defined based on the
hyperspectral WAAI with the purpose of being applicable to lower
spectral resolution sensors. After fitting the DWT with the SPARCO3
dataset, a good statistical behaviour, (R* = 0.719, RMSE = 400g/m*)
with an exponential fit was obtained:

CWC(g/m) = 113.9expH0720W (9)

The DWI varles from —0.01, corresponding to bare soils, to a
maximum of 0.26, in the case of sugar beet, in which CWC is high,
around 2000 g/m® (Fig. 8). This index functions in a similar way than
the WAAI with sugar beet showing highest CWC values and, therefore,
likewise expressing DWI values. By contrast, garlic leads to lowest CWC
(3443/1112) estimations given by its low FVC (12%) and low LAI
{0.58 m? leaf/m? surface), despite having a high LWC (595 g/m?).

In order to demonstrate the validity of the four-bands DWI index for
CWC estimation, DWl-estimated CWC values were plotted against the
WAAI-estimated CWC values (Fig. 9). When comparing both CWC es-
timations, a R* of 0.85 is obtained. Although the WAAI index presents
more accurate results because it uses information from a greater
number of bands influenced by CWC, this result suggests that the four-
bands DWTI index closely approaches the original WAAI integration
index, despite some over- and under-estimations.

Finally, we applied both indices to the 14th of July HyMap flight
line as acquired over the Barrax region. The resulting maps are shown
in Fig. 10. A visual inspection reveals that both indices estimate the
CWC consistently with higher CWC values in the irrigated circular
parcels. When observing the maps with more detail, the WAAI estimates
CWC sometimes higher and sometimes lower than the DWI, depending
on the crop type. Given that DWI is a simplification of WAAI and
somewhat poorer validated, it can be reasonably assumed that the
WAAI map displays CWC with a better accuracy.

4. Discussion

Established vegetation indices commonly used for CWC estimation
are usually simple arithmetic formulations based on two spectral bands,
i.e. a water content sensitive band and another control band that is not
influenced by any variable. At the same time, these indices have been
typically developed for a specific plant species. The challenge arose
when we tried using these established indices in a general way for a
multi-crop dataset, i.e. the SPARCO3 dataset, because very low corre-
lations (R” between 0.114 and 0.598) were obiained. In an attempt to
improve estimations over this multi-crop dataset, all band combinations
were systematically calculated for each index in order to achieve the
highest possible correlation for the estimation of CWC. For the simple
ratic index, the best combination of bands (R® = 0.825) was achieved
with Ryge/Ryiazs, and for the normalized index was {(Riggs — Ress)/

Fig. 7. CWC as a function of WAAI between the limits 911
and 1271 nm, with exponentlal fit and 95% of confidence
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2500 Fig. 8. CWC as a function of DWI, with exponential fit and 95% of con.
fdence interval,
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