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Aplicacion de teledeteccion y gestion integrada del agua en zonas semidridas

1. Resumen

El agua es un recurso esencial para el mantenimiento de los ecosistemas naturales, la
regulacion del clima y el desarrollo de la humanidad. La creciente presién sobre este
recurso en las Ultimas décadas y los cambios en el clima hacen prioritario evaluar y
proteger nuestros recursos naturales de manera cooperativa, hacia unos mismos
objetivos. Por ello, la legislacion y el impulso de la administracion resultan
fundamentales para llevar a cabo diferentes estrategias para poner en marcha
proyectos que favorecen el uso coordinado, equitativo y sostenible de los recursos
hidricos y alcanzar los objetivos de la planificacion hidroldgica.

Algunos de los planes propuestos por las administraciones consisten en realizar el
seguimiento del estado cuantitativo y cualitativo del agua, tanto subterranea como
superficial, medidas de adaptacion y mitigacion de los efectos del cambio climatico,
recuperacion de los ecosistemas fluviales y mejoras en su estado ecoldgico,
adaptaciones y gestién de los riesgos de inundacion, planes para minimizar los efectos
de situaciones de sequia, gestion de la seguridad de presas y embalses, asi como
nuevas propuestas y medidas para potenciar la depuracion, saneamiento y la
reutilizacion del agua. Con estas estrategias se pretende desarrollar una metodologia
que permita lograr el cumplimiento de los objetivos sociales, ambientales y econémicos
planteados por las politicas de gestibn comunitarias y nacionales. Junto a ello, la
desalinizacién, es uno de los principales objetivos de la administracion.

Sobre esta base, la finalidad de esta tesis es destacar la capacidad de la teledeteccion
y los Sistemas de Informacion Geogréfica (SIG) en la planificacion hidroldgica, no solo
como herramienta de diagnostico del estado actual de los recursos, sino también para
incorporarlo al proceso de toma de decisiones en los sistemas de control en tiempo real.
La teledeteccién nos proporciona una gran cantidad de informacion complementaria a la
obtenida in situ a la que, ademas, se pueden incluir otro tipo de pardmetros ambientales
como indicadores de los efectos producidos por el cambio climatico.

En los articulos que comprenden esta tesis se realiza una evaluacion de los recursos
hidricos a partir de metodologias sencillas con imagenes de satélite y formulacién de
modelos que permitan prever la disponibilidad de agua bajo diversos escenarios de
escasez hidrica. Al mismo tiempo, se apunta hacia una de las estrategias de
reutilizacion y de obtencién de recursos como es la desalinizacion.

Para evaluar los cambios de usos del suelo y su relacién con el consumo de agua, se
realizé un analisis mediante imagenes aéreas a escala de cuenca hidrografica, en una
zoha que, a pesar de estar afectada por condiciones de aridez, se ha producido un gran
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crecimiento poblacional e intensificacion de la actividad agricola. En la primera
publicacion, “Water Management in Irrigation Systems by Using Satellite
Information”, se estimaron las pérdidas de agua por evaporacion en relacién con el
incremento del nimero de balsas para el riego comparando dos periodos de estudio,
entre 1973-1986 y en 2016. En este estudio, se ha determinado un aumento por cuatro
del nimero de balsas, que se traduce en un ascenso de las pérdidas por evaporacion
anual de alrededor de 15,62 hm3/afio.

La utilizacion de imagenes de satélite y el calculo de indices espectrales para obtener
informacién sobre la evolucién, estado y disponibilidad de los recursos hidricos se ha
convertido en los Ultimos afios en una herramienta habitual principalmente para en el
sector agricola y el estudio de los ecosistemas naturales.

En la segunda publicacion, “A review of Landsat TM/ETM based vegetation indices
as applied to wetland ecosystems” se utilizd informacién de Landsat 5 del &rea
localizada entre las Salinas de Santa Pola y el Parque Natural de El Hondo en Elche y
Crevillente, con el objetivo de evaluar el ajuste de varios indices de vegetacién en
zonas de humedales. Entre los indices de estimacion de la biomasa, se encontré una
relacion directa y una elevada correlacién. En cambio, para los indices de contenido de
humedad, no se consiguieron buenas correlaciones. Estos resultados muestran que la
seleccion de los diferentes indices debe realizarse de acuerdo con las caracteristicas de
la zona, teniendo en cuenta que, por ejemplo, en areas con baja densidad vegetal y
mayor exposicion, se deberian elegir aquellos que corrigen las distorsiones producidas
por la reflectividad del suelo.

En el caso de la tercera publicacion, “Assessing water availability in Mediterranean
regions affected by water conflicts through MODIS data time series analysis”, se
utilizaron series temporales de imagenes MODIS desde 2001 a 2014 del indice de
Diferencia Normalizada (NDVI) y de Temperatura de la Superficie Terrestre (LST)
localizadas en las cuencas hidrograficas de los rios Amadorio y Guadalest. También se
utilizaron datos diarios de precipitacion, volumen anual almacenado en los dos
embalses de la zona y proyecciones de modelos climaticos para 2050 del IPCC. Con el
calculo de las anomalias de esta serie de datos, se pudieron visualizar patrones
espacio-temporales de cambio para poder analizar la relacién entre el volumen de agua
almacenado en los embalses y el resto de variables (NDVI, LST y precipitacion),
encontrandose una correlacién significativa entre el NDVI y los datos de volumen de
agua almacenado. Ademas, se evalud la capacidad de prediccion de almacenamiento
de agua, NDVI y LST teniendo en cuenta los escenarios de cambio climatico, en el que
se muestra una relacion significativa inversa con LST.
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El objetivo de la cuarta publicacién, “Using Landsat images to determine water
storing capacity in Mediterranean environments”, fue estimar y modelizar la
capacidad de almacenamiento de agua con la posibilidad de incorporarlo a un sistema
de control y gestiébn automatizado. Para ello, se utilizé la clasificacion supervisada de
una serie temporal de imagenes Landsat para extraer una estimacion de la superficie de
lamina de agua y generar modelos de prediccion. En la validacion se obtuvieron valores
gue indicaban un buen ajuste y una buena capacidad de predictiva.

Para una gestion sostenible de los recursos es necesario la implantacion de medidas
que permitan el maximo aprovechamiento del agua y reducir la presion actual. Una de
las propuestas que define las politicas nacionales y comunitarias es la reutilizacién y
depuracién de las aguas como estrategia clave en la consecucion de los objetivos
planteados.

En la quinta publicacion, “Agricultural drainage water characterization to determine
the desalination possibilities for irrigation in a semiarid environment”, se evalué la
calidad de las aguas de drenajes agricolas relacionadas con las areas estudiadas en la
segunda publicacion, para determinar la posibilidad de implantar un sistema de
desalinizacién para su reutilizacion como recursos no convencionales. Se realizaron
diferentes muestreos en los que se estimé el caudal y se analizé el pH, la conductividad
eléctrica, sales disueltas y soélidos en suspensiéon. Aunque en algunos de los canales de
drenaje se obtuvo un caudal demasiado variable y elevados valores de salinidad y
sélidos disueltos, en otros casos, los datos indicaron la posibilidad de instalar una
pequefa planta de 6smosis inversa para la desalinizacion y reutilizacion de esas aguas.

A modo de conclusion, el agua debe de tratarse con una vision de conjunto, gestion
integrada, de manera que los recursos y su obtencion estén bajo un sistema de control
en el que la teledeteccion ofrece una serie de posibilidades y se combine con otras
estrategias y procesos. Sin lugar a dudas, y centrandonos en el entorno inmediato, la
escasez de recursos aboga a la necesidad de reutilizar al maximo las aguas, incluidas
aguellas sobrantes y la desalacion, no solo de agua marina, existen muchas
posibilidades, como se ha puesto de manifiesto.
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1. Abstract

Water is an essential resource for the maintenance of natural ecosystems, climate
regulation and the development of humanity. The growing pressure on this resource in
recent decades and changes in the climate make a priority to evaluate and protect our
natural resources in a cooperative manner, towards the same objectives. Therefore,
legislation and the administration management are essential to carry out different
strategies to implement projects that favor the coordinated, equitable and sustainable
use of water resources and achieve the objectives of hydrological planning.

Some of the plans proposed by the administrations consist of monitoring the quantitative
and qualitative status of both groundwater and surface water, adaptation measures and
mitigation of the effects of climate change, recovery of river ecosystems and
improvements in their ecological status, adaptations and management of flood risks,
plans to minimize the effects of drought situations, safety management of dams and
reservoirs, as well as new proposals and measures to promote the purification,
sanitation and reuse of water. With these strategies, it is intended to develop a
methodology that allows achieving the fulfilment of the social, environmental and
economic objectives set out by the community and national management policies.
Beside these strategies, desalination is one of the major targets of the administration.

On this basis, the purpose of this thesis is to highlight the capacity of remote sensing
and Geographic Information Systems (GIS) in hydrological planning, not only as a tool
for diagnosing the current state of resources but also to incorporate it into the decision-
making process. Remote sensing provides us with a large amount of complementary
information to that obtained in situ, to which, in addition, other types of environmental
parameters can be included as indicators of the effects produced by climate change.

In the articles that comprise this thesis, an evaluation of water resources was carried out
based on simple methodologies with satellite images and the formulation of models that
allow predicting the availability of water under various scenarios of water scarcity. At the
same time, one of the strategies for reuse and obtaining resources such as desalination
is added.

To evaluate the changes in land use and its relationship with water consumption, an
analysis was carried out using aerial images at a hydrographic basin scale, in an area
that, despite being affected by arid conditions, has produced a large population growth
and intensification of agricultural activity. In the first publication, "Water Management in
Irrigation Systems by Using Satellite Information", water losses due to evaporation
were estimated in relation to with the increase in the number of ponds for irrigation
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comparing two study periods, between 1973-1986 and in 2016. In this study period, an
increase by four in the number of ponds has been estimated, which means an increase
in losses by annual evaporation of around 15.62 hms3/year.

The use of satellite images and the calculation of spectral indices to obtain information
on the evolution, state and availability of water resources has become in recent years a
common tool mainly for the agricultural sector and the study of natural ecosystems.

In the second publication, "A review of Landsat TM/ETM based vegetation indices
as applied to wetland ecosystems”, information from Landsat 5 of the area located
between the Salinas de Santa Pola and the Natural Park of El Hondo in Elche and
Crevillente was used, with the aim of evaluate the fit of various vegetation indices in
wetland areas. A direct relationship and a high correlation were found between biomass
estimation indices. On the other hand, for the moisture content indices, they did not
indicate a good correlation. These results show that the selection of the different indices
must be made according to the characteristics of the area, considering that, for example,
in areas with low plant density and greater exposure, those that correct the distortions
produced by ground reflectivity should be chosen.

In the case of the third publication, “Assessing water availability in Mediterranean
regions affected by water conflicts through MODIS data time series analysis”, time
series of MODIS images from 2001 to 2014 of the Normalized Difference Index (NDVI)
and Land Surface Temperature (LST) located in the hydrographic basins of the
Amadorio and Guadalest rivers. Daily precipitation data, annual volume stored in both
reservoirs, and climate model projections for 2050 were also used. With the calculation
of the anomalies of this data series, it was possible to visualize spatio-temporal patterns
of change in order to analyze the relationship between the volume of water stored in the
reservoirs and the rest of the variables (NDVI, LST and precipitation), finding a
significant correlation between the NDVI and the data on the volume of water stored. In
addition, the prediction capacity of water storage, NDVI and LST was evaluated
considering climate change scenarios, in which a significant inverse relationship with
LST is shown.

The objective of the fourth publication, “Using Landsat images to determine water
storing capacity in Mediterranean environments”, was to estimate and model the
water storage capacity with the possibility of incorporating it into an automated control
and management system. To do this, the supervised classification of a time series of
Landsat images was used to extract an estimate of the surface of the water table and
generate prediction models. In the validation, values were obtained that indicated a good
fit and a good predictive capacity.
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For sustainable resources management it is necessary to implement methods that
guarantee the maximum water exploitation while reducing the current pressure. One of
the proposals that defines national and community policies is water reuse and
depuration as a key strategy in achieving the objectives. In the fifth publication,
“Agricultural drainage water characterization to determine the desalination
possibilities for irrigation in a semiarid environment”, the quality of agricultural
drainage water was evaluated to determine the possibility of implementing a desalination
system for its reuse as unconventional water resources. Flow rate, pH, electrical
conductivity, chloride and sodium, and total dissolved solids were analyzed in different
samplings. Although in some of drainage canals a highly variable flow and high salinity
and dissolved solids values were obtained, in other cases, data indicated the possibility
of installing a small reverse osmosis plant for the desalination and reuse of water.

In conclusion, water must be treated with an overall vision, integrated management, so
that the resources and their collection are under a control system in which remote
sensing offers a series of possibilities and would be combined with other strategies and
processes. Without any doubt, and focusing on the immediate environment, the scarcity
of resources calls for the need to reuse water as much as possible, including surplus
water, and desalination, not only of seawater, many possibilities existing, as has been
shown.
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2. Introduccion

2.1. La gestion de los recursos hidricos

El sistema de gobernanza del agua en Espafa esta basado en una gestion integrada
del recurso a nivel de cuenca hidrogréfica como una unidad territorial superpuesta a
otras, como pueden ser las Comunidades Auténomas (1). El concepto de Gestidn
Integrada de los Recursos Hidricos (GIRH), segun la definicion de la Asociacion
Mundial para el Agua (Global Water Partnership-GWP) (2), aceptado a nivel
internacional y sobre el que se apoya nuestro sistema, se plantea como “un proceso
que promueve la gestion y el desarrollo coordinados del agua, el suelo y los otros
recursos relacionados, con el fin de maximizar los resultados econémicos y el bienestar
social de forma equitativa sin comprometer la sostenibilidad de los ecosistemas vitales”.
Por lo tanto, para aplicar este enfoque, los aspectos fundamentales son el seguimiento,
la planificacion y el control de la cantidad y calidad de los recursos (3).

La gestion del agua y las medidas para su seguimiento y control nacen de la
incertidumbre histérica sobre la disponibilidad del agua, sobre todo en regiones
mediterrdneas, asociada principalmente a una distribucion irregular en el espacio y en el
tiempo de las precipitaciones (4). El crecimiento econémico, de la poblacion, y la
expansion agricola y ganadera, conlleva un incremento de la demanda hidrica y, por
tanto, se produce la necesidad de encontrar estrategias para el aprovechamiento de los
recursos disponibles y garantizar el abastecimiento de la poblacién (5). En numerosas
ocasiones, estas estrategias desembocan en un conflicto entre su uso para
abastecimiento y para la conservacién de los ecosistemas y sus funciones.

En la planificacion, se incorporan datos sobre las demandas y presiones ejercidas sobre
el recurso hidrico, asi como toda la informacion recogida a través de diferentes
herramientas, el estudio de los recursos disponibles y la incorporacién de otros nuevos,
y se programan todas las medidas y acciones encaminadas a garantizar el suministro
de los recursos hidricos y proteccion de los ecosistemas asociados. Se trata de una
hoja de ruta especifica para cada territorio (cuenca hidrogréfica), teniendo en cuenta los
efectos del cambio climético (6), en la que se establecen ademas las actuaciones de
mejora que deben llevarse a cabo para minimizar los impactos asociados a las
alteraciones producidas por nuestras actividades (7) o incluso, para desarrollar
estrategias para la gestién de los fenébmenos meteorolégicos extremos.

En el caso de Espafia, la mayor parte de la demanda hidrica se satisface con los
recursos superficiales (1), aunque en muchos lugares es necesario recurrir a las aguas
subterraneas, cada dia mas explotadas.
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Este es el caso del sureste de la Peninsula Ibérica, donde hay una de las mayores
presiones por el uso y disminucion de los recursos existentes en las masas de aguas
subterraneas (8,9).

Segun los datos del sistema de Planes Hidrologicos y Programas de Medidas del
segundo ciclo (2015-2021) (7), hay afectadas en las demarcaciones espafiolas, sin
incluir las islas, un total de 4.428 masas de agua con presiones significativas
(puntuales, difusas, extracciones, alteraciones hidrolégicas entre otras) de las 5.593
presentes, incluyendo rios, lagos, aguas subterraneas, aguas costeras y de transicion.
En el caso de las extracciones, se encuentran afectadas alrededor del 30% de las
masas de agua superficiales y un 36% de las subterraneas.

El consumo urbano medio de agua, segun los datos publicados por el Instituto Nacional
de Estadistica (INE) para el afio 2018, fue de 133 litros por habitante y dia, un volumen
aproximado de 4.236 hm3. La estimacion de las pérdidas de agua en la red de
abastecimiento fue de alrededor de 653 hm?3, un 15,4% del agua suministrada (10).

En el caso del sector agrario, los datos para el mismo periodo indican un aumento del
consumo de agua del 3,7% de 2016 a 2018, unos 15.495 hm3 (11). El agua
suministrada procede en un 74,3% de aguas superficiales, un 23,9% de origen
subterraneo, y un 1,8% de otros recursos hidricos (agua desalada o regenerada). En
Espafia se producen unos 400 hm3/afio de agua desalada, de los cuales mas del 50%
se destina al abastecimiento del riego agricola (12,13). De hecho, hay instaladas 765
plantas desaladoras de méas de 100 m3/d de produccién, con una capacidad total de 950
hms3 (14).

Las propuestas y los proyectos que se pretenden instaurar en los ultimos afios para
cubrir las demandas en zonas deficitarias apuntan, tanto a la implementacion de
mejoras de la eficiencia de las plantas ya instaladas, como al incremento de la cantidad
de agua producida con nuevas plantas desaladoras (Plan DSEAR), siendo una
estrategia clave para la gestion y planificacién, no solo como complemento y recurso
para la agricultura, sino también para potenciar el abastecimiento urbano o industrial
(12).

La superficie de regadio en Espafia, segun el ultimo andlisis de la Encuesta sobre
Superficies y Rendimientos de Cultivos (ESYRCE 2020), se calcula en 3.831.181
hectareas. El porcentaje de superficie regada respecto la superficie cultivada supone,
en las comunidades autébnomas del Levante un 45.7% en la Comunidad Valencia, un
38.5% en la Region de Murcia, 32.8% en Catalufia y 31.6% en Andalucia, siendo el
riego localizado el mas ampliamente utilizado (15).
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Aungue la tradicién en la construccion de presas se remonta a la época romana, debido
precisamente a la necesidad de abastecer a una poblacién y sectores econémicos
crecientes, se promueve a mediados del siglo XX como estrategia prioritaria, la
construccion de grandes infraestructuras para embalsar agua. Se pasa de unas 450
existentes hasta la década de los 60 del siglo XX, a alcanzar mas de 1.200 presas con
una capacidad de 56.000 hm3 en la actualidad segun la Sociedad Espafiola de Presas y
Embalses (SEPREM) (16). Estas infraestructuras aportan unos beneficios que van
desde la retencion del agua y el almacenamiento para su control, la regulacion y
distribucion a través de miles de kildmetros de canalizaciones, la generacion de energia
hidroeléctrica y, en definitiva, el de garantizar la disponibilidad de este recurso en los
periodos de mayor escasez.

2.2. La planificaciéon hidrolégica como herramienta fundamental para
la gestion

El agua es un recurso escaso e indispensable para el desarrollo de la vida y de
nuestras actividades econdmicas y culturales. Es por ello que, para garantizar el
suministro necesario para nuestro desarrollo socioeconémico y para la conservaciéon de
los ecosistemas, la planificacion hidrolégica ha sido y es de interés general. Muestra de
ello es la evolucién de la legislacién especifica y planes de cuenca que se han
propuesto a lo largo del tiempo, buscando adaptarse al constante cambio de las
circunstancias a nivel politico, econémico y cultural, asi como la ordenacion territorial y
los grandes avances técnicos o incluso, dar respuesta a los requerimientos de una
creciente conciencia por el medio ambiente.

La Ley de Aguas de 13 de junio de 1879, fue una gran novedad legislativa, desarrollada
sobre una base cientifica y tecnoldgica. Aunque estuvo vigente mas de 100 afios, fue
rapidamente insuficiente para dar solucion a los nuevos requerimientos de la sociedad
en el siglo XX (17). Por ello, se cred la Ley 29/1985, de 2 de agosto, de Aguas (18),
modificada por la Ley 46/1999, de 13 de diciembre (19), para resolver algunas
insuficiencias y lagunas legales y crear “instrumentos eficaces para afrontar las nuevas
demandas”. Esta ley, en el articulo 38, estableci6 que la planificacion hidrolégica debe
realizarse a través del Plan Hidroldégico Nacional y los planes de cuenca. Actualmente,
la elaboracion de la planificacion hidrolégica queda definida en el Titulo 11l del Real
Decreto Legislativo 1/2001, de 20 de julio (20) y el Real Decreto 907/207, de 6 de julio
(21), por el que se aprueba el Reglamento de la Planificacion Hidrolégica, modificado
por el Real Decreto 1159/2021, de 28 de diciembre (22).

26



Sin embargo, la aprobacion de los planes hidrologicos (PH) de cuencas no comenzé
hasta 1998 con el Real Decreto 1664/1998, de 24 de julio (23). Posteriormente, se
desarrollé el Libro Blanco del Agua (24), que reflejaba la situacion de los recursos
hidricos de Espafia, recopilando, evaluando y unificando la informacion procedente de
los diferentes planes de cuenca, y bajo una perspectiva multidisciplinar.

A nivel europeo, la Directiva Marco del Agua (DMA) también nacié como respuesta a
esa necesidad de unificar la politica de aguas y establecer un marco comun de
actuacion, de forma que se garantice la calidad y cantidad de agua suficientes a pesar
de la presion creciente que ha venido sucediendo desde entonces (25). El Plan
Hidrologico Nacional, se aprob6é con la Ley 10/2001, del 5 de julio (26), el cual
englobaba los principios de la DMA.

Por lo tanto, todo el entramado legislativo que ha ido desarrollandose a lo largo de los
anos, refleja la prioridad en el proceso de planificacion, siguiendo unos criterios
técnicos, interdisciplinares, consensuados y unificados.

De acuerdo con lo establecido en el articulo 1 del Reglamento de la Planificacién
Hidroldgica (21), “La planificacion hidrolégica tendra por objetivos generales conseguir
el buen estado y la adecuada proteccion del dominio puablico hidraulico y de las aguas
[...], la satisfaccion de las demandas de agua, el equilibrio y armonizacion del desarrollo
regional y sectorial, incrementando las disponibilidades del recurso, protegiendo su
calidad, economizando su empleo y racionalizando sus usos en armonia con el medio
ambiente y los demas recursos naturales.”

Los planes hidroldgicos (PH) proporcionan una vision global del estado de los recursos
hidricos actuales (inventario y localizacién, caudales ecolégicos, resumen de presiones
e incidencias y control, usos y demandas, identificacion de zonas protegidas), y
establecen criterios de seguimiento, medidas de proteccién adoptadas y acciones de
mejora del estado de las aguas y de las zonas protegidas (27).

Las actuaciones para la gestién de los recursos hidricos que vienen definidas en los
PH, se basan en la integracién de medidas estructurales (presas, embalses, trasvases,
desaladoras) y no estructurales (politicas, sistemas de informaciéon y comunicacion), de
manera que se consigan los objetivos previstos en la planificacion. La complejidad y la
integracibn de muy diversas estrategias hace que los planes y la gestibn sean
complejos, destacando sin lugar a dudas, la obligatoria participacion y atencién que se
debe prestar a los usuarios para determinar las actuaciones.
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Dentro de las herramientas que se emplean en planificacién, se ha incrementado el
interés en modelos informaticos, en los que es posible integrar gran cantidad de
informaciéon acerca del estado los recursos e infraestructuras existentes, asi como la
demanda de toda la cuenca. De esta forma, se simulan diferentes alternativas o
escenarios, y se puede evaluar la adecuacion de las diferentes propuestas de
actuaciones, asi como justificar las medidas adoptadas para la gestion de los recursos.

En la actualidad, disponemos de herramientas, como son las asociadas a la
teledeteccion, que ayudan sustancialmente al estudio espacial de los diferentes
componentes del ciclo del agua, y que son parte fundamental de todos los organismos
gestores. Con toda la informacién recogida, es posible modelar escenarios climaticos e
hidrolégicos mas ajustados, incorporando la variabilidad espacial y temporal, para poder
evaluar los riesgos y la afeccién sobre los distintos usos del agua con el objetivo de
desarrollar medidas de adaptacion o minimizacion del impacto (28).

De hecho, con las mejoras introducidas en el Reglamento de la Planificacion
Hidrologica (RD 1159/2021, de 28 de diciembre), los organismos de cuenca deben
mantener una infraestructura informatica de datos espaciales con el registro de zonas
protegidas y masas de agua asociadas, que permita el intercambio de informacién con
las administraciones para la gestion y el seguimiento. Este hecho, no hace mas que
cumplir con la necesidad de acceso a la informacion en materia de medio ambiente
(29). También, en el articulo 4 bis de este Real Decreto y con el articulo 19 de la Ley
7/2021, de 20 de mayo (30), los organismos de cuenca deben elaborar un estudio de
adaptacion a los riesgos del cambio climatico en cada ciclo de planificacion hidrolégica.

Es por ello que, el estudio de los recursos hidricos a largo plazo mediante la
teledeteccion y los SIG puede dar un enfoque mas sostenible e integrado a la gestion,
sobre todo con la creciente preocupacién sobre los efectos que el cambio climatico
puede ocasionar sobre nuestros recursos y la amenaza que supone para nuestras
actividades socioecondmicas, asi como para la conservacion de los ecosistemas.

2.3. Teledeteccion y Sistemas de Informacién Geografica

La teledeteccion se basa en la obtencibn de datos de forma remota de las
caracteristicas de la superficie terrestre y atmadsfera, a través de la radiacion reflejada
desde los diferentes elementos hasta los sensores instalados en plataformas espaciales
(31,32).
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Los datos obtenidos no solo contienen informacion espectral, sino también informacion
geogréfica que es transmitida a estaciones terrestres en las que se procesa de forma
que se pueda obtener informacion interpretable (Figura 1).

Figura 1. Obtencién de imagenes espectrales a partir de sensores instalados en satélites.
Fuente: elaboracion propia.

Cada objeto o superficie posee un conjunto de valores caracteristicos captados en las
diferentes zonas del espectro que se conoce como “firma espectral” (Figura 2) (33).
Esta firma, permite identificar los objetos en funcién de sus niveles de reflectancia y la
longitud de onda en aquellas regiones del espectro en las que se produce una menor
dispersion atmosférica. Por tanto, la transmisién de la radiacion se produce mas
facilmente. Son en estas zonas del espectro en las que se colocan las bandas o
canales de los sensores. La combinacién de algunas de esas bandas permite visualizar
imagenes que revelan caracteristicas de los diferentes elementos que configuran el
paisaje y aportan informacién ambiental (34).
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Figura 2. Representacion de las firmas espectrales del agua, suelo y vegetacion. Modificado de:
www.esa.int/SPECIALS/Eduspace EN/.

El sensor es un instrumento que es capaz de detectar y registrar la radiacion
electromagnética que emiten los diferentes objetos o superficies de la Tierra. Se
distinguen dos tipos de sensores segun si recogen la radiacion que reflejan los objetos
por si mismos, como son los sensores pasivos, o0, si emiten la radiacion y la recogen
cuando es reflejada por las superficies, como los activos (32). Los sensores pasivos
generan una imagen a partir de la transformacion de los valores de radiancia captados
por cada banda, en valores numéricos. Estos valores se conocen como Niveles
Digitales (ND). Para utilizar estas imagenes, se deben realizar diferentes tratamientos y
correcciones dependiendo del analisis posterior a realizar.

Los sensores activos tienen una gran operatividad ya que son capaces de atravesar la
atmésfera en casi cualquier condicién, por lo que no se ven limitados por los elementos
atmosféricos. Los dos ejemplos mas comunes son el sensor RADAR (Radio Detection
and Ranging) y el LIDAR (Light Detection and Ranging). En estos casos, se genera una
imagen formada por una nube de puntos que representan la distancia recorrida por la
radiacién o el tiempo que tarda el sensor el captar de vuelta la radiacion emitida por las
superficies (31).

La capacidad de los datos obtenidos por teledeteccion presenta algunas ventajas que

pueden emplearse en multitud de areas de estudio (geologia, mineria, edafologia,
cartografia, ordenacion del territorio, hidrologia, climatologia, oceanografia...).
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De hecho, una de las grandes ventajas es que pueden ser claves en la gestion del agua
(35). Con esta técnica, se obtiene una vision global del objeto de estudio, incluso fuera
de la region del espectro visible, permite la adquisicion de imagenes con alta resolucion
temporal y espacial o realizar el seguimiento de la evolucién de variables ambientales,
incluso sin necesidad de datos recogidos en campo.

En las Ultimas décadas, se ha producido un rapido desarrollo de multitud de sensores y
tecnologias de deteccidon remota y programas espaciales para la observacion de la
Tierra, que permiten el estudio de los procesos naturales del planeta y monitorizar los
cambios que se producen a lo largo del tiempo. Gracias a ello, se han creado grupos de
investigacion tanto a nivel nacional como internacional que centran sus esfuerzos en
objetivos comunes sobre la gestién hidrica. Por ejemplo, los equipos de investigacion
de la Plataforma Tematica Interdisciplinar TELEDETECT (36) coordinada por el CSIC,
el grupo de investigacion en recursos hidricos de la Universidad de Salamanca (37), el
grupo Integrated Water Resources Management de la UNECE (United Nations
Economic Commission for Europe) (38), la matriz de grupos de Water Europe (39), o
incluso el portal WISE-Freshwater de la Comisién Europea (40) en el que proporciona
informacién sobre el estado de las politicas de agua y legislacion europeas y realiza el
seguimiento de la consecucion de los objetivos ambientales de los distintos paises de la
Union Europea (UE), de acuerdo con la base de datos de la DMA.

Para el procesamiento de todos los datos obtenidos, se utilizan paquetes informaticos
especificos, que combinan esta informacion y su uso con los SIG. Estos sistemas tienen
la capacidad de almacenar, visualizar, analizar, editar y representar informacion
espacial georreferenciada utilizando un sistema de coordenadas, que es el marco de
referencia que posiciona un objeto en la superficie terrestre. Un sistema de
coordenadas geograficas utiliza una superficie esférica tridimensional para definir la
posicion en la tierra, utilizando el Ecuador y los Polos Norte y Sur para trazar la red
geogréfica formada por paralelos (latitud) y meridianos (longitud), sobre la que se
ubican los objetos representados en unidades angulares (grados, minutos, segundo).
Para la representacidon bidimensional de la superficie de la Tierra, se utilizan los
sistemas de coordenadas proyectadas, obtenidas de la transformacion de las
coordenadas geograficas mediante proyecciones cartograficas a un plano cartesiano
X,Y (Figura 3) (33).
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Proyeccion cilindrica

Proyeccion polar

Proyeccion cénica

Figura 3. Proyecciones en funcién de la figura geométrica sobre la que se proyecta. Fuente:
elaboracion propia.

Los SIG permiten tanto el almacenamiento, como la visualizacion y tratamiento espacial
de gran cantidad de informacion, ordenada en capas (ver Figura 4). Por ello,
desempefian un papel fundamental en la bisqueda de soluciones eficaces para la
gestién hidrica facilitando la manipulacion, actualizacion y andlisis de datos, con lo que
comprender patrones espaciales de cambio sobre los que poder generar y parametrizar
modelos en los que basar la toma de decisiones (41,42).

—"id rologia
_ /';;
= usos del suelo

elevaciones
imagen aérea

Figura 4. Capas de informacion geoespacial que constituyen la base del funcionamiento de los
Sistemas de Informacién Geogréfica (SIG). Fuente: elaboracién propia.
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2.4. La teledeteccion y SIG en la gestion de los recursos hidricos

En los dltimos afios, gracias al interés tanto publico como privado, a las inversiones y el
desarrollo tecnoldgico, se han conseguido grandes avances y mejoras no solo en los
sensores y en las plataformas que los portan, habitualmente los satélites, sino también
a nivel computacional, necesario para el procesamiento y tratamiento de los datos
obtenidos. Conjuntamente a la democratizacién de estas tecnologias, la accesibilidad a
datos globales sobre observaciones terrestres y la colaboracién entre organizaciones,
agencias y grupos de trabajo internacionales, se han podido llevar a cabo
investigaciones realizadas con teledeteccion que han demostrado su enorme potencial
para el estudio y modelizacion de los recursos hidricos (43,44). La precision de las
medidas nos da la oportunidad de lograr informaciéon cada vez mas precisa e integrada
en herramientas de gestion resolviendo, ademas, la limitacion de la disponibilidad de
datos a gran escala (45).

Algunos paises operan actualmente con diferentes programas de observacion terrestre
gue ofrecen a la comunidad cientifica una amplia variedad de mediciones y cobertura
espacial y temporal, y que son de gran relevancia para el estudio del medio ambiente.
Toda esta informacién disponible, nos sirve para mejorar el conocimiento de los
cambios de variables hidrolégicas, permitiendo la observacion de las cuencas y el
funcionamiento de todos sus elementos, necesario para desarrollar una planificacion y
politicas adecuadas para una gestion sostenible del agua (46,47).

Los SIG se convierten en una potente herramienta para la elaboracion de modelos
hidrolégicos en la que se debe considerar la distribucién espacial de los diferentes
elementos y la posibilidad de controlar los pardmetros que forman parte del ciclo
hidrolégico y su interaccion con el entorno (48). Por lo tanto, la incorporacién de los SIG
al conjunto de mecanismos en los sistemas de gestién puede potenciar, por ejemplo, la
capacidad de andlisis de riesgos, la prevencion y la anticipacion a sequias o fenébmenos
extremos de precipitaciones, o la disposicién de un sistema de alerta, asi como para el
estudio de las evidencias del cambio climatico y medidas de adaptacion de las
actividades (49), los asentamientos y de los diferentes compartimentos ambientales.

En las diferentes Confederaciones Hidrogréficas (CH) espafiolas, se realizan estudios y
proyectos de colaboracién técnica (50) que utilizan como parte de su metodologia, las
variables derivadas de la teledeteccion y los SIG. Por ejemplo, en las diferentes CH
salen a contrato publico para llevar a cabo estudios especificos para la planificacion
hidrolégica mediante teledeteccion como estudios de cuantificacion de la superficie
regada o analisis de la informacién geografica relacionada con los usos del suelo.

33



Aplicacion de teledeteccion y gestion integrada del agua en zonas semidridas

También publican contratos para la adquisicion de productos LIDAR, escaneado y
geolocalizacion de fotogramas procedentes de vuelos fotogramétricos historicos o
incluso para el mantenimiento informatico de sus SIG (51).

Ademas, siguiendo las recomendaciones y politicas de la Directiva Europea INSPIRE
(52) y su transposicion a la Ley 14/2010 de 5 de julio, sobre las infraestructuras y los
servicios de informacion geogréfica en Espana (53), las diferentes CH disponen de
geoportales o Infraestructura de Datos Espaciales (IDE) de uso libre, en los que ofrecen
gran cantidad de informacién cartografica sobre los datos relativos al estado de las
masas de agua de su demarcacion, relativos al estado de los Planes Hidrologicos.

La Ley 14/2010 establece un marco comun para desarrollar infraestructuras de
informacién geografica que permita la estandarizacion de la informacién y la
interoperabilidad de la Infraestructura de Datos Espaciales de Espafia (IDEE), de forma
que, cada IDE de las diferentes Confederaciones Hidrogréficas es un nodo dentro de la
red nacional de proyectos, de acuerdo con la teméatica de la informacion que ofrecen.
Algunos de los recursos que pueden consultarse, descargar y utilizar de las diferentes
webs de las CH son: catalogos de datos cartogréaficos, mapas publicados, servicios web
de mapas y visores cartograficos online con informacién bésica para la consulta de
series de datos hidroldgicos a través de mapas interactivos.

Por ejemplo, el visor CHSIC de la Confederacion Hidrografica del Segura (54), SIA
Jacar (55), el ideCHG de la Confederacién Hidrografica del Guadalquivir (56), o
GeoGuadiana (57) (Figura 5).
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Figura 5. Visor cartografico GeoGuadiana. Fuente: Geoportal de la Confederacion Hidrografica
del Guadiana.
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También a nivel nacional, el Area de Informacion Hidrolégica del Ministerio para la
Transicion Ecologica y el Reto Demogréfico, utiliza a través de la pagina web del
MITECO, un cuadro de mandos (Figura 6) en el que se pueden visualizar en un mapay
gréaficos, la informacién disponible del Boletin Hidrolégico actualizada semanalmente
(reserva hidrica, energia tedrica producible, caudales medios semanales y pluviometria
acumulada).

e

Capacidad

Reserva actual
2.846 hm® .
Variacién en la Gltima semana 1 .7 67 h m

3
Capacidad: 62,09% 1.441 hm'

Disminucién del 0,67 % Capacidad: 50,63%

Figura 6. Visor cartografico del Boletin Hidrolégico semanal. Fuente:
https.//miteco.maps.arcgis.com/apps/dashboards/912dfee767264e3884f7aca8ebl1e0673

Bajo esta perspectiva de nuevas estrategias de gobierno con programas de medidas e
inversiones econdémicas y gracias al avance de nuevas tecnologias, la gestion de los
recursos hidricos debe llevar implementada la aplicacibn de herramientas de
teledeteccion y el uso de SIG. El objetivo es el de mejorar la visualizacion de la
informacién, la interoperabilidad y, finalmente, establecer las lineas de actuacién para
alcanzar los objetivos ambientales, econémicos y sociales planteados.

De hecho, para el cumplimiento de los objetivos de la planificacion hidroldgica, se han
revisado algunos de los procedimientos de trabajo y hojas de ruta a seguir en los planes
hidroldgicos del tercer ciclo (2022-2027) (58,59), principalmente en referencia con el
saneamiento, depuracion y reutilizacién de las aguas residuales de forma que, queden
alineadas con las politicas de los diferentes planes y estrategias (por ejemplo el Plan de
Impulso al Medio Ambiente para la Adaptacion al Cambio Climético en Espafia, PIMA
Adapta AGUA (60) o el Plan Nacional de Depuracion, Saneamiento, Eficiencia, Ahorro y
Reutilizacion, Plan DSEAR) (12).
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Es por ello que, esta investigacion trata de proponer y fomentar la integracion de la
teledeteccion y los SIG, para recabar informacion que sirva para aportar conocimientos
de gran relevancia para la gestion hidrica y, sobre todo, para la toma de decisiones. Por
lo tanto, los objetivos que persiguen y enmarcan esta tesis ahondan en la posibilidad de
utilizar la combinacion de series temporales de datos espaciales junto con variables
climéaticas e hidrologicas para la gestion eficiente de los recursos, principalmente en
aquellas cuencas hidrograficas con mayor problema de disponibilidad frente a los
futuros escenarios asociados a los cambios del clima con previsiones de escasez de
agua. Es precisamente esta escasez que puede ser predicha con estos sistemas, la que
nos lleva a apostillar la necesidad de garantizar otras fuentes de recursos basados en
las propuestas de las administraciones, en este caso y en nuestro entorno inmediato, la
desalacion.
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3. Objetivos

La teledeteccidn y los SIG se han convertido en una herramienta que nos proporciona
una gran cantidad de informacién complementaria a la obtenida in situ mediante las
redes de seguimiento y estaciones de control y que permite, ademas, incluir otro tipo de
parametros ambientales que proporcionen informacién no solo como diagndéstico del
estado de los recursos, sino también como indicadores de los efectos producidos por el
cambio climatico. Las imagenes obtenidas a partir de los sensores aportan un valor
afiadido al conocimiento sobre los procesos e interacciones entre las variables que
componen el ciclo hidrolégico y suponen un apoyo para la evaluaciéon del estado de los
recursos y proyeccion de las tendencias.

Se debe tener en cuenta diferentes aspectos fundamentales para el estudio y
monitorizacion de las variables que conforman la gestién sostenible de los recursos
hidricos (61). Para ello, es imprescindible incluir un enfoque social en el que es
necesario la concienciacion y participacion conjunta de todos los agentes implicados
para reducir los impactos asociados a nuestras actividades socioeconémicas que ponen
en riesgo los recursos hidricos disponibles. Especialmente en regiones con una
distribucién natural del agua que parece insuficiente para abastecer las demandas de
consumo actuales que causan estrés hidrico y el deterioro de los sistemas naturales.

Es por este motivo que, la planificacion y regulacién para un uso mas racional del agua,
juegan un papel fundamental en la mitigacion de los efectos del cambio climatico sobre
el ciclo hidrolégico (62). De hecho, se estan adoptando politicas y estrategias que
suponen una oportunidad de mejora para el modelo de gestion actual y una
transformacion de nuestro sistema econdmico, como es la reciente Ley 7/2021, de 20
de mayo, de cambio climatico y Transicion Energética (63) que, en su articulo 19 sobre
la consideracion del cambio climatico en la planificacién y gestion del agua, define como
objetivos “[...] conseguir la seguridad hidrica para las personas, para la proteccion de la
biodiversidad y para las actividades socioeconémicas, de acuerdo con la jerarquia de
usos, reduciendo la exposicion y vulnerabilidad al cambio climatico e incrementando la
resiliencia.”

Por todo esto, la finalidad principal de esta tesis doctoral es la de aportar informacién
acerca del potencial para el estudio y andlisis del estado de los recursos hidricos a
través de herramientas de teledeteccion y la integracién de todos los datos en un SIG
gue permita visualizar los resultados, modelos o escenarios actuales y futuros.
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Para desarrollar este fin, se han evaluado diferentes metodologias mediante imagenes
de satélite, propiedades fisicas de las superficies y variables climaticas, a partir de
relaciones sencillas para la deteccion y medicién de la disponibilidad de agua y la
formulaciéon de modelos que permiten prever su disponibilidad bajo diversos escenarios
de cambio climatico.

La gestion de los recursos hidricos esta directamente relacionada con el uso que se
hace de ellos para satisfacer las actividades antropicas a la vez que se conservan los
ecosistemas haturales asociados. Uno de los sectores que genera un mayor impacto
sobre las masas de agua es la actividad agraria, no solo por la demanda hidrica, que
supone alrededor del 80% de la demanda total sino también, como principal causa de
degradacién por contaminacion puntual y difusa, canalizaciones, presas y otras
alteraciones sobre el medio natural.

Debido a la expansion de la superficie dedicada al cultivo y el incremento del consumo
de agua para satisfacer las necesidades agronémicas de los Ultimos afios, se han
desarrollado diferentes medidas que suponen una mejora en la gestiéon eficiente del
agua, principalmente en aquellas regiones caracterizadas por un régimen de lluvias
arido o semiérido.

Por ello, el primero de los objetivos especificos de esta tesis ha sido:

» Estudiar los cambios en el uso del suelo y su relacion con las actividades agricolas
y el riego.

Para evaluar estos cambios, se realiz6 un andlisis mediante imagenes aéreas a escala
de cuenca hidrografica, con una delimitacion orogréfica bien definida, como es la
cuenca vertiente al Mar Menor, el mayor lago costero del Mediterraneo y que, ademas,
ha experimentado importantes modificaciones en el uso del suelo, tanto por la
expansion del sector agricola como por el crecimiento de la poblacién.

Comprobada la utilidad que tiene el uso de la fotografia aérea y ortofotografia,
herramientas de teledeteccion en el rango del espectro visible, para el estudio de los
cambios de las cubiertas y los usos del suelo, el trabajo se centré en la utilizacién de
imagenes multiespectrales para analizar la reflectancia de las superficies (vegetacion,
suelo y agua). De esta forma, se puede obtener informacion sobre la evolucién y el
estado de los recursos hidricos, abordando el uso de plataformas satelitales con datos
en abierto como son los procedentes del programa LANDSAT y del MODIS.
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Asi, los objetivos en este apartado fueron los siguientes:

» Realizar una revision del uso de indices de vegetacion, ampliamente utilizados por
Su relacion entre la respuesta espectral de la vegetacién segun diferentes
propiedades biofisicas con la disponibilidad de agua, y su aplicacion al estudio y
modelizacion de zonas humedas.

« Evaluar la disponibilidad de recursos hidricos en una zona semiarida con un
elevado consumo de agua, a partir del estudio de indices espectrales y realizar una
prospectiva del estado de estos recursos bajo escenarios de cambio climatico.

Modelizar y estimar de forma sencilla mediante imagenes LANDSAT la capacidad de
almacenamiento de agua en embalses, pudiendo derivar a partir de este estudio un
sistema de gestion aplicando inteligencia artificial que permitiera automatizar un sistema
de control basado en las imagenes de satélite obtenidas periédicamente. Como parte
de una politica de uso eficiente del agua a través de metodologias enfocadas en reducir
la presion sobre los recursos hidricos, la reutilizacion de las aguas y su reintroduccion
en el ciclo hidrolégico es una de las propuestas de actuacién con un elevado potencial
para asegurar la calidad y disponibilidad del agua, y como estrategia de adaptacién al
cambio climatico. Por ello, y para superar las barreras técnicas y culturales asociadas a
la reutilizacion de agua, se ha desarrollado un marco de actuacion que plantea
oportunidades de mejora con la implantacion de medidas para el uso de recursos no
convencionales que permitan el maximo aprovechamiento para una gestién sostenible.

En este contexto, se planteé como obijetivo:

» Estudiar la calidad de las aguas de los drenajes agricolas y la posibilidad de
implantacién de un sistema de desalinizacion que permita la reutilizacion de estos
drenajes, como herramienta complementaria a la habitual reutilizacion de aguas
depuradas de origen urbano en la agricultura, de la que el sureste espafiol es un
claro y significativo ejemplo.

Este objetivo complementa a los anteriores, con la caracterizaciéon y la propuesta de
reutilizacion de las aguas de drenaje agricola del sur de la provincia de Alicante,
Entronca directamente con las politicas de gestién que se proponen desde el Ministerio
para la Transicion Ecoldgica y el Reto Demogréafico y ahonda en la necesidad de la
utilizacion eficiente de los recursos disponibles a nivel local, en su reutilizacién y
aprovechamiento maximo. Es el necesario cierre del circulo de la gestion y manejo de
recursos, en este caso representado por una propuesta de sistema de aprovechamiento
no convencional.
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4. Materiales y métodos

A continuacion, en este apartado se describe, de forma general, la metodologia utilizada
en las diferentes publicaciones que conforman esta tesis.

4.1. Instrumentos de observacion de la superficie terrestre para la
gestion de los recursos hidricos

Se podria decir que la técnica de teledeteccion mas temprana es la fotografia aérea, en
la que se utilizaban cometas, globos y posteriormente aviones con camaras fotograficas
a bordo para obtener imagenes de la superficie terrestre. Aunque en sus inicios, el
principal uso era militar, posteriormente y debido entre otras cosas a las mejoras en las
camaras fotograficas y al desarrollo de la fotogrametria, una técnica con la que se
pueden definir la posicion y dimensiones de un objeto a partir de medidas sobre
fotografias, se han realizado diferentes programas de vuelos fotogramétricos a nivel
local y nacional, por encargo de diferentes organismos para estudios geoldgicos,
gestion forestal, topografia, agricultura o urbanismo, entre otras muchas. La fotografia
aérea presenta una gran ventaja para la evaluacién ambiental y la ordenacion del
territorio ya que permite realizar estudios a una escala con mayor grado de detalle.
Desde el Centro de Descargas del Instituto Geografico Nacional, se pueden encontrar
fotogramas desde principios de los afios 20 escaneados y georreferenciados,
disponibles para acceso publico (Figura 7).

Figura 7. Fotograma del vuelo fotogramético Interministerial de 1973-1986 en Torre Pacheco
(Murcia). Escala 1:18.000. Tamafio de pixel (GSD) entre 25 cm y 50 cm, Sistema geodésico de
referencia ETRS89. Fuente: Fotol 1973-1986 CC-BY 4.0 scne.es
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Para la representacion fotogréafica georreferenciada de la superficie terrestre, se aplica
una rectificacion en las imagenes aéreas Yy, posteriormente se corrigen las posibles
deformaciones generadas por los desniveles del terreno o por la orientacion de la
camara (64). Asi se obtienen las ortofotografias, que se convierten de esta manera en
un documento con caracteristicas cartograficas (Figura 8).

A nivel nacional, se lleva realizando desde 2004, un proyecto coordinado entre
administraciones publicas denominado el Plan Nacional de Ortofotografia Aérea
(PNOA), que establece una Infraestructura de informacién espacial coman, de acuerdo
con la Directiva 2007/2/CE, de 14 de marzo de 2007 (Directiva INSPIRE), y que
proporciona una base para obtener informacién geogréafica general con una gran
resolucion.

Figura 8. Ortofotografia aérea digital del Plan Nacional de Ortofotografia Aérea (PNOA) del afio
2016 con resolucion de 25 cm correspondiente a la hoja MTN50 0955 Torre-Pacheco Huso 30.
Fuente: OrtoPNOA 2016 CC-BY 4.0 scne.es

4.2. Teledeteccion espacial: evolucion de los usos del suelo y el
consumo de agua

Otra posibilidad que ofrece la fotogrametria aérea es la obtencibn de modelos de
elevaciones del terreno en los que se representa la distribucién espacial de la altitud
(Figura 9).
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Ya desde finales de los afios 50, se comenzé a utilizar la estereoscopia que permite
simular el efecto de relieve a partir de 2 fotogramas consecutivos con solapamiento
deseable de al menos un 60% de la imagen. Actualmente, se obtienen modelos
digitales de elevaciones con mayor precision a partir, entre otros métodos, de
tecnologia LIDAR, en el que un sensor laser emite un haz sobre las superficies y mide
el tiempo que tarda en llegar hasta la superficie u objeto reflectantes y regresar al
sensor, obtenido asi una nube de puntos del terreno situados a distintas alturas.

Elevacion

580 m

Figura 9. Modelo Digital del Terreno con tamafio de pixel de 25 metros de la cuenca del Mar
Menor. Fuente: elaboracion propia a partir del MDT25 2015 CC-BY 4.0 ign.es

En esta tesis, se ha utilizado este tipo de productos, como base para realizar un caso
de estudio de la evolucién de superficies de regadio y del consumo de agua asociado.
En la publicacion “Water management in irrigation systems by using satellite
information” se delimité el area de estudio, la cuenca del Mar Menor, utilizando el
Modelo Digital de Elevaciones (MDT25 2015 CC-BY 4.0 ign.es).

Posteriormente, para la digitalizacion de las superficies agricolas y urbanas se utilizaron
de base, 298 fotogramas del vuelo interministerial de 1973-1986 y, por otro lado,
ortofotografias del Plan Nacional de Ortofotografia Aérea (PNOA) maxima actualidad de
2016. Ademas, se localizaron las balsas de riego para ambos periodos de tiempo.
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Con los resultados obtenidos, se estimaron las pérdidas de agua en relacién con el
incremento del nimero y superficie de las balsas de riego y comparar graficamente su
distribuciéon en ambos periodos. Para ello se realizé6 un mapa de calor (heatmap) o de
estimacion de densidad de puntos a partir del nimero de localizaciones dentro de un
radio de busqueda, utilizando la estimacion de densidad kernel (kernel density
estimation). Cuanto mayor es el nimero de puntos localizados en una zona, mayor sera
la densidad.

El algoritmo de mapas de calor utiliza tres pardmetros principalmente:

» El tamafio de pixel para la imagen raster de salida,

« El ancho de banda o radio de bldsqueda, que controla la expansién de la influencia
alrededor de cada punto. Si el radio de busqueda es grande, el resultado estara
mas suavizado al incorporar puntos mas alejados, en cambio para valores mas
pequefios, se potenciard las pequefias variaciones.

» El kernel o funcién que determina la proporcién en la disminuye la influencia de un
punto sobre el resto cuando aumenta la distancia dentro del radio de busqueda.

Para el calculo de la estimacién anual de la pérdida de agua por evaporacion, se utilizé
la ecuacién desarrollada por Martinez Alvarez et al. (2008), con la que estimaron la
pérdida por evaporacion en las balsas de riego localizadas en la cuenca del rio Segura.
Para ello utilizaron datos diarios de temperatura, precipitacion, humedad relativa,
velocidad y direcciébn del viento, y radiacibn solar obtenidos de 74 estaciones
meteoroldgicas localizadas dentro de la cuenca en el periodo de 2000 a 2006. Ademas,
utilizaron tanques evaporimetros clase A para estimar la evaporacion.

El valor de evaporacion anual obtenido de su estudio (0,014 hm3 afio/ha) es el que se
utilizé de referencia para el célculo de la evaporacion media para ambos periodos en la
cuenca del Mar Menor.

4.3. Obtencion de informacion tematica: indices espectrales y gestion
del agua

Gracias a los resultados obtenidos de los primeros satélites meteorolégicos y las
diferentes misiones espaciales, se puso en 6rbita en 1972 el primer satélite dedicado a
la observacion de la superficie terrestre (ERTS/ Landsat 1), y que fue el inicio del
desarrollo de programas espaciales especificos por parte de las diferentes Agencias
Espaciales.
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Algunos ejemplos de ello son el programa SPOT que lanzé en 1986 el Centro Nacional
Francés de Estudios Espaciales en colaboraciéon con la Agencia Espacial Europea
(ESA) (65), el programa Copérnico Sentinel (66) o incluso los programas EOS (67) y
CARTOSAT de la Agencia India de Investigacién Espacial (68).

Una de las principales ventajas de la teledeteccion es la posibilidad de acceder a un
repositorio de imagenes obtenidas durante décadas, que hace posible la extraccidén de
series temporales de datos que permiten monitorizar y evaluar los cambios producidos
sobre diferentes elementos utilizando multitud de técnicas de procesamiento de
imagenes que han ido desarrollandose a lo largo de los afios (69,70). Un ejemplo de
estas técnicas son los indices de vegetacién, que aportan conocimientos muy Utiles en
multitud de estudios (produccion agricola, evolucion y estado de comunidades
vegetales y gestion forestal, conservacion de la biodiversidad, cambios de uso de suelo,
...) Y que se han implementado ampliamente dentro de las aplicaciones de
teledeteccion en general para la evaluacion de los recursos naturales (71,72). De
hecho, desde 2004, se ha producido un incremento sustancial de las publicaciones en
relacion con la gestion hidrica a través de la teledeteccion, siendo el estudio de la
vegetacion a partir de indices espectrales una de las metodologias mas ampliamente
utilizadas (69).

Estos indices, son algoritmos relativamente sencillos que se obtienen operando con las
diferentes bandas espectrales de las imagenes (73). El establecimiento de los valores
de cada indice esta relacionado con la reflectancia de las superficies de la planta que
cambia segun las caracteristicas biolégicas (pigmentos vegetales, morfologia de las
hojas, ...) y estado fisioldgico (como el contenido de humedad o estado nutricional) de
la vegetacion (71).

En la publicacion incluida en esta tesis “A review of Landsat TM/ETM based
vegetation indices as applied to wetland ecosystems”, se utiliz6 una escena de
Landsat 5 obtenida el 14/08/2005, localizada entre las Salinas de Santa Pola y el
Parque Natural de ElI Hondo en Elche y Crevillente, para evaluar el ajuste de diferentes
indices de vegetacion y la redundancia de informacion en zonas préximas a humedales
mediterraneos.

Para el pre-procesamiento de la imagen de Landsat-5 TM obtenida de la Agencia

Espacial Europea (ESA) se realizd, en primer lugar, una correccion geométrica
mediante una transformacion polinémica de segundo grado y un método de remuestreo.
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Este método estd basado en el método del vecino mas préximo, utilizando cartografia
vectorial de ortofotografias aéreas con una resolucién espacial de 1 metro, con un error
RDCM (Raiz de la Desviacion Cuadratica Media) de menos de medio pixel (13,84 m).
Se realiz6 una calibracion radiométrica para la conversion de niveles digitales a
reflectancia. Para evitar las distorsiones causadas por la niebla, se utilizd el método de
Sustraccion del Objeto Oscuro (DOS), seleccionando los pixeles con menor valor de
reflectancia del histograma.

Para facilitar el analisis de los indices de vegetacion, y teniendo en cuenta la respuesta
espectral de las superficies, se realizé una mascara para la extraccion de las masas de
agua utilizando el indice Normalizado de Superficie de Cuerpos de Agua (NWBSI, en
inglés) calculado como una ratio entre los valores de reflectancia de las bandas 1 (0.45
-0.52 ym) y 5 (1.55 - 1.75 um). De esta forma, en zonas de humedales en las que el
contenido de humedad del suelo y la vegetacion son elevados, se pretende reducir el
efecto sobre los datos obtenidos y mejorar su analisis e interpretacion.

Posteriormente, se calcularon los diferentes indices de vegetacion (ver ejemplo de
Figura 10), de los que se obtuvieron la media, valores maximos y minimos, desviaciéon
estandar y el error, obtenidos del analisis pixel a pixel.

Se realiz6 un analisis de regresion lineal entre los indices comparando cada uno de
ellos con el resto para evaluar el grado de correlacién (74). Para ello se relacionaron
aquellos dentro de un mismo grupo, categorizados segun el tipo de parametros
biofisicos que aportan: los indices de estimacion de la biomasa y los indices basados
en el contenido de humedad de la vegetacion. La pendiente y el coeficiente de
correlacion obtenidos se utilizaron para evaluar la informacion redundante; la pendiente
indica el tipo de relacién entre dos indices, y r2 el grado de similitud entre el par de
variables.

Desde el lanzamiento de los primeros satélites dedicados a la observacion de la Tierra,
se ha logrado recabar informacion tematica de forma periddica y con caracter global asi
como diversificar las aplicaciones de las imagenes obtenidas por los sensores, y que
han supuesto un gran impulso para promover la investigacion en el desarrollo de
instrumentos y técnicas de teledeteccion (75) que posibilitan un andlisis complejo de
variables ambientales.

45



Aplicacion de teledeteccion y gestion integrada del agua en zonas semidridas

17500
16500

15500

13500
12500
11000
5500
8000
ES0D

5000

0.40
0.35
0.30
0.5
0.20
0.5
0.10

0,05

0.0

10

“0.15

.20

030

0.25

020

o1s

0.10

0.05

0,05

<010

m

5000

Figura 10. Célculo de diferentes indices de vegetacion 1) Integral, 2) SAVI, 3) NDVI en el area
de estudio a partir de imagenes Landsat 5. Fuente: Servicio Geolégico de Estados Unidos
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Uno de estos primeros grandes proyectos para la observacion de la Tierra ha sido el
lanzamiento del satélite Terra en 1999 por la NASA dentro del proyecto EOS (Earth
Observing System). Este satélite incorpora 5 sensores que han recopilado una
importante cantidad de datos a lo largo de los afios que ha servido para la comprension
y el estudio de los procesos naturales de la Tierra, el cambio climatico y evaluar el
impacto de los desastres naturales o de la actividad humana.

Los cinco sensores que transporta el satélite son:

« ASTER (Advanced Spaceborne Thermal Emission and Reflection Radiometer).
Obtiene imagenes de alta resolucién en 14 longitudes de onda diferentes del
espectro electromagnético, desde la luz visible hasta el infrarrojo térmico. Las
imagenes suelen emplearse en estudios para la deteccidén de cambios y validacion
relacionados con la temperatura, la emisividad, la reflectancia o la elevacién de la
superficie terrestre.

» CERES (Clouds and Earth’s Radiant Energy System). Proporciona estimaciones de
las propiedades y del papel de las nubes en los flujos radiativos desde la superficie
hasta la parte superior de la atmésfera.

« MISR (Multi-angle Imaging SpectroRadiometer). Permite conocer la cantidad de luz
solar que se dispersa en distintas direcciones de cada region de la superficie de la
Tierra fotografiada con camaras apuntadas en nueve angulos diferentes.

 MODIS (Moderate-resolution Imaging Spectroradiometer). Opera en 36 bandas
espectrales con una resoluciéon temporal de 1-2 dias, y es capaz de registrar la
frecuencia y distribuciébn de la cobertura de nubes, las propiedades de los
aerosoles, distribucién vertical de la temperatura y el vapor de agua, o la actividad
fotosintética de la vegetacion.

« MOPITT (Measurements of Pollution in the Troposphere). Mide la radiacion emitida
y reflejada desde la Tierra en tres bandas espectrales con la finalidad de estudiar la
distribucion, transporte, fuentes y sumideros de monéxido de carbono en la
troposfera.

En la figura 11 se muestra un ejemplo de indice de vegetacion derivado del sensor
MODIS que se produce a intervalos de 16 dias con una resolucién espacial de 500
metros.
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Figura 11. Imagen compuesta del NDVI correspondiente al producto MODIS (MOD13A1) del 31-
10-2013. Fuente: Servicio Geoldgico de Estados Unidos (USGS).

En el caso de la publicacién "Assessing water availability in Mediterranean regions
affected by water conflicts through MODIS data time series analysis” incluida en
esta tesis, se utilizaron las imagenes obtenidas del sensor MODIS para el periodo de
2001 a 2014 del indice de Vegetacion de Diferencia Normalizada (NDVI), y de
Temperatura de la Superficie Terrestre (LST).

Para extraer los valores de los pixeles que se encuentran dentro del area de estudio de
forma individual, y obtener las imagenes de la media y desviacion estandar anuales de
NDVIy LST, se cre6 una mascara utilizando los limites de las cuencas hidrograficas de
los rios Amadorio y Guadalest, obtenidos de la Confederacién Hidrografica del Jucar. Al
igual que en trabajos anteriores, el uso de mascaras sobre las imagenes de tipo raster
permite delimitar la zona objeto de estudio, evitando sobredimensionar el espacio.

Por otro lado, los datos diarios de precipitacibn se obtuvieron de 11 estaciones

meteoroldgicas repartidas tanto dentro como fuera del area de estudio, con el objetivo
de obtener unos valores representativos de las condiciones climaticas de la zona.
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Posteriormente, se calcul6 con modelos de regresiébn mdltiple la precipitacion media
anual teniendo en cuenta la localizacién de las estaciones y el Modelo Digital de
Elevaciones y con ello se representaron mapas anuales de precipitacion.

Los datos anuales de volumen almacenado de los embalses localizados en cada rio se
obtuvieron de los anuarios de aforo de la pagina de Redes de Seguimiento del Estado e
Informacion Hidroldgica.

En la representacién de los escenarios futuros asociados al cambio climético, se
utilizaron proyecciones de modelos climaticos globales de precipitacion para el 2050
para cuatro trayectorias de concentracidon representativas de gases de efecto
invernadero (RCP): RCP2.6, RCP4.5, RCP6 y RCP8.5 W/m2, obtenidos de la pagina
WorldClim (76) subvencionado por el Consorcio de Sistemas Geoespaciales y Agricolas
del Laboratorio de Innovacion para la Intensificacion Sostenible dentro de la iniciativa
Feed the Future de Estados Unidos (Geospatial and Farming Systems Consortium of
the Sustainable Intensification Innovation Lab).

Para analizar la relacién entre el volumen de agua almacenado en los embalses y las
variables seleccionadas (NDVI, LST y precipitacion) se calcul6 en primer lugar las
anomalias de las series de datos utilizando el z-score que permite visualizar los
patrones de cambio espacio-temporales. Posteriormente, se calculé el coeficiente de
correlacion de Spearman para los z-score de las variables y comprobar asi, las
relaciones entre ellas y la significancia. Posteriormente, se utilizaron correlogramas
construidos con los valores de z-score del volumen de agua embalsado con cada una
de las otras variables para representar espacialmente las correlaciones obtenidas.

La capacidad de prediccion del NDVI y LST sobre el almacenamiento de agua teniendo
en cuenta los escenarios de cambio climatico con las 4 trayectorias de concentracion,
se evalué mediante una regresion espacial de minimos cuadrados.

4.4. Anadlisis e interpretacion de imagenes satelitales para la evaluacion
de los recursos hidricos

Uno de los objetivos principales en teledeteccion es la clasificacién de las imagenes
obtenidas en funcion de las variables analizadas, en las que se definen las diferentes
clases a las que pertenecen los pixeles y que forman parte del area de estudio.

Esta clasificacion se puede realizar de dos formas: mediante una clasificacion
supervisada o una clasificacién no supervisada.
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Con la supervisada, se clasifican los pixeles de la imagen en funcion de las variables de
estudio segun valores asignados de acuerdo con las firmas espectrales de las
superficies. Para ello, se realizan areas de entrenamiento, en las que los valores de
reflectividad de las diferentes superficies u objetos estan definidos de forma clara dentro
de una unica clase (34).

En la clasificacidon no supervisada, no se determina ninguna clase, sino que se utilizan
algoritmos automaticos de clasificacion que buscan clases espectrales (o clusteres) en
una imagen de forma que la variabilidad entre los pixeles incluidos en esa categoria sea
la minima posible.

En el articulo “Using Landsat images to determine water storing capacity in
Mediterranean environments” que forma parte de esta tesis, se utilizé la clasificacion
supervisada de imagenes para obtener los datos de superficie de ldmina de agua que
se incorporan a los modelos de prediccién propuestos.

Para obtener la superficie de agua de los embalses seleccionados se utilizaron un total
de 336 imagenes de Landsat; el 75% de Landsat 7 ETM+ (Nivel 2) para el
entrenamiento correspondientes a fechas entre octubre de 1999 y mayo de 2003 vy, el
25% de imagenes de Landsat 8 (OLI) (Nivel 2) adquiridas entre abril de 2013 y
diciembre de 2015 para la validacion independiente entre las estimaciones de agua
superficial y los datos oficiales del volumen de agua.

En primer lugar, se delimitaron las imagenes mediante un area de influencia o buffer
creado a partir de los archivos de datos geogréaficos de la superficie maxima de los
embalses, disponibles como recursos cartograficos para descarga en el apartado de
Infraestructura de Datos Espaciales de las diferentes Confederaciones Hidrograficas
(Guadiana, Segura, Jucar y Guadalquivir).

Para calcular la superficie de agua de cada embalse (Figura 12), se definieron
conjuntos de pixeles pertenecientes a las clases “agua” o “suelo”. El algoritmo Spectral
Angle Mapper (SAM) calcula las similitudes entre las firmas espectrales de la imagen de
entrenamiento y las firmas espectrales de los pixeles de la imagen como vectores en
una dimension igual al nimero de bandas (77).
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Figura 12. Clasificacion de las imagenes raster durante el preprocesamiento de las imagenes
Landsat 7 para la obtencion de la superficie de la lamina de agua de los embalses. 1) Imagen
Landsat 7 del embalse de La Serena obtenida en fecha 14-09-2000. 2) Clasificacion “agua”-
“suelo” de la imagen con SAM. 3) Vectorizacién de la imagen clasificada y calculo de superficie.
Fuente: elaboracion propia.
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Los datos del volumen de agua almacenada, para las fechas en las que se obtuvieron
las imagenes, proceden del visor de Redes de Seguimiento del Estado e Informacién
Hidrolégica del Ministerio de Agricultura y Pesca, Alimentacion y Medio Ambiente
(MAPAMA), actualmente del Ministerio para la Transicion Ecoldgica y el Reto
Demografico (MITECO).

Se calcularon modelos de regresidn para predecir el volumen de agua a partir de los
mapas de agua superficial obtenidos, para posteriormente, evaluar el ajuste del modelo
utilizando el Error Cuadratico Medio (RMSE). EI RMSE mide el error del conjunto de
datos de los valores estimados y los valores observados. Cuanto mas pequefio es el
valor de RMSE, méas proximos son los datos estimados y los observados. Para
comprobar la validez de las predicciones del modelo, se calcul6 la Desviacion Predictiva
Residual (RPD) que se define como el cociente entre la desviacion estandar (o) de los
valores observados y la Raiz del Error Cuadratico Medio (RMSEP). En este caso,
cuanto mayor sea el valor obtenido, mejor ser& la capacidad de prediccion del modelo.

4.5. Estrategias para una economia circular: depuracion y reutilizacién
de aguas de riego

Uno de los sectores que mas se ha beneficiado de la teledeteccion es la agricultura,
tanto a nivel local para el seguimiento de las estadisticas agrarias, viabilidad o
rendimientos, como a nivel mas global para evaluar el impacto sobre el suelo, la
biodiversidad, recursos hidricos, o estudiar los efectos del cambio climético. Para un
sector sensible a esta elevada variabilidad, los efectos del cambio climatico generan
severas consecuencias debido a la disminucion de los recursos disponibles o de las
condiciones climaticas favorables (reduccién de los recursos hidricos disponibles, el
aumento de la temperatura, de eventos meteorolégicos extremos, plagas vegetales o
pérdida de suelo) enmarcado en un contexto de busqueda de productividad para
satisfacer la demanda alimentaria actual (78).

Como estrategia comudn para dar respuesta a las nuevas demandas a la vez que se
garantiza la calidad del agua para nuestro desarrollo y los ecosistemas naturales, se ha
propuesto como parte de los programas de medidas y acciones encaminadas a una
gestion sostenible, la incorporacién de recursos hidricos no convencionales (como la
desalinizacion) en el que se puede reaprovechar del agua utilizada en el regadio de los
propios cultivos (79).
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Por ello, en el articulo “Agricultural drainage water characterization to determine
the desalination possibilities for irrigation in a semi-arid environment”, se realiza
un analisis previo de caracterizacion y validacion de la calidad de las aguas utilizadas
en el riego con la finalidad de abastecer una planta desalinizadora por 6smosis inversa.

Para el andlisis se seleccionaron 13 azarbes que recogen el agua de una densa red de
canales de riego en la zona de la Depresion de Elche en la Cuenca del Bajo Segura.
Estos azarbes son canales cementados en su mayor parte del recorrido, de bordes
verticales y al aire libre. Se dividieron en dos grupos en funcion del rio en el que
desembocan el agua, el rio Vinalopé y el rio Segura (Figura 13), y se realizaron 12
muestreos repartidos entre septiembre de 2016 vy julio de 2018, teniendo en cuenta la
variabilidad estacional y, con 4 muestras por canal. Estas se tomaron al final del azarbe,
pero lo suficientemente lejos de la costa para evitar la influencia del agua de mar.

Figura 13. Localizacion de los azarbes y puntos de muestreo de la zona de estudio.

Por un lado, en las muestras de agua se analizé el pH, la salinidad determinando la
conductividad eléctrica a 25°C, cloruro y sodio siguiendo los métodos estandar para
analisis de agua y aguas residuales, y los Sdlidos en Suspension por filtracion en filtros
de microfibra de vidrio de 1,2 um. Por otro lado, para determinar si alguno de ellos
podria proporcionar agua suficiente para mantener un cauce de una planta de sistema
de 6smosis inversa de tamafio pequefio 0 mediano, se estimé el caudal de los azarbes
siguiendo la metodologia basada en el método de flotacion (80,81).
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5. Resultados generales y discusion

Con esta serie de publicaciones, se pretende destacar el potencial del uso de la
teledeteccion y los SIG, para su incorporacién como herramientas para mejorar la
gobernanza del agua frente a escenarios de menor disponibilidad de recursos hidricos,
no solo gestionando de forma adecuada y sostenible los existentes, sino también
evaluar y fomentar la incorporacion de recursos no convencionales, como el agua
desalinizada, para aumentar y garantizar el acceso al agua en zonas aridas y
semiaridas, de acuerdo con las estrategias, planes y programas desarrollados por el
gobierno para el cumplimiento de los objetivos de la planificacion hidroldgica.

5.1. Cambios de usos del suelo, transformacion agricola y gestion del
agua

Los cambios de uso del suelo es uno de los principales factores que mas afecta
negativamente al funcionamiento de los sistemas naturales y, por tanto, monitorizar los
cambios e identificar las condiciones que determinan la vulnerabilidad de los
ecosistemas frente a esos cambios juega un papel decisivo en la toma de decisiones y
la aplicacion de medidas en la planificacién hidrol6gica. Los usos que mayor
transformacion ha sufrido a lo largo de los ultimos afios, es para el sector agricola. De
hecho, el estudio de la evolucion de la demanda hidrica agraria a lo largo del tiempo es
uno de los aspectos mas significativos dentro del cdGmputo global de presiones sobre el
agua y uno de los mas costosos de hacer el seguimiento, ya que plantear una toma de
datos en campo a gran escala resulta en muchas ocasiones, inviable. Es por ello que, a
través de una metodologia basada en datos obtenidos de sensores remotos, permite
recolectar la informacién necesaria para analizar la evolucion de las superficies y
evaluar y cuantificar los cambios que se han producido.

Con el objetivo de analizar los cambios producidos en el uso del suelo y su relacién con
las actividades agricolas y el riego a partir de datos obtenidos de sensores remotos, se
utilizé un area de estudio localizada en una region semiarida de la peninsula en la que
la transformacién agricola en los Ultimos afios ha supuesto que en la actualidad sea una
de las principales actividades econémicas.

En primer lugar, en la publicacion “Water management in irrigation systems by
using satellite information” se realiz6 el analisis de la localizacion de las balsas de
riego en el Campo de Cartagena. Este andlisis persigue demostrar la validez del uso de
la fotografia aérea, que es la técnica pionera en teledeteccion, para determinar el
cambio de usos del suelo y, sobre todo, en este caso determinar el cambio en la
agricultura entre dos periodos de tiempo y el incremento en sistemas de regadio debido,
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entre otros factores, a la llegada de aguas procedentes del Trasvase Tajo-Segura a la
zona analizada.

A partir de la comparacion de la informacion de las fotografias aéreas del vuelo
interministerial de 1973-1986 y de las ortofotografias del PNOA de 2016, se determiné
el nimero de balsas reguladoras de riego presentes en la cuenca del Mar Menor en
cada uno de los periodos. El resultado mas significativo fue el incremento de la
densidad de la nube de puntos hacia el noreste de la cuenca, cerca de la costa en la
gue, ademas, coincide con una mayor presencia de cultivos en invernaderos. Desde el
periodo de 1973-1986 a 2016 se ha estimado un incremento en el nimero de balsas 4
veces superior.

Con la informacién obtenida, y segun los resultados derivados de la digitalizacién de los
embalses, se muestra que la superficie de la lamina de agua expuesta a la atmdsfera se
ha incrementado casi 14 veces en 2016, al igual que la evaporacion, con una diferencia
de 15.62 hm3/afio entre ambos periodos.

Teniendo en cuenta el volumen de recursos y presiones que ejerce el sector agrario, se
desarrollan de manera continua actuaciones encaminadas fundamentalmente a reducir
las presiones por extraccion, la modernizacién de regadios e infraestructuras como
depdsitos 0 embalses, o el control y reduccion de las fuentes de contaminacion a masas
de agua superficiales y subterraneas.

5.2. indices de vegetacién derivados de la teledeteccion para el
estudio de zonas humedas

Otro de los pilares en la gestion del agua es la proteccion de los ecosistemas acuaticos
asociados, que juegan un papel imprescindible no solo para el mantenimiento de la
biodiversidad, sino también como funcién integradora y reguladora en la proteccién de
los recursos hidricos. Por ello, la caracterizacién, el estudio de los valores ecoldgicos,
andalisis hidrogeolégico o la estimacion de las necesidades hidricas son fundamentales
para realizar un seguimiento y control del estado actual.

El uso de indices derivados de la teledeteccion puede ayudar en el estudio y estimacion
de los recursos hidricos disponibles, incluso, ayudar a prediccion de futuros escenarios
de variaciones climéticas que puedan afectar de manera negativa (82). Los indices de
vegetacion han sido ampliamente utilizados por su relacién entre la respuesta espectral
de la vegetacion segun diferentes propiedades biofisicas, con la disponibilidad de agua
(83).
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En el caso de este articulo, “A review of Landsat TM/ETM based vegetation indices
as applied to wetland ecosystems” se realizé una revision general de los principales
indices utilizados para el estudio de la vegetacion y zonas humedas.

Para todos ellos, aplicado a un ejemplo concreto ecosistema acuatico de una zona
semiarida, se obtuvo el valor de la pendiente y el coeficiente de correlacion para cada
par de indices evaluados dentro de cada grupo.

Para los indices de estimacion de la biomasa, se encontré una relacién directa (con
valores de pendiente positivos) y una gran correlacion entre ellos con valores de r2 por
encima de 0.9. Sin embargo, en el caso de los indices del contenido de humedad, se
encontrd relaciones directas e inversas dependiendo del par de indices comparado, y
ademas no muestran en general una buena correlacion entre ellos.

Gracias a la resolucion espacial y temporal de las imagenes de satélite y a los
productos derivados, como los indices de vegetacién y el NDVI, se pueden realizar
andlisis detallados para incorporar los resultados obtenidos a la planificacion
hidrolégica. Un ejemplo de ello son los proyectos de la Confederacion Hidrogréafica del
Jucar en colaboracién con la Universidad de Castilla La Mancha, en los que se realiza
la identificacién de cultivos mediante el célculo del NDVI utilizando imagenes de satélite,
se estudia la evolucion de las superficies de regadio (84) o el desarrollo de una
plataforma de informacion para facilitar la planificacion de los recursos hidricos para el
riego en el ambito del acuifero de la Mancha Oriental.

5.3. Teledeteccidon en la evaluacion de la disponibilidad de recursos
hidricos bajo la perspectiva del cambio climatico

Las imagenes obtenidas por teledeteccion han demostrado ser de gran utilidad en la
deteccidn y monitorizacion de las practicas agricolas y los sistemas de riego. Las
nuevas reformas legislativas y propuestas especificas para la planificacion hidrolégica
inciden sobre la construccion de un nuevo modelo de gobernanza del agua en un nuevo
contexto de cambio climatico, en el que se requiere un planteamiento de politicas de
agua integradas, flexibles y adaptadas capaces de hacer frente a los posibles impactos
sobre nuestras actividades socioecondmicas y el mantenimiento de los ecosistemas
naturales.
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Como parte del conjunto de principios basicos que plantea el Libro Verde de la
Gobernanza del Agua en Espafia para la gestiébn del agua, se identifican como
elementos esenciales la obtencién de datos e informacién, monitoreo y evaluacién de
los recursos hidricos para mejorar la capacidad de respuesta y optimizacion de los
procesos.

Por ello, como parte de los objetivos de esta tesis, se plantea, a través de la
combinacién y correlacion espacial de variables de teledeteccion y medidas directas,
desarrollar modelos empiricos de aplicacién en la planificacién hidroldgica.

Para analizar el comportamiento, patrones y distribucion de las variables de
teledeteccion seleccionadas y de los datos hidrolégicos, se utilizaron en la “Assessing
water availability in Mediterranean regions affected by water conflicts through
MODIS data time series analysis”, las imadgenes de la media y desviacidén estandar de
las series temporales de: NDVI (indice de Vegetacion de Diferencia Normalizado), LST
(Temperatura de la Superficie Terrestre), precipitacion y almacenamiento de agua en
los dos embalses de la zona de estudio. En los resultados se observa que, a pesar de
ser una superficie relativamente pequefia (unos 440 km?2), existe una gran variabilidad
espacial de la precipitacion muy influenciada por la altitud, al igual que en las imagenes
de LST. En las areas mas bajas y cercanas a la costa, la precipitacion es menor y los
valores de LST mayores. Los valores mas altos de precipitaciéon se dan en las zonas
divisorias mas elevadas de ambas cuencas. Sin embargo, los mayores valores de NDVI
no aparecen asociados a la precipitacién sino a la presencia de zonas de cultivo
permanente y de vegetacion natural mediterranea. Del analisis de la correlaciéon entre
las series temporales de las diferentes variables se observan comportamientos
similares en ambas cuencas. Se encontré una correlacion significativa positiva entre el
NDVI y los valores de reserva de agua de ambos embalses. Sin embargo, aunque se
observé una relaciéon negativa entre LST-NDVI y LST-almacenamiento de agua, no se
encontrd una correlacion significativa entre esas combinaciones.

Para evaluar la capacidad de prediccion de escenarios de precipitacion futuros
utilizando variables de teledeteccién, se relacioné los valores medios de NDVI y LST
con la diferencia en la precipitacion actual y las cuatro trayectorias de concentracion y
parametros topograficos. Las variables significativas para los modelos de prediccion
obtenidos fueron principalmente LST con una relacién inversa y la altitud, con un r2
superior a 0.7 en todos los casos.
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5.4. Incorporacion de la teledeteccion a los modelos de gestion y
planificacion del agua

Con el objetivo de modelizar y estimar de forma sencilla la capacidad de
almacenamiento de agua en embalses para su incorporacion en sistemas de control y
gestion basado en las imagenes de satélite obtenidas peridédicamente, en el articulo
“Using Landsat images to determine water storing capacity in Mediterranean
environments”, se desarrollaron modelos de regresion a partir de la clasificacion
supervisada de imagenes Landsat y datos oficiales de reserva de agua de los anuarios
de aforo en 5 embalses (La Serena, Cubillas, La Pedrera, Beniarrés y Negratin).

En la fase de entrenamiento para el desarrollo de los modelos de regresion, se
utilizaron los datos oficiales de volumen de agua y los valores de superficie de agua
calculados con las series temporales de las imagenes de Landsat 7. Posteriormente, en
la validacion de los modelos, se utilizaron las imagenes de Landsat 8 y se compararon
con los datos oficiales para las mismas fechas.

Para aumentar el conocimiento sobre el desempefio de los modelos de regresion, se
calcularon el coeficiente de correlacion de Pearson junto con el RMSE y RMSE
normalizado (NRMSE) para determinar el ajuste de forma comparable entre los
diferentes embalses (Tabla 1). Los valores de R? fueron en los cinco casos superiores a
0,9. Ademas, se obtuvieron valores adecuados para el ajuste de los modelos (valores
bajos de nRMSE), ya que los resultados se encuentran entre el 24-25%, incluso del
13,4% en el caso del embalse de La Pedrera. En la validacion de los modelos se
obtuvieron el mismo rango de valores de RMSE que en la fase de entrenamiento. En el
caso de los valores de RPD, todos estaban por encima de 2, lo que indica una buena
capacidad de prediccién de reserva de agua de los modelos desarrollados.

Algunas de las limitaciones que pueden surgir para la determinacion de la superficie de
agua son, por ejemplo, la presencia de una densa vegetaciéon en los margenes de los
embalses, una marcada sinuosidad, o una elevada nubosidad que reduzca la
disponibilidad de imagenes validas. Ademas, se deben tener en cuenta en la estimacion
del volumen de agua de los embalses, los procesos de sedimentacién y colmatacion
gue pueden reducir considerablemente la capacidad de almacenamiento.

Sin embargo, y a pesar de la gran variabilidad estacional en el agua embalsada y de las
consideraciones anteriores, los resultados de los modelos presentados en este estudio
revelan la gran utilidad de las series temporales de imagenes multiespectrales en el
seguimiento de los recursos hidricos.
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Tabla 1. Resultados de la validacion cruzada entre la estimaciéon del volumen de agua obtenido
por teledeteccion y los datos oficiales de anuario de aforos de las Confederaciones
Hidrograficas.

Training Validation
Reservoir R? RMSE nRMSE Rz RMSE nRMSE RPD
La Serena 0.967 72.352 25.0% 0.939 37.408 33.2% 3.01
La Pedrera 0.991 3.288 13.4% 0.991 3.926 12.7% 7.90
Beniarrés 0.970 0.713 24.0% 0.973 1.018 22.3% 4.49
Cubillas 0.975 0.742 21.7% 0.990 0.378 13.7% 7.32
Negratin 0.969 14.721 24.2% 0.930 11.644 35.8% 2.79

5.5. Recursos hidricos no convencionales

Espafia es uno de los paises europeos que mas ha impulsado el aprovechamiento de
las aguas depuradas como fuente alternativa para el abastecimiento y la agricultura,
generando alrededor de 400 km3/afio, y que juega un papel fundamental para garantizar
la seguridad hidrica y hacer frente a la reduccion en la disponibilidad de los recursos
hidricos naturales como efecto del cambio climético.

Mas de la mitad del volumen de agua regenerada, tanto de agua desalada como
depurada, se destina principalmente al riego agricola, siendo uno de los sectores que
mas presion genera sobre el agua, sobre todo en la mitad sur de la peninsula (85).

Con el objetivo de mejorar la gobernanza del agua, se han elaborado una serie de
programas de actuaciones y estrategias entre las que se encuentra el Plan Nacional de
Depuracion, Saneamiento, Eficiencia, Ahorro y Reutilizacion (Plan DSEAR). De esta
manera, el fomento de la reutilizacién del agua como recursos hidricos adicionales, y su
incorporacién en la planificacion hidroldgica, constituye el eje de actuacion para lograr
reducir el impacto sobre las masas de agua y alcanzar un desarrollo mas sostenible.

Bajo esta perspectiva, en el articulo “Agricultural drainage water characterization to

determine the desalination possibilities for irrigation in a semi-arid environment”,
se analizan la calidad de las aguas de drenaje agricola de una zona de escasez hidrica
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con el objetivo de estudiar la posibilidad de la implantacion de un sistema de
desalinizacion que contribuya a la mejora de la eficiencia y la sostenibilidad ambiental
del agua.

Para el disefio de una planta de 6smosis inversa, se necesita seleccionar de forma
adecuada las caracteristicas operativas del sistema teniendo en cuenta los principales
parametros que afectan a una planta desalinizadora. Aquellos mas relevantes y que
influyen de manera significativa en el coste de tratamiento son la conductividad eléctrica
y los solidos disueltos totales. También es fundamental conocer las caracteristicas del
cultivo y el suelo sobre el que se desarrolla para el disefio de una planta desalinizadora.

El pH medio obtenido se encontraba entre 7,8 - 8,1. La conductividad eléctrica (CE)
media oscilaba entre 3,1y 12,8 mS/cm, y valores de sélidos disueltos totales (TDS) de
2.300 a 12.700 mg/l, cuando la concentracién aceptable para el riego es de 750 mgl/l.
Esto supone un grado alto de salinidad del agua, que es un factor critico para el coste
energético en una planta de 6smoasis inversa.

Los valores medios de sélidos en suspension totales (TSS) estaban comprendidos entre
24-62 mg/l, excepto en el azarbe de Pineda, con una media de 104 mg/l. El valor
maximo fue de 399 mg/l. Para evitar la rapida saturacion de las membranas de 6smosis
inversa, incrustaciones o el crecimiento de microorganismos es necesario incluir un
pretratamiento que acondicione las caracteristicas fisicoquimicas del agua de
alimentacion.

Para alimentar una planta de ésmosis inversa de menor tamafio, se debe proporcionar
al menos un caudal constante de entre 0,5y 1 m3/s. En este caso, los valores de caudal
presentaban una gran variacién para cada azarbe con una media por debajo de 1 m3/s,
pero con valores comprendidos entre 0,001 y 4,18 md/s. Los cambios en el caudal
debidos a la estacionalidad pueden variar la cantidad de sales disueltas y afectar al
proceso de desalinizacion.

Los SIG pueden desempefar un papel eficaz en el tratamiento de la informacion
obtenida a través tanto de datos espaciales, como medidos en campo para la resolucion
de problemas en la gestion del agua. De esta forma, se crea una base de datos
completa e integrada en la que se tienen en cuenta multitud de criterios que permite
crear y dar soporte a un sistema de toma de decisiones basadas en informacion
actualizada. Asimismo, ayudan a simular posibles escenarios y en la evaluacién de la
implementacion de los diferentes planes, incluso sistemas de preferencia basados en la
legislacion o en juicios de valor (86) de acuerdo con los resultados que se van
obteniendo en la incorporacion y actualizacion de nueva informacion.
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6. Conclusiones generales

La planificacion es la principal herramienta para la gestion integrada y sostenible de los
recursos hidricos y la mejor estrategia en la mitigacion de los efectos del cambio
climatico. Con esta tesis se pretende aportar informacién sobre el potencial de la
teledeteccion para mejorar y ampliar el conocimiento del estado de los recursos e
integrar informacién de deteccién remota en los modelos de planificacion y climéticos a
través de los SIG.

En la dltima década, se han estado realizando proyectos de teledeteccion, analizando
las imagenes obtenidas por los sensores remotos que han contribuido enormemente a
tener una visibn mas completa y global del estado hidrolégico de las cuencas. Estas
imagenes tienen la ventaja de que aportan informacion de una forma continua en el
tiempo, con una cobertura a escala mundial y disponibles gratuitamente. Con lo que es
posible extraer multitud de informacion adicional a partir de las series temporales de
imagenes y analisis estadisticos.

Aunque los problemas relacionados con la precision y la incertidumbre en los datos de
deteccién remota sigan siendo un reto, a medida que ha crecido la demanda de datos
continuos se ha demostrado con numerosos estudios que la correlacion entre las
variables calculadas mediante teledeteccion y los datos obtenidos en campo es
significativa, por lo que la integracién de esta informacién es un avance importante en la
monitorizacion a largo plazo de los recursos. Uno de los pilares mas importantes para
garantizar una asignacion de recursos eficiente, es conocer el estado de las masas de
agua y la determinacion del consumo en los diferentes sectores, principalmente para la
planificacion y el suministro en escenarios futuros en los que se espera una disminucion
en las precipitaciones. Debido a que la agricultura es uno de los sectores que mas
puede verse perjudicada, en los Ultimos afios, se ha venido desarrollando metodologias
basadas en teledeteccion cada vez mas precisas para la deteccion de zonas de
regadio, del agua consumida o para la estimacion de la evapotranspiracion. De hecho,
los indices de vegetacion obtenidos a partir de series temporales de imagenes
espectrales son ya una herramienta basica en los estudios para la gestion del agua en
agricultura y ecosistemas naturales.

La tendencia actual en los estudios de investigacion se estd centrando en la
determinacion de las necesidades hidricas especificas para cada cultivo, de forma que
pueda ajustarse la cantidad de agua de forma precisa a los requerimientos reales en
cada momento.
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La obtencion de informacion de manera continua, la reduccion de costes y la
operabilidad de las técnicas utilizadas son algunos de los factores que deben tenerse
en cuenta en la gestion del agua. Ademas, conocer el estado de los embalses y
analizarla evolucion del nivel de agua es un aspecto determinante en la gobernanza del
agua, teniendo en cuenta que el déficit de precipitaciones afo tras afio contribuye a la
disminucion de la reserva total, principalmente en situaciones de sequia. Asimismo, la
colmatacién o aterramiento de los embalses también juega un papel importante no solo
en la capacidad de almacenamiento, sino también en la calidad del agua y en la
seguridad de la presa. Esta situacion, si bien no sucede en todos los embalses, y en las
construcciones mas modernas ya se tiene en cuenta y existen mecanismos para el
desaglie de sedimentos, se puede agravar en aguellos con mas de 50 afios, aunque
depende de multitud de factores. Por lo tanto, las perspectivas de futuro van
encaminadas en mejorar la capacidad de almacenamiento de aquellas construcciones
menos recientes, conocer la tasa de erosion del vaso del embalse y el volumen de
sedimentos que se depositan en el fondo.

Una de las medidas que se han adoptado para incrementar la cantidad de recursos
hidricos disponibles, es la incorporaciébn de recursos no convencionales como
desalinizacion y reutilizacion, mayoritariamente para el riego agricola. Estas medidas
predominan en las cuencas hidrograficas como potencial solucién a la garantia de
suministro en periodos de mayor escasez para reducir la presibn de recursos
convencionales.

Por todo ello, se enumeran a continuacion las conclusiones mas relevantes segun los
resultados obtenidos en esta tesis:

1. En la publicacién “Assessing water availability in mediterranean regions affected
by water conflicts through MODIS data time series analysis”, se ha observado una
elevada correspondencia temporal entre la cantidad de agua de los embalses y las
series temporales de las imagenes multiespectrales de NDVI y LST. De hecho, la mejor
correlacion con el almacenamiento de los dos embalses coincide con las zonas donde
se esperan las disminuciones mas significativas en la precipitacion segun los modelos
de cambio climatico. Estos resultados evidencian la capacidad de los datos obtenidos
por teledeteccion para evaluar diferentes practicas de gestién del agua.

2. En el caso de la publicacién “Water management in irrigation systems by using
satellite information”, se observaron pérdidas significativas por evaporacién de agua
de las balsas de riego, unos 16,82 hm3/afio para las imagenes de PNOA 2016-2017, un
dato especialmente relevante en zonas con una elevada insolacion y problemas de
escasez hidrica.
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3. Los resultados obtenidos en el articulo “A review of Landsat TM/ETM based
vegetation indices as applied to wetland ecosystems”, muestran que otros indices,
como el SAVI, pueden ser una alternativa al tradicional NDVI, ya que corrige la
influencia y distorsiones que ejerce el suelo sobre los valores obtenidos del analisis de
manera que, resulta mucho mas conveniente en aquellas zonas en las que existe una
baja densidad vegetal y mayor exposicion de suelo, como pueden ser las areas
cultivadas.

4. El articulo “Using Landsat images to determine water storing capacity in
mediterranean environments”, muestra la posibilidad de incorporar el uso de
sensores remotos a los sistemas de gestion como herramienta auxiliar para el control
de embalses de una manera menos costosa. Este tipo de metodologia sistematica se
puede automatizar facilmente e integrarla en los modelos de planificacion hidrologica
con la finalidad de establecer estrategias mas precisas para el abastecimiento de agua.

5. Con la publicacion “Agricultural drainage water characterization to determine the
desalination possibilities for irrigation in a semi-arid environment”, se muestra que
la caracterizacién de los parametros fisicoquimicos de las aguas de los drenajes
agricolas es un factor imprescindible para optimizar el proceso y disefiar una planta de
desalinizacion, teniendo en cuenta que se debe conocer tanto la demanda real como los
gastos que conllevaria el tratamiento para la regeneracion del agua y cualesquier otra
inversion necesaria.

Algunos de los objetivos basicos en la planificacion hidrolégica para asegurar la calidad
y cantidad del agua es monitorizar, controlar y reducir el consumo de los recursos
hidricos. Integrando toda la fuente de datos e informacién que ofrece la teledeteccion en
un SIG se consigue un mayor conocimiento del estado de las masas de agua y de los
ecosistemas asociados, mas alla de las delimitaciones geogréficas, posicionamiento de
fuentes de contaminacion o calculo de superficie regada. La utilizacion de métodos
indirectos, como la teledeteccion, consigue que, a partir de imagenes multiespectrales,
datos meteorolégicos y pequefios muestreos in situ, sea una alternativa viable para
mantener en el tiempo de forma rapida y econémica.

Por lo tanto, una tarea pendiente es potenciar y poner en marcha todo el conocimiento

adquirido en los Ultimos afios para incorporarlo de manera real a las estrategias y
gobernanza del agua.
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Abstract

Changes in agriculture are associated to the availability of resources and the economic
and social demands (market products). One of the most important transformation is to
change rainfed crops into irrigated crops in order to increase yield. In most of the cases,
water resource and irrigation reservoirs are needed to maintain the yield. However,
evaporation from ponds can be an important economic loss for farmers and an
unsustainable strategy for water management, especially in arid and semi-arid areas
with water scarcity. Therefore, efficient methods of water storage should be established
because of the availability of water is essential. In this study, a selected area located
close to the city of Cartagena (Murcia) and the south of Alicante (Spain), has been
studied. It is a traditional agricultural area where the transformation from rainfed to
irrigated crops has been analyzed. This analysis was based on the study of the number
of irrigation reservoirs and their size by using remote sensing data and GIS tools.
Because of the high temperatures and insolation in the area, the increment of the
number of reservoirs detected may be inefficient for water management. Therefore, the
characterization of these reservoirs, to quantify the potential loss of water due to
evaporation has been done by using remote sensing images. This analysis could be
very interesting to find more efficient storage solutions (i.e. better spatial distribution of
reservoirs, an increment of deep and reduction of surface exposure) improving the water
storage and management.

Keywords
Arid environments; Evaporation; Irrigated agriculture; Spatial distribution; Water storage
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Water management in irrigation systems by using satellite information

1.Introduction

Water management is one of the most important problems for future decades. Although
there are areas of the planet where the water availability is naturally scarce due to the
rain and temperature patterns, human pressure on this resource is accentuating the
problem of scarcity. As reflected in the World Water Assessment Program published by
UNESCO (1), there are 3 types of pressures or “drivers” on water systems:
demographic, economic and social. Population growth increases not only water
consumption, also pollution, which is another way to decrease water availability.
Furthermore, land occupation and urbanization affect the dynamics of the ecosystem
due to soil sealing and consequently, the hydrological cycle is altered (infiltration
processes, aquifer recharge, etc.). Protecting ecosystems is highly important to maintain
the goods and services they offer us and it is so necessary for life. Economic growth has
allowed the development of modern extraction and production techniques that aggravate
water scarcity. Natural dynamics of water is affected, i.e. river flows are altered or the
water table is reduced. The building of infrastructures that benefits the commerce of both
products and services associated to water management have been increased. The
change in the lifestyle of many countries is reflected in the amount of water consumed,
principally in those in which access to drinking water is easy and immediate. In contrast,
in developing countries where there is scarcity and water pollution, it is a great
challenge. Therefore, there is a social inequality that must be resolved.

For example, in the case of arid and semi-arid areas (2) which the amount of available
water is limited due to the shortage and irregularity of rainfall, the development of
irrigated agriculture has caused an increase in pressure on water resources. This affects
highly negatively the agriculture which is one of the biggest users of water with respect
to the total demand of water (almost 80%) (3). In these areas where water is a limited
resource, population growth exerts a great negative pressure on it. Agriculture must be
able to supply the population even though the availability of water is the limiting factor for
food production (4). To guarantee the continuous supply of water for irrigation, small
ponds are built to store the water and manage it according to their needs (5).

These ponds are usually shallow constructions located near the crops that will supply.
However, it seems that the management of these small reservoirs is based on the
experience of the farmer and not on contrasted technical criteria (6). Water is a limited
and essential resource for life that has to be managed efficiently, equitably and allow
future generations to have access to it. Therefore, the current management model
should be changed to make sustainable use of available water resources and develop
strategies that promote savings and minimize losses in irrigation (7).
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Evaporation is defined as a process by which liquid water turns to vapor state by heating
it (energy breaks the bonds of the molecules) (8). The main factors that influence
evaporation are: local climatic conditions such as air and water temperature, solar
radiation, relative humidity, wind speed (9) and the geometry of the ponds, for example,
evaporation is greater if the relationship between area and volume is large (10). In areas
with high insolation, the evaporation from the sheet of water represents a significant loss
from the environmental and also economic point of view (11). Different methods are
being developed to avoid evaporation: there are chemical methods such as stearyl
alcohol (12), floating modular systems that have different shapes and materials (13),
floating photovoltaic panels (14), canvas or suspended coverages (15). Each method
may be appropriate depending on the characteristics of the place where it will be
installed (amount of water stored, area, costs, etc.) (16). Therefore, it is necessary to
study tools and develop management strategies that improve the efficiency of water
consumption and obtain the potential evaporation from the ponds and reservoirs.

The use of Geographic Information Systems (GIS) in the study of water resources allows
us to know the dynamics of them, and therefore, models with different scenarios of water
availability or demands can be developed (17). With these models, different projections
can be made in order to develop management scenarios more suited to the state of
resources. This technology, GIS, is very suitable due to the amount of information that
can be incorporated into the models, and the possibility of viewing the information in the
form of maps (18).

In developing countries, this tool can help the management of its resources with a
relative low cost and the large number of free images obtained over many years from
remote sensing. Moreover, in those countries in which it is not possible to collect data in
situ because of the cost, time, or access due to legal causes or because of war conflicts.
GIS combining remote sensing help to solve many problems related to resources
management.

Remote sensing is being a very useful method to delimit and study water bodies,
especially due to the difficulty of obtaining continuous information. Due to the contrast
between the reflectance of the sheet of water and that of the earth surface (10), it is
possible, through satellite images, to study and monitor the water storage (19), to
observe the changes in the surface of water bodies over time, study the evolution of the
irrigation reservoirs of an area (20), estimate its evaporation (important in arid and semi-
arid zones) and volume.
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The water absorbs the energy in wavelengths of the near and medium infrared,
therefore, the reflected energy of these is low and the water bodies appear in dark color
in both the multispectral images and the grayscale images (21). Moreover, satellite
images facilitate the composition of RGB or False color images where water sheets can
be detected and analyzed.

Facing of future scenarios of climate change (22), in which the availability and quality of
water can be seriously affected (23), it is necessary to improve the use of water
resources through the incorporation of new techniqgues and the modernization of
infrastructures. This includes the application of regulations (24) that support integrated
management techniques that guarantee a better resource quality and also promote
citizen participation (25).

In this work, the combined use of remote sensing data and GIS tools, demonstrated with
the example, the possibilities of managing and controlling water infrastructures and the
evaporation of water in agriculture, one of the major consumers of water.

2. A study case: Campo de Cartagena, southeast of the
Iberian Peninsula

2.1 Study area

The study area is located beside the Mar Menor in Murcia and south of Alicante (Figure
1), Spain. This basin is a sedimentary plain formed by conglomerates, marls,
sandstones and clays (26) with approximately 152,000 hectares. The Mar Menor is the
biggest coastal lagoon of Spain that is included in the RAMSAR convention. It is in
serious danger of pollution as a result of nitrogen and phosphate contributions from
agriculture that cause the loss of its water’s quality, the decrease of the diversity and
elimination of autochthonous species and induce the proliferation of algae blooms. The
two factors that most affect this wetland are tourism (population growth) and agriculture;
both generate polluting inputs that reach the Mar Menor through the different
watercourses and infiltration processes. The climate is Bsh according to the Kdppen
classification, with low rainfalls (around 300 mm per year) of torrential type especially
during the autumn. The average annual temperature is about 18°C, with hot summer
(about 32-35 ° C in august) and mild winters (the temperature usually does not drop
below 5 ° C) (27).

Precisely the weather is one of the main reason why so many tourists (both Spanish and
foreign) come every year to visit the Region of Murcia (more than 1 million people in
2015-2016) (28), especially near the coast.

77



Aplicacion de teledeteccion y gestion integrada del agua en zonas semidridas

Province of Alicante

L

Region of Murcia

Figure 1. Location of study area (Campo de Cartagena, Mar Menor watershed) in the
region of Murcia and the south of the province of Alicante.

Different improvements, mainly since the second half of the twentieth century in the
region of Murcia and Alicante province, have favored the growth of population,
principally located in coastal areas. This increase may be due to the improvement of
communication channels (roads) and greater availability of water resources, which has
allowed the development of agriculture. Agriculture is very important in the Region of
Murcia, because of the good climate and a fertile soil in many river basins that allows
suitable growth of crops, but the lack of water has limited the production. Therefore, the
change of rainfed crops to irrigated crops was benefited by the capital investment (the
Tajo-Segura water transfer in 1979, the exploitation of the aquifers and the obtaining of
desalinated water) which increases the availability of water; the productivity of the crops
has improved in spite of the severe shortage suffered by the area. La Pedrera reservoir
(built in 1985), located in the province of Alicante, is responsible for regulating the water
which comes from the Tajo-Segura transfer canal (agricultural and urban supply). This
reservoir maintain adequate water availability despite the severe scarcity suffered in the
area (29).
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In fact, Murcia exports between 20 and 30% of fruits and vegetables in Spain, especially
to the European Union (30). Even with the external contributions of water, it is not
enough to supply the water needs of the area that often suffers serious droughts that
cause cuts back not only for agriculture but also for urban supply. In addition, during the
summer the demand for water for agriculture is higher because of the large water deficit
and high temperatures. This situation also coincides with the period of greatest urban
demand in the area due to tourism (31), especially in some areas closer to the coast.
For example, it is estimated that on the Costa Calida there were almost 4 million visitors
in 2016 (28).

2.1 Methodology

The data were obtained from the National Geographic Institute (IGN). We used the
geodesic reference system ETRS89 and UTM projection zone 30 (32).

The Mar Menor watershed was delimited with the Digital Terrain Model (MDT25 CC-BY
4.0 scne.es) and the GRASS software using the flow lines that run along the maximum
slope. The basin covers 151,641 hectares and is located mainly in the Region of Murcia
and a part in the province of Alicante. All the reservoirs found within the basin were
digitized one by one by using high quality orthophotos of the Plan Nacional de
Ortofotografia Aérea (PNOA) (FotoPNOA 2004-2016 CC-BY 4.0 scne.es) with pixel size
of 25 cm. And the same process was done with old photographs taken from a
photogrammetric flight along the period from 1973 to 1986 (Fotol 1973-1986 CC-BY 4.0
scne.es), scale 1: 18,000 and pixel size between 27 and 45 cm depending on the area.
The digitization process was done with QGIS v.3.2. The ponds and reservoirs were
marked with points to locate them and then they were digitalized to determine their
surface taking into account the limits of the structure, when they were at maximum
capacity. A field trip was also done to compare the results obtained from the images with
the disposition in fact, checking close to a hundred elements (old mills, ponds and small
reservoirs).
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Figure 2. Old mills and the new irrigation systems in the Campo de Cartagena.

A heat map was developed from the density of points that identify the location of each
irrigation ponds/reservoirs to understand better their distribution. Points interpolation
aids to visualize in a map the concentration of these in a continuous surface. Three
parameters are used to create a heat map: the cell size, the bandwidth and the type of
calculation used in the interpolation. The cell size will determine the degree of detail on
the surface. The larger the cell size, the less continuous the color gradient that
represents the concentration of points will be. The bandwidth (or search radius) is the
area around each point that the GIS will take into account for density calculation. The
type of calculation used in the most common interpolation is inverse distance weighting
(IDW), which assigns more importance to the functions that are closer than to those that
are furthest away (33). In this case, we used a search radius of 5 km and 15 pixels of
cell size.

To estimate annual evaporation losses in the study area, we have used as reference the
evaporation values published in the article "Regional assessment of evaporation from
agricultural irrigation reservoirs in a semiarid climate" by Martinez Alvarez et al. (2008)
(34). They use measures done in the 2003 for the entire Segura River Basin (located in
the southeast of Spain, including the study area). In this article, authors estimate the
evaporation losses using daily, monthly and annual data on temperature, precipitation,
relative humidity, wind speed, wind direction and solar radiation of 74 agro-
meteorological stations for the period 2000-2006. In addition, some of them have class-
A pan evaporometer in which evaporation was calculated by a sensor that determinate
the difference in water level. The Class-A pan evaporometer standardized by the US
National Weather Service is a 120.7 cm diameter and 15 cm deep cylinder made of
galvanized iron.
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It is elevated about 15 cm from the ground by a wooden platform. It must be located
where the air circulates freely so that it does not affect the measurements (35). They use
14,145 irrigation reservoirs for the entire Segura basin, which occupied 4901 ha. They
obtain as a result the annual evaporation loss in the Segura basin taking into account
the maximum surface area, which was 68.8 hm3. Based upon this value and considering
the surface, the evaporation value of water used as a reference is 0.014 hms3-year/ha.
This help us to estimate the evaporation loss estimation in our study area.

3. Results and discussion

Figure 3 presents the digitized points that indicate the location of the irrigation ponds for
both periods. There is a clear increase in the number of points currently with respect to
the previous period.

In the image a (figure 3), the points do not appear distributed following any regular
pattern; they are dispersed throughout the basin but especially near the coast and the
urban cores, some of them forming small groups. In the top of the basin (NW), in the
foothills of the Sierra de Carrascoy and El Valle, there are no irrigation ponds because at
that time, mechanization and cultivation techniques did not allow working the land in
areas with steep slopes. In the image b, there is a greater increase of irrigation ponds
and small resorvoirs. Grouping of points can be observed mainly in the center of the
basin which is quite flat, and in the top near La Pedrera reservoir. There is also a
tendency for a high density of points near the coast as in the first image. In this case,
due to the modern techniques, the irrigated crops occupy the foothills of the mountains.

In order to understand and visualize better the irrigation ponds distribution patterns in
the area and compare them between two periods, a heat map (Figure 4) was created
from the density of points. These maps confirm in a very clear way the changes
produced in the area.

In the first image (Figure 4a), high density of points (in green) is observed in the lower
part of the basin and following the coastline. This location may be associated with the
extraction of water from the subsurface aquifers, following the patter of the traditional
systems such as windmills (a pond was situated near the mill so that the water could fall
into it). Moreover, extraction that is more efficient with pumps made possible to obtain
water from the aquifers at a larger depth coming to cause an overexploitation of
aquifers.
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Figure 3. Points marking the location of irrigation ponds in the Mar Menor basin in the
1973-1986 period (image a) and nowadays (2016-2017) (image b).

The arrival of water from the Tajo-Segura transfer in 1979, increased the availability of
water and relieved the pressure on groundwater (36). This situation benefited production
and the expansion of intensive agriculture (with the corresponding construction of small
reservoirs to store and supply water).

In the second image (Figure 4b), there is a generalized increament near the coast and a
great increase in the upper part of the basin (NE). This difference could be explained by
the construction in 1985 of the La Pedrera reservoir. It has 1272 hectares and can store
246 hm3. This reservoir receives water from the Tajo-Segura transfer and distributed to
the Campo de Cartagena by a great canal and others supplied conductions.

82



Water management in irrigation systems by using satellite information

La Pedrera reservoir is also used for urban water supply through the Taibilla canal.
Therefore, it is easier to supply the crop fields closest to the reservoir. Consequently, it
has favoured a greater development of greenhouses (Figure 5). They are grouped near
the towns of San Pedro del Pinatar (Murcia) and Pilar de la Horadada in the south of

Alicante.

Figure 4. Heat maps from dot density of the identified ponds with old photograph (figure
a) and with those current (figure b).

Figure 5. Group of greenhoses near San Pedro del Pinatar in the study area. (Source:
derived from FotoPNOA 2004-2016 CC-BY 4.0 scne.es).
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After the analysis of the data and the digitalization of the irrigation ponds from the
images in both periods, table 1 shows a summary of them. 971 reservoirs were digitized
from the data of the period 1973-1986. The sheet of water, according to the sum of the
surface of all them, accounted to 88.63 hectares. The average surface area of the
reservoir/pond was 318 mz.

In the second period (2016-2017), 3,846 irrigation ponds were digitized from PNOA
images. The total water surface were 1,201.32 hectares. The average surface area of
the reservoirs increased to 1,631 m2.

These values indicate that the number of reservoirs in this area has almost incremented
4 times. For the average surface of ponds, the size at present is 5 times higher than
before, however not necessarily deeper than the oldest. Therefore, the total area
occupied by the reservoirs has increased 14 times during the last decades when size
only 5 times.

Esti
Number Total area Mean area per evasltlg]rztt?:n
of ponds occupied (m?) pond (m?) (hr:-"*lyear)
1973-1986 971 886,34 318 1,24
period
2016__2017 3,846 12,013.189 1,631 16,82
period

Table 1. Values obtained from the irrigation ponds digitalization and estimated values of
evaporation in the study area for both periods.
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To estimate the possible evaporation losses from the sheet of water of the small
reservoirs/ponds, we took as reference the value given for the area of 0.014 hm3-year/ha
(34). Considering all the reservoirs to their maximum capacity, the values estimated for
each period were:

» For the 971 ponds in the first period (determined from the images obtained between
1973-1986), the annual losses would be close to 1.24 hm?3/year;

« and for the second one (mages of PNOA 2016-2017), it would be close to 16.82
hm3/year.

This means that there is a difference of approximately 15.62 hm3/year, parallel to the
increment of the surface exposure of reservoirs and ponds. This amount of water that
can be lost, is equal to that need for the supply of a city of 300,000 inhabitants for a year
considering the average water consumption in Spain for inhabitant (37). Water scarcity
in this area has always been a main concern for agricultural production. However, with
the transfer from other river basins (i.e. Tajo river), water availability has been increased
and along with the population growth and agricultural yield.

This was reflected in the construction of reservoirs/ponds in the last years, which has
been increased. With this increment, the potential evaporation of water from reservoirs
and ponds have been dramatically increased by the way.

According to a report managed by the Ministry of Agriculture and Water of the Region of
Murcia with data from the Space Agency of Meteorology (AEMET), and with the
collaboration of different universities and institutions, the evolution of rainfall does not
follow a clear trend, a normal situation in that area with such irregularity. For
temperatures, a slight tendency to increase is observed. In fact, according to this report
from 1971 to 2009 the average annual temperature of the entire Region of Murcia
increased from 15.5 to 17°C (38). Therefore, the evaporation loss could be aggravated
considering the scenarios based on the climate change and the increase in temperature.
In this sense, evaporation can be over the values estimated in this work.

In this line, it is important to study and development measures to avoid water
evaporation and improve the efficiency of the irrigation system. For this reason, it is
convenient to study a better spatial distribution of reservoirs and reduce the number of
them. Moreover, an increment of deep in their construction can facilitate to storage the
same amount of water with less surface exposure to evaporation. Finally, the use of
some techniques to cover the ponds can reduce water surface exposure.
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4. Conclusions

Remote sensing data is very useful to study and analyze the amount of water stored and
the management of irrigation systems. The use of these technologies, both GIS and
remote sensing, can help in the management decision-making about water resources.

The example given, shows that the amount of water that could evaporate represents a
significant loss. In this case, the amount of water that could evaporate is almost 14 times
higher now. This matches with the increase in the total surface occupied by the irrigation
ponds. With only a 4 times increment in the number of reservoirs, the amount of water
that could evaporate increases by 350%. Although it is an estimation, it is clear that
water losses due to evaporation represent a high cost, especially in areas where this
resource is scarce.

Despite the water limitations of the area, in the Mar Menor basin there are many
agricultural fields that generate tons of fruits and vegetables that provide a great social
and economic benefit to region. Even with the different sources of water, there is still a
water deficit that generates (especially during droughts periods) economic, social and
environmental instability.

In addition, with the possible effects of climate change that indicates less precipitation
and higher temperatures, it is expected that the amount of water resources available can
be seriously affected especially in arid and semi-arid areas such as Murcia and Alicante,
which already suffer the effects of scarcity. Efforts should be done applying techniques
to reduce the evaporation. Therefore, saving the resource to avoid losses as much as
possible and be able to supply a growing population is a priority.
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Abstract

A review of vegetation indices as applied to Landsat-TM and ETM+ multispectral data is
presented. The review focuses on indices that have been developed to produce
biophysical information about vegetation biomass/greenness, moisture and pigments.

In addition, a set of biomass/greenness and moisture content indices are tested in a
Mediterranean semiarid wetland environment to determine their appropriateness and
potential for carrying redundant information.

The results indicate that most vegetation indices used for biomass/greenness mapping
produce similar information and are statistically well correlated.

Keywords

Arid wetlands,; Leaf pigments; Spectral reflectance; Vegetation greenness,; Vegetation
biomass; Vegetation moisture; Vegetation canopy
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1.Introduction

In the last decades a broad range of vegetation indices has been developed, showing an
increased interest by the scientific community in measuring vegetation properties
through remote sensing techniques. A great number of indices are developed with the
aim to reduce their sensitivity to extraneous factors such as soil background or
atmosphere [1], and several reviews of vegetation indices have been published (e.g.
[2,3,4,5,6,7]).

Remote sensing tools are used for a large number of studies of natural areas [8,9], to
assess the state of vegetation or crop yield [10], or for vegetation classification [11]. In
addition, several authors [12,13] have highlighted the role of vegetation indices as
valuable biophysical data for models and simulations. This work focuses on three
biophysical properties, which are vegetation biomass/greenness, vegetation moisture,
and plant pigments. Remote sensing of vegetation biomass is of great value in modelling
vegetation stress and crop yield [14]. Numerous researches have shown the direct
relationship that exists between spectral response in the near-infrared region and
various biomass measurements [15,16,17,18,19]. Spatial and temporal change of
vegetation moisture can be used for plant water stress estimations. Water stress
detection by remote sensing as based on plant physiology can be successfully
conduced for different vegetation types with little adjustment [20,21,22]. A great number
of research work has been conducted for estimating vegetation moisture content (e.g.
[6,21,22,23]) with a common goal: vegetation moisture content can be estimated more
accurately using medium-infrared reflectance data. Chrolophylls, carotenoids and
anthocyanins are optically detectable and have either photosynthetic or photoprotective
functions [24]. Moreover, they also provide an accessible ‘handle’ for evaluating relative
photosynthetic activity, which can vary with leaf type [25]. Reflectance assessment of
leaf pigments can potentially provide indicators of integrated leaf physiology under a
wide range of conditions [24]. For quantitative pigment content estimations, accurate
data calibration methods must be carefully applied. As Gamon and Surfus (1999) [24]
observed, comparisons of reflectance indices with extracted pigment levels suggest
specie-specific relationships influenced by leaf structure properties [26]. This indicates a
need for empirical calibration when using reflectance indices.

A great number of studies deal with vegetation index estimations for specific locations.
These kinds of studies are of great value for these local studies, because vegetation
indices can be estimated with great accuracy. In addition, due to the high availability of
images, it is possible monitor the state of the vegetation over time [27]. However,
applying these locally tested methods to other study areas is sometimes not possible
because of the different vegetation species and communities, as well as the different
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soils and lithology encountered in other areas. The objective of this paper is the review
of several vegetation indices that can be computed with Landsat TM and ETM+ data in
order to select the most representative of the Mediterranean wetland areas by first
determining potentially redundant information among the tested indices.

2. Vegetation indices

Jensen (2000) [4] defines vegetation indices as “dimensionless, radiometric measures
that function as indicators of relative abundance and activity of green vegetation, often
including leaf-area-index (LAl), percentage green cover, chlorophyll content, green
biomass, and absorbed photosynthetically active radiation (APAR)”. Huete and Justice
(1999) [28] summarize as follows the main characteristics that a vegetation index must
satisfy:

1.Maximize sensitivity to plant biophysical parameters, with mathematical relations as
simple as possible.

2.Normalize or model external effects, such as Sun angle, scene geometry, and
space-temporal atmospheric characteristics.

3.Normalize internal effects, such as canopy and soil background variations,
illumination geometry, and phenological state.

4.Respond to specific measurable biophysical parameters, such as biomass, LAl,
APAR, etc., that can be field validated and qualitatively controlled.

Vegetation spectral indices try to enhance the spectral contrast among different
wavelengths as a response to characteristic absorption and/or reflectance features.

A crucial aspect is that the absorptions from different plant materials are similar and
overlap, so that a single absorption band cannot be isolated and directly related to, for
example, chemical abundances of one plant constituent [29]. Vegetation indices have
been classified into four categories as a function of the following computation concepts
(based patrtially on: Jackson and Huete (1991) [30] and Eastman (2003) [31]):

» Slope-based indices: any particular value of the index can be produced by a set of
two bands (for example red/infrared reflectance values) that form a line emanating
from the origin of coordinates of a bi-spectral plot (scattergram). Different levels of
the index can be envisioned as producing a spectrum of such lines that differ in their
slope [32].
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» Distance-based indices: measure the degree of vegetation present by gauging the
difference of any pixel's reflectance from the reflectance of bare soil [32]. A key
concept here is that a plot of the positions of bare soil pixels of varying moisture
levels (and soil organic matter contents [33] in a bi-spectral plot will tend to form a
line (known as the soil line). As vegetation canopy cover increases, this soail
background will become progressively obscured, with vegetated pixels showing a
tendency towards increasing along a perpendicular distance from this soil line. All of
the members of this group require that the slope and intercept of the soil line be
defined for the particular image being analysed.

« Orthogonal transformations: undertake a transformation of the available spectral
bands to form a new set of uncorrelated bands within which a green vegetation
index band can be defined.

« Continuum Removal and Band Depth: the continuum is an estimate of the other
absorptions present in the spectrum, not including the one of interest [33]. The
continuum-removal process isolates spectral features, removes the continuum, and
scales the band-depth (or band area) to be equal, to allow identification of subtle
band shifts and shapes [34].

Table 1 provides a classification of the indices as a function of the calculation concept.
All presented indices have been adapted so that they can be utilized with reflectance
imagery provided by the Landsat Thematic Mapper sensor. Technical information about
the Thematic Mapper sensor can be found at the U.S. Geological Survey Landsat
Project web site (http://landsat.usgs.gov).
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Table 1. A classification of the indices as a function of the calculation concept.

Index computation concept Index

SR
NDVI
TVI
OSAVI
ARVI
Slope-based NDI|
LWCI
MSI
Red/Green ratio
WDVI

PVI
SAVI
MSAVI
TSAVI1
Distance-based TSAVI2
GESAVI
SARVI
MSARVI
EVI

Tasseled Cap-Greenness

Orthogonal transformation Tasseled Cap-Wetness
Integral

Continuum Removal and Band
onfindum De;‘)‘t’}:’a ane=ant 1 Band-Depth TM5 (B-DTMS)
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2.1 Slope-based indices

Generally, slope-based indices are easier to calculate than other indices. Some indices
are normalized ratios where possible results are comprised between the range of -1 to
1. This approach facilitates the interpretation of the index. Selected slope-based indices
are:

2.1.1. Normadlized Difference Vegetation Index (NDVI)

NDVI original formulation is attributed to Rouse et al. (1974) [35]. This index has been
widely used and tries to enhance reflectance differences between red and NIR spectral
regions of plant spectral signatures. The NDVI index evolved from the Simple Ratio (SR)
proposed by Birth and McVey (1968) [36].

SR = P (1)
Prus

The NDVI is formulated as:

NDVI = Prvas — Prus @)
Prua T Pruss

Deering et al. (1975) [37] proposed the Transformed Vegetation Index (TVI) by adding a
constant value of 0.5 to the NDVI to avoid negative values. They also included the
square root transformation of the NDVI with the additional constant, to stabilize the
variance. TVI is computed as:

1VI = ,'I[ Prya = Prus } +0.5 (3)
Y\ Prva T Pruss

NDVI has been related with a great number of parameters, such as changes in the
amount of green biomass and chlorophyll content [4]. Several types of relationships with
numerous parameters have been reported. A synthetic summary of some of them is
presented below ([38] and references therein):

» Leaf chlorophyll content
« Leaf water content
e CO; net flux
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« Absorbed Photosynthetically Active Radiation (APAR)
» Vegetation net productivity

» Leaf Area Index (LAI)

» Rainfall amount received by a vegetation canopy

« Phenological dynamics

» Potential plant transpiration

2.1.2. Optimized Soil-Adjusted Vegetation Index (OSAVI)

Additional modifications of NDVI have been developed to minimize the effect of soil
background and atmospheric attenuation for the maximization of vegetation spectral
response. Rondeaux et al. (1996) [39] proposed the OSAVI (Optimized Soil-Adjusted
Vegetation Index) with the inclusion of an adjusting factor X to the NDVI denominator.
They estimated, using the SAIL model [40] enhanced by the hot-spot effect [41], that the
optimum X value was 0.16 units. OSAVI values range between the NDVI and SAVI
estimations.

OSAVT = —Pras ~ Prvs
Prva t Pz +0.16 )

Rondeaux et al. (1996) [39] also provided a test of the sensitivity to soil background for
many vegetation indices. They evaluated the sensitivity of OSAVI to soil background
effects and its relationship with NDVI and SAVI [42,43]. They concluded that: a) with low
or relative low vegetation cover (< 50%, LAI < 1) this index performs slightly worse than
SAVI but better than NDVI; b) with high or relative high vegetation cover, (<50%, LAl =
1) the index performs slightly worse than NDVI but better than SAVI. Steven (1998) [44]
evaluated the OSAVI with a canopy model to observational parameters and concluded
that the index can be used successfully for agricultural monitoring.

2.1.3. Atmospherically Resistant Vegetation Index (ARVI)

ARVI was proposed by Kaufman and Tanre (1992) [45]. The index tries to minimize
atmospheric effects (molecular scattering and ozone absorption) due to the
normalization of the blue, red, and near-infrared reflectance bands. Kaufman and Tanre
(1992) [45] indicated that atmospheric aerosol influences vegetation indices in two ways
[28]:
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 Influence as path radiance: By an additive, effect due to land surface brightness.
« Influence through transmittance: By a multiplicative, effect due to surface
brightness.

The ARVI uses blue band to reduce atmospheric effects in the red band, by using an
experimental aerosol model (y). Kaufman and Tanre (1992) [45] provided guidelines for
aerosol model values selection. g is normally equal to 1 to minimize atmospheric effects.

ARV]= pzle _p:;b (5)
Prya T Py

p:b = p;‘.m - ;‘/'(p;..m - P;M;) (6)

where:
p: = apparent reflectance of band k
¥y = aerosol model

ARVI is similar to NDVI with respect to potentially related biophysical parameters.

2.1.4. Normalized Difference Infrared Index (NDII)

The original Infrared Index (II) was proposed by Hardisky et al. (1983) [46] and was cited
by Hunt and Rock (1989) [22] as Normalized Difference Infrared Index (NDII). NDII
differs from NDVI in that TM band 3 (red spectral region) is replaced by band 5 (mid-
infrared spectral region).

TM band 5 can be related with a leaf water absorption band [4]. Carter (1991) [47]

showed that mid-infrared reflectance increases are related with decreases in plant

moisture.

NDJIT = Prva ~ Prus
Prva T Prus

(7)

NDII is highly correlated with canopy water content [46]. Jensen (2000) [4] highlighted
that NDII is more sensitive to changes in plant biomass and water stress than NDVI in
wetland studies.
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Several studies have shown that these kinds of indices that combines near-infrared with
mid-infrared bands is more appropriate than NDVI for estimating vegetation water
contents (e.g. [6,23,48]).

A similar index to NDII is the Leaf Water Content Index (LWCI) proposed by Hunt et al.
(1987) [21] for leaf Relative Water Content (RWC) estimations. It is based on the
principle that, according to Beer's law, absorbance of infrared radiation by leaf water (A)
is equal to the product of the equivalent water thickness (1), the extinction coefficient (&.),
and the concentration of water (c, , [21] computed it as 55.6 mol/L). The ratio of leaf
absorbance to leaf absorbance at full turgor (A/AFT) is equal to the ratio of equivalent
thickness (I/IFT) because &. and ¢, cancel out. Consequently, A/AFT is equal to the ratio
of water volumes averaged over the leaf area (V/VFT), which is RWC.

LWCI= log[l —(Prara = Pruss )] |
_ log[l —(Orvarr — Pruser )]

(8)

where:
Pru, ., = reflectance of TM band k when leaves area at full turgor

Hunt and Rock (1989) [22] reported that LWCI can measure leaf RWC directly and is
useful to determine when certain plants are water stressed. However, the required
reflectance measurements and two different but known RWC make it impractical for field
applications.

2.1.5. Red/Green ratio

This index was proposed by Gamon and Surfus (1999) [24] to assess anthocyanin
content. The role of this kind of plant pigment is unclear [24]: being both photoprotective
[50] and defensive [51,52]. Gamon and Surfus (1999) [24] suggested the possible role of
anthocianyns: “the complementary patterns of xanthophyll and anthocyanin
pigmentation during early leaf development suggest that anthocianyns provide a critical,
photoprotective role before xanthophylls pigments reach final levels” (not fully developed
photosynthetic competence). The index is formulated as:

R/G = Prus
Pr2 9
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Gamon and Surfus (1999) [24] observed that the Red/Green ratio was strongly related to
anthocyanin pigment content estimated by destructive sampling and spectrophotometric
quantification.

2.2. Distance-based indices

A key concept for distance-based vegetation indices is the soil line. Richardson and
Wiegand (1977) [53] discovered the concept of the sail line. It results from a linear
relationship between the red and near-infrared reflectance values of bare soils:

y=ax+b

(10)

where:

x = reflectance of red band

y = reflectance of near-infrared band
a = slope of the soil line

b = intercept of the soil line

The soil line is dependent on individual soil types. Fox et al., (2004) [54] affirmed that a
global soil line representing all soil types is not possible due to the fact that the line
would be linear in some portions of the entire range as a result of soil condition
variations (soil type, moisture, organic matter content, etc.).

The original index for this group is the Perpendicular Vegetation Index (PVI) proposed
by Richardson and Wiegand (1977) [53]. The derivation of the index requires several
steps (based on Eastman, 2003 [31]):

A. Determination of the soil line equation by bare soil reflectance values for red
(independent variable) vs. infrared (dependent variable) bands.

Pos =P, +b (12)

where:

Pes = an x position on the soil line
Pg_z = the corresponding y coordinate
a = the slope of the sail line

b = the y-intercept of the soil line
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B. Determine the equation of the line that is perpendicular to the soil line, with the form:
pp4 = C.pp?) +d (12)

where:
P 4 = red reflectance
P p3 = infrared reflectance
c=-1/a
d= pp4 - C.ppf%
C. Find the intersection of the two lines (i.e., the coordinate ...., ...... ).
cb-da
Pora = (13)
st c—a
b—d
c—da

p°g3 — (14)

D. Find the distance between the intersection and the pixel coordinate using
Pythagoras’ Theorem.

PVI = (\/(ng.«. T Pga )2 + (ng_; T Pegs )2 (15)

Selected distance-based indices are:

2.2.1. Soil Adjusted Vegetation Index (SAVI)

SAVI results from a modification of NDVI by the addition of a soil adjustment factor (L)
[42,43]. L value varies as a function of soil characteristics. The index is formulated as:

SAVT = (Prara — Prus) (1+1) (16)
(Prva + Prags + L)

where:
L = soil adjustment factor
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Originally, a graphical method was used for L value extraction. If L = 0, SAVI = NDVI,
and if L = 100, SAVI = PVI. Huete (1988) [42] suggested an L value of 1 for areas with
low vegetation, L value of 0.5 for intermediate areas, and L value of 0.25 for densely
vegetated areas. SAVI is similar to NDVI with respect to potentially related biophysical
parameters.

Qi et al. (1994) [52] developed the MSAVI (Maodified Soil Adjusted Vegetation Index) with
the inclusion of a new L adjustment factor that considers the soil line, the NDVI and the
WDVI (Weighted Difference Vegetation Index) [55, 56]. The new L factor is formulated
as:

L=1-2-a-NDVIWDVI
(17)
where:

WDVI = Priia — A Prizs
(e

a = slope of the soil line (for L and WDVI)

They proposed two formulations to the MSAVI, the first is identical to the original SAVI
but with the new L soil adjustement factor, and the last one is as follows:

2:Prags +1- \/(2'10?:144 =+ 1)2 — 8 (Prasa — Prass) (19)
2

MSAVI =

2.2.2. Transformed Soil Adjusted Vegetation Index (TSAVI)

Baret et al. (1989) [57] argued that SAVI was only valuable if the soil line constants are
a=1 and b=0. They developed the first modification of SAVI, the TSAVI1, which is
formulated as:

a-((Orarq — @) (Prp3 — b)) (20)

ISAVI, =
1 Prys + A Prygs — ab

where:
a = slope of the soil line
b = intercept of the soil line
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TSAVI1 tries to combine the potentials of SAVI and PVI. The problem of TSAVI1 is that
the index does not give good results in areas of heavy vegetation, because it is
designed for semiarid areas. Baret et al. (1991) [57] proposed a modification of the first
TSAVI. The TSAVI2 included a correction factor of 0.08 to minimize soil brightness
background effects.

a-(Pryrs =@ Pryz — b)) (21)

TSAVI, =- —
Prps T A Pp —ab+0.081+a”)

where:
a = slope of the soil line
b = intercept of the sail line

2.2.3. Generadlized Soil-Adjusted Vegetation Index (GESAVI)

Gilabert et al. (2002) [58] used the concept of vegetation isolines for the development of
the Generalized Soil-Adjusted Vegetation Index (GESAVI), an index that belongs to the
SAVI family. The index is based on the angular distance between the soil line and the
vegetation isolines. They assume that vegetation isolines are linear but not parallel to
the soil line, and the soil line is intercepted by the vegetation isolines at a cross point
with a given red reflectance equal to:

cross

_b-b (22)

a'—a

where:

a = slope of the soil line

a’ = slope of the vegetation isoline

b = intercept of the soil line

b’ = intercept of the vegetation isoline

They also provided a geometrical interpretation of the index. The index is formulated as:

GESAVT = Prs — TP —b (23)
Pz +Z
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where:

2.2.4. Soil and Atmospherically Resistant Vegetation Index (SARVI)

SARVI results from the integration of the soil adjustment factor (L) of SAVI with the

normalization of the blue, red, and near-infrared reflectance bands of ARVI [59]. The
index is formulated as:

SARVI = p;:w, - p:b (24)
Prya+Pp +L

p:b . p;_m - }/'(p;m _P;_ws) (25)

where:

p; = apparent reflectance of band k
L = soil adjustment factor

= aerosol model
¥

Huete and Liu (1994) [59] also proposed the MSARVI, a modification of SARVI.

sy = i 1= 12 'p;‘”“; 1f —7{pius - p3) (26)
Prs = Prus =7 Pt — Pras) (27)
where:

p, = apparent reflectance of band k
L = soil adjustment factor

= aerosol model
4

Huete and Liu (1994) [59] provided a sensitivity analysis of SAVI, ARVI, SARVI, and
MSARVI with respect to NDVI. Jensen (2000) [4] reports several cases:
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Case 1. Only soil noise (total atmospheric correction): SAVI and MSARVI are the best
indices, and NDVI and ARVI are the worst.

Case 2. Partial atmospheric correction (Rayleigh and ozone components removed):
SARVI and MSARVI are the best indices, and NDVI and ARVI are the worst.

Case 3. No atmospheric correction: SARVI are the best index, and NDVI and ARVI are
the worst.

2.2.5. Enhanced Vegetation Index (EVI)

The EVI was developed by Huete and Justice (1999) [28] based on the MODIS sensor
as an index with “improved sensitivity into high biomass regions and improved
vegetation monitoring through a de-coupling of the canopy background signal and a
reduction in atmosphere influences”. EVI is formulated as:

* *
Pras — P

EVI =—, — o
Prvs +Cr o —Cyppy + L

~1+1L) (28)

where:

p; = apparent reflectance of band k

L = soil adjustment factor

C1, C2 = use of the blue band in correction of the red band for atmospheric aerosol
scattering

EVI has been formulated for global vegetation studies and for the improvement in the

extraction of canopy biophysical parameters. EVI application to global MODIS data is
accessible as part of the NASA-Earth Observing System (EOS) program.

2.3. Orthogonal transformations
The derivation of orthogonal transformation indices is complicated. Principal Component

Analysis can be considered as a reference point for orthogonal transformation indices.
Selected indices are:
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2.3.1. Tasseled Cap transformation

Kauth and Thomas (1976) [60] derived an orthogonal transformation with four
components from original Landsat MSS data. They used an imagery repository of an
agricultural area, and tried to make a synthesis of crops spectral variation axes. They
obtained a 3-D figure, the ‘Tasseled Cap’. The four components that Kauth and Thomas
calculated, are soil brightness (B), vegetation greenness (G), yellow stuff (Y), and non-
such (N):

B=0332-p,.,+0603p, ., +0675p,..,+0262p_ ., (29)
G=-0283p_ _, -066p_ . +0577p_ .. +0388p (30)
Y =-0899-p,., +0428p, . ., +0.076p,.,—0.041p, . (31)
N=-0.016p,, +0.131-p,,,.., —0.452-p,. - +0.882:p,.., (32)

Crist (1985) [61] derived computed Tasseled Cap components for TM data. He derived
three components, brightness (B), greenness (G), and wetness (W).

B=0.0243p,,, +0.4158p,,,, +0.5524 p,,s +0.5741p,,,, +0.3124:p,,,c —0.2303p,,, (33)
G =-0.1603p,,, —0.2819.p,,,, —0.4939p,,. +0.794p,, . —0.0002p,, . — 0.1446p,, . (34)
W =0.0315p,,, +02021p,,, +0.3102p,,, +0.1594p, . —0.6806p,,« —0.6109p,, . (35)

TM brightness component is related with total reflectivity of the scene, the greenness
component can be related with the concept of NDVI, and the wetness component is
related with plant moisture [4,6]. A great amount of research work has been focused on
the Tasseled Cap transformation concept [62-65]. For the computation of Tasseled Cap
coefficients to local condition and for various sensors, Jackson (1983) [66] provides
useful guidelines.

2.3.2. Integral

The basis of this index relies on the absorption effect of water on visible and SWIR
bands. The index has been developed in the framework of forest fires research [6].
Integral is computed as:

Integal =0.07 p;,,, +0.08 04, +0.06: 0, . +0.2-0,,. +0.27py, - (36)
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Integral is negatively related with Fuel Moisture Content (FMC). Chuvieco et al. (2002)
[6] do not consider the near-infrared band to avoid indirect effects (LAI, grass curing) on
FMC estimation.

2.4. Continuum Removal and Band Depth

Clark and Roush (1984) [67] established the bases of the Continuum Removal concept.
This technique can be considered as the core of Imaging Spectroscopy.

« Continuum: is the ‘background absorption’ onto which other absorption features are
superimposed.
« Individual features: attributed to individual components.

The depth of absorption can be related to the abundance of the absorber and the grain
of the material [68]. By searching specific absorption features for individual components
(e.g. Hx0O, Fe;S, lignin), and calibrating data with other analytical methods (e.g. X-ray
chromatography, HPLC), an accurate quantitative estimation of components can be
done.

Clark et al. (2003) [69] indicated that the apparent depth of an absorption feature (D)
relative to the surrounding continuum in a reflectance or emittance spectrum [67] is:

R
D=1-->% (37)
R,
where:
Rb = reflectance of the absorption-band centre (minimum of the continuum-removed
feature)

Rc = reflectance value of the continuum at the wavelength of the band centre

Adapted from Kokaly and Clark (1999) [29], Van Niel (2003) [70] provided equations for
continuum-removed band depth analysis of vegetation moisture. They used a very
simplified version of band depth analysis with only tree bands, TM4 and TM7 as
respectively left and right extremes of the continuum, and TM5 as the absorption-band
centre. As previously mentioned, TM band 5 can be related with a leaf water absorption
band [4]. TM adapted continuum-removed band depth analysis equations are as follow:
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(38)
Dpys =1-R
R'= Prus (39)
(pmu =)+ (p;r:-m )
= j‘ﬂﬁ Arus ~ 0.59359 (40)
j’r_u? TM4

3. Test site example: imagery and pre-processing

The selected test site is located in the southeast coast of Spain, in Alicante (figure 1).
With a Mediterranean climate (hot summers and warm winters), and a semiarid rainfall
regimen (mean annual rainfall lower than 300 mm), this test site is composed by a set of
coastal wetlands surrounded by salt flats, agricultural and urban areas. These wetlands
are included in the list of Ramsar sites and protected as Natural Parks (Salinas de Santa
Pola and El Hondo in Crevillente-Elche). A key factor that characterizes these wetlands
and their biodiversity is the electrical conductivity of the water bodies, ranging from 2.5
mS/cm, 10 mS/cm for salty waters to more than 220 mS/cm for hypersaline waters (in
salt flats). Water inputs of these ecosystems are in the form of in situ rainfall, natural
river basin runoff, agricultural channels, and seawater channels (for salt flats).

Alicante province

Test area

Figure 1. Test area (Ramsar wetland site) located in south-eastern coast of Spain, in Alicante
province.
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A LANDSAT 5 Thematic Mapper scene (path 199, row 33, WRS-2) acquired on
14/08/2005 (10:31:49 a.m.) by ESA (European Space Agency) ground receiving station
in Matera (Italy) was used for the analysis. TM bands 2, 3, and 4 covering the study site
are shown in figure 2.

An image to map geometric correction using the bilinear function and nearest neighbour
resampling method was performed [6,71] using high precision vectorial cartography
obtained by digitalisation of aerial orthophotographies at 1 m spatial resolution. The
RMS error of the geometrically corrected TM scene was less than half a pixel (13.84 m).

SZadrDBNE

1%

g

Figure 2. LANDSAT-TM bands 2, 3, and 4 (from top to bottom) shown as greyscale images of
the test area. The image was acquired on 08/14/2005 for path 199, row 33 (WRS-2) by Landsat-
5.
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Radiometric calibration of optical bands was carried out according to the guidelines
reported by Chander and Markham (2003) [72] for the calculation of exoatmospheric
reflectance. They defined two necessary steps. The first one is the conversion of
calibrated digital numbers (Qcal) to at-sensor spectral radiance (LA):

LMAX , — LMIN ,
L, = z 2410, +LMIN, (41)
h Qs'r:fllm.\: ‘
where:

LA = spectral radiance at the sensor’s aperture (W/m2-sr-pym)

Qcal = quantized calibrated pixel value in DNs

Qcal max = maximum quantized calibrated pixel value (DN=255) corresponding to
LMAXA

LMINA = spectral radiance as scaled to Qcal min in W/(m2-sr-um)

LMAXA = spectral radiance as scaled to Qcal max in W/(m?2-sr-jm)

LMAX4 and LMINA values are provided by Chander and Markham [72]. The second step
is the conversion from at-sensor radiance (LA) to exoatmospheric reflectance (pP):

_ mLd’
ESUN , -cosf,

Pp (42)

where:
pP = planetary or apparent reflectance
LA = spectral radiance at the sensor’s aperture (W/m2-sr-um)
d = Earth-Sun distance (A.U.)
ESUNJ = mean solar exoatmospheric irradiances
0S = solar zenith angle (degrees)

Chander and Markham [72] also list the ESUNLA and d values.

Because haze is the most important atmospheric attenuation element [73], a simple dark
object subtraction by minimum value of histogram [71] was done in order to obtain an
approximation of ground reflectance. Previous studies in Spain have used this
atmospheric correction successfully (e.g. [6,74,75]).
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In order to improve the visual interpretation of the results and the statistical analysis, a
water body mask was built. A normalized ratio of TM bands 1 and 5 reflectance data
was calculated based on the singularity of spectral characteristics of water bodies, which
show higher reflectance values in the blue spectral region and lower reflectance values
in the SWIR spectral region. This ratio was designed as the Normalized Water Bodies
Surface Index (NWBSI) and the following formulation is proposed for TM bands based
on the spectral characteristics of the water bodies:

NWRBSI = Pnn — Prus (43)
Pnn t Prus

The selection of TM band 5 as the band representing the SWIR spectral region is due to
the occurrence of very intense water band absorption in soils and vegetation with very
high moisture contents (typical in wetland ecosystems) in TM band 7 [76] which may
generate some confusion. The thresholds selected for the discrimination of water bodies
are: NDWSI > 0 for water bodies; NDWSI < 0 for non-water bodies.

For distance-based indices, slope line calculation was done by extracting reflectance
data at known bare soil areas. 1,013 pixels were used for the slope line regression
analysis (figure 3). Slope coefficient (a = 1.0657) and interception coefficient (b =
0.1059) were calculated. A correlation coefficient (r2) of 0.915 was then obtained.

1.00
SOIL LINE
y = 1.0857x + 0.1059 y
R*=0915 P
0.80 - o
=
£ 0.60 +
8
c
5
o
=
= 0.40
0.20
0.00 T T T :
0.00 0.20 0.40 0.60 0.80 1.00
Reflectance TM3

Figure 3. Linear regression analysis for estimating the soil line using reflectance values of TM
bands 3 and 4 (1,013 pixels were used for the regression analysis).
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The high variability within the soils (in relation to moisture, organic matter content,
salinity, etc.) required the sampling of a great number of pixels to capture the different
soil variations. A smaller number of pixel sampling may provide a higher correlation
coefficient value but will not capture accurately the soil variations found in the study
area.

4. Experiment: statistical procedure

The computed vegetation indices are presented in Table 1 as classified by the
mathematical conceptualization. All the indices were analyzed and tested to determine
their potentially redundant information content. Several descriptive values and statistics
were computed for all reviewed indices (Table 2).

Table 2. Descriptive values obtained by the application of the indices to the test area.

Vegetation index Mean Min. Max. Std. dev. Error

ARVI 0.095 -0.600 0.773 0.131 3.286E-04
B-DTM5 0.280 -0.154 0.734 0.058 1.0455E-04
EVI 0.207 -0.111 0.793 0.088 2.207E-04
Greenness 0.089 -0.163 0.556 0.080 2.007E-04
Integral 0.237 0.000 0.45 0.075 1.881E-04
MSARVI 0.009 -0.055 0.07 0.013 3.261E-04
MSI 0.656 0.000 2.000 0.122 3.060E-04
NDII 0.214 -0.333 0.773 0.093 2.333E-04
NDVI 0.282 -0.471 0.844 0.128 3.211E-04
RIG ratio 1.025 0.000 1.458 0.088 2.20VE-04
SARVI 0.058 -0.252 0.502 0.080 2.007E-04
sAvI 0.251 -0.185 0.802 0.103 2.584E-04
TSAVI2 0.111 -0.964 0.675 0.114 2.860E-04
Wetness -0.256 -0.705 0.071 0.094 2.358E-04
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For the analysis, 158,938 pixels were used within the study area (and outside the water
mask). Mean value, minimum and maximum values, standard deviation, and error (as
standard deviation divided by the square root of the number of pixels) were determined
for each vegetation index.

For testing the redundant information, a pixel by pixel linear regression analysis was
performed on all indices (each index was compared individually against all other indices)
in order to evaluate their respective degree of correlation. Slope (a) and correlation
coefficient (r?) parameters of the linear regression analysis were used for testing the
redundant information. Slope coefficient indicates the type of relation between two
indices. This relation can be direct if the slope coefficient is positive, or it can be indirect
if the slope coefficient is negative.

Correlation coefficient (r2) provides a method to assess the degree of similarity between
a pair of variables. A high correlation coefficient value indicates a great degree of
similarity between both independent and dependent variables. Correlation coefficients
(r?) vary between 0 and 1. As the correlation coefficient nears to 1, the larger is the
similarity between the variables.

Slope (a) and correlation coefficient (r2) parameters can provide a method of comparison
among vegetation indices. Differences in atmospheric effects, vegetation patterns, and
other local characteristics can be ignored, because we assume that they have the same
effect on all indices. With this assumption, we can estimate if there are potentially
redundant information in the selected indices. Linear regression analysis was done for
those indices that provide the same kind of vegetation biophysical information. The two
groups are: greenness/biomass indices (ARVI, EVI, Greenness, MSARVI, NDVI, SARVI,
SAVI, TSAVI2), and vegetation moisture indices (B-DTM5, Integral, MSI, NDII,
Wetness). Other third group can be differentiated based on specific vegetation pigment
contents. Within this last group, only Red/Green ratio was included.

5. Results of the experiment

Table 2 provides descriptive values and statistics as obtained from the application of the
indices in the test area. Greenness/biomass indices mean values are comprised within
the range of 0.009 for MSARVI to 0.282 for NDVI. Vegetation moisture indices mean
values are comprised within the range of -0.256 for Wetness to 0.656 for MSI. Error
values are low and homogeneous between indices. The lower error value corresponds
to MSARVI with an order of magnitude lower than the other indices.
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Tables 3 and 4 provide slope (a) and correlation coefficient (r?) values of
greenness/biomass indices for the redundant information test. Slope coefficients are
presented in table 3 where independent variables are ordered by columns and
dependent variables are ordered by rows. In all cases, slope coefficient values are
positive, showing that all greenness/biomass indices have a direct relationship.

Table 3. Slope coefficients (a) of linear regression analysis for greenness/biomass indices.

Slope coefficients of regression lines (a)
ARVI 1.44 1.50 10.04 | 1.01 1.63 1.22 1.09
EVI 0.64 1.05 6.63 0.64 1.08 0.83 0.76
= Greenness 0.56 0.87 5.86 0.58 0.94 0.76 0.67
v
% MSARVI 0.10 0.14 0.15 0.10 0.16 0.12 0.1
m
E NDVI 0.96 1.37 1.50 9.65 1.57 1.20 1.07
=
é SARVI 0.60 0.89 0.94 6.17 0.61 0.75 0.67
c
2 SAVI 0.76 1.16 1.26 7.81 0.78 1.26 0.90
5
o
TSAVI2 0.81 1.25 1.33 8.23 0.83 1.34 1.07
g -
£ | 2 < S
S - - < > = s =
g |2 [& |5 [2 [& |& |¢
Independent variables (x)

The correlation coefficients for greenness/biomass indices are shown in table 4. In
general, a high degree of correlation between all selected greenness/biomass indices
was found as the number of high correlation coefficients shows (for r2 > 0.9). As an
example, SAVI is highly correlated with all other selected greenness/biomass indices.
EVI is also highly correlated with all other selected greenness/biomass indices except
for NDVI. On the contrary, Greenness and TSAVI2 are only highly correlated with EVI
and SAVI. ARVI, MSARVI, NDVI and SARVI are highly correlated with 4 or 5 indices.
SAVI is the highest correlated index for selected greenness/biomass indices.
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Table 4. Correlation coefficients (r3) of linear regression analysis for greenness/biomass indices.

Correlation coefficients (1)
EVI 0.919
Greenness 0.835 0.914
MSARVI 0.971 0.949 0.891
NDVI 0.969 0.877 0.871 0.941
SARVI 0.987 0.957 0.883 0.992 0.952
SAVI 0.925 0.967 0.957 0.947 0.941 0.951
TSAVI2 0.879 0.944 0.895 0.884 0.883 0.893 0.967
= = § 2 S > =
E = w 3 2 E: 2

Tables 5 and 6 provide slope (a) and correlation coefficient (r2) values of vegetation
moisture indices. Slope coefficients are presented in table 5 where independent
variables are ordered by columns and dependent variables are ordered by rows.

Table 5. Slope coefficients (a) of linear regression analysis for vegetation moisture indices.

Slope coefficients of regression lines (&)

3 B-Drms -0.15 -0.35 0.46 0.25
%, Integral -0.27 0.40 -0.53 -0.71
“'E MSI -1.54 0.97 -1.29 -1.02
E NDII 1.21 -0.76 -0.77 0.79
:J:j- Wetness 0.66 -1.06 -0.63 0.82
a

g ) _ g

2 - 2 - 2

Independent variables (x)

Selected vegetation moisture indices show direct or inverse relations as a function of the
cross-pair of indices. Therefore, their relation is not as clear as greenness/biomass
indices.
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As an example, MSI shows a direct relation with Integral, and an inverse relation with B-
DTMS5, NDII, and Wetness. In other case, B-DTM5 shows a direct relation with NDIlI and
Wetness, and an inverse relation with Integral and MSI.

Table 6 shows that highly correlated indices (for r2 = 0.9) are not frequent within selected

vegetation moisture indices. Only MSI and NDII show a high correlation (r2 = 0.988)
between them.

Table 6. Correlation coefficients (r?) of linear regression analysis for vegetation moisture indices

Correlation coefficients ()
Integral 0.039
MSI 0.544 0.384
NDII 0.563 0.402 0.988
Wetness 0.161 0.755 0.645 0.648
g 2 2 5
& £ = =

6. Conclusions

The great pool of existing vegetation indices provides important tools for vegetation
monitoring and analysis. These indices have the potential to be applied as a common
tool for agricultural and natural resources management studies. The indices of
greenness/biomass, vegetation moisture, and vegetation pigments content were
reviewed and formulated so that they can be easily computed with reflective values of
LANDSAT Thematic Mapper (TM) data.

Additionally, a simple method for redundant information testing has been used in order
to discriminate similar information contained in these indices. Linear regression analysis
has the potential for providing an ubiquitous test, since similar scene conditions are
assumed for all computed indices. Detection of direct or inverse relations and the degree
of correlation or similarity between indices can be successfully determined.
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Although these indices can be grouped according to the purpose for which they were
designed and the correlated between them, assuming that they lead to the same
biophysical parameter information, several differences have been observed, especially
in the magnitude of the values calculated from the reflectance of the bands used. For the
area used in this experiment, SAVI appears to be the most appropriate index for
greenness/biomass determination although no specific index appears to be the most
appropriate in the case of vegetation moisture estimation.
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Abstract

Water scarcity is a widespread problem in arid and semi-arid regions such as the
western Mediterranean coastal areas. The irregularity of the precipitation generates
frequent droughts that exacerbate the conflicts among agriculture, water supply and
water demands for ecosystems maintenance. Besides, global climate models predict
that climate change will cause Mediterranean arid and semi-arid regions to shift towards
lower rainfall scenarios that may exacerbate water conflicts. The purpose of this study is
to find a feasible methodology to assess current and monitor future water demands in
order to better allocate limited water resources. The interdependency between a
vegetation index (NDVI), land surface temperature (LST), precipitation (current and
future), and surface water resources availability in two watersheds in southeastern Spain
with serious di culties in meeting water demands was investigated. MODIS (Moderate
Resolution Imaging Spectroradiometer) NDVI and LST products (as proxy of drought),
precipitation maps (generated from climate station records) and reservoir storage
gauging information were used to compute times series anomalies from 2001 to 2014
and generate regression images and spatial regression models. The temporal
relationship between reservoir storage and time series of satellite images allowed the
detection of di erent and contrasting water management practices in the two
watersheds. In addition, a comparison of current precipitation rates and future
precipitation conditions obtained from global climate models suggests high precipitation
reductions, especially in areas that have the potential to contribute significantly to
groundwater storage and surface runo , and are thus critical to reservoir storage.
Finally, spatial regression models minimized spatial autocorrelation e ects, and their
results suggested the great potential of our methodology combining NDVI and LST time
series to predict future scenarios of water scarcity.

Keywords

Vegetation index; precipitation; LST; water supply; semiarid;, Mediterranean;
spatial regression

127



Aplicacion de teledeteccion y gestion integrada del agua en zonas semidridas

1.Introduction

Spain is among the countries at higher risk of climate change [1,2] due to its
geographical location, the complex topography and the high population density,
especially in coastal regions [3]. The risk of water resources overexploitation is evident
and requires the development of integrated and sustainable strategies in order to
maintain socioeconomic activities [4] and preserve natural resources and ecosystems

[5].

In this sense, remote sensing has demonstrated its enormous capabilities to retrieve
information and to assess, monitor and predict environmental processes and functions
[6,7]. Geospatial research programs that combine multiple platforms and sensors have
allowed for the collection of an exceptional body of knowledge of the evolution of the
Earth in recent decades. Projects such as the Earth Observing System (EOS) from the
United States National Aeronautics and Space Administration (NASA) or the Copernicus
Earth Observation Program from the European Space Agency (ESA) are outstanding
platforms of knowledge generation for sustainable natural resources planning and
control.

The semiarid Mediterranean climate greatly influences seasonal water availability for
human use. The growing demand for food due to the increase in the world’s population
has meant a great change in the agricultural sector with an increasing demand for water
resources [8] to enable the intensification of agricultural activities to meet those needs.
Irrigation systems promote the development of crops and thus increase water demands
in areas where water is scarce by default [9] at the expense of losing natural
ecosystems.

In addition, tourism contributes to the increase in water demands, which has a great
impact on the Mediterranean coast of SE Spain. For example, in the present study area,
during the summer (and water shortage period), a city like Benidorm can double or more
the number of inhabitants [10]. In this sense, dams and reservoirs have an important
role in securing water for domestic use and irrigation in periods of scarcity and high
demand [3,11].

General Circulation Models (GCMs) are used to make future climate projections and
simulate the response of the global system to di erent scenarios of increasing
greenhouse gases concentrations. There are many GCMs that o er di erent results
depending on the model used and the chosen emission scenario [12]. In southern
Europe, the Intergovernmental Panel for Climate Change (IPCC) models for the end of
the 21st century [8] predicts a temperature increase and an even more intense decrease
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in precipitation rates. These scenarios of higher water scarcity will mean more intense
summer droughts and longer periods of inter-annual droughts. They will promote a
decrease of soil water content, as well as aquifers recharge. Future lower precipitations
would result in increased pressure on water resources by di erent sectors, which would
worsen the problem of water demands in areas already dealing with this issue [9]. Under
these conditions of demographic changes and uncertain global climate change
scenarios, in which the availability of water is threatened, the e cient management of
water resources in semi-arid zones should focus on a sustainable economic, social and
environmental use that guarantees the supply for all uses in an equitable manner
[13,14].

The e fect of climate change on Mediterranean arid and semi-arid regions will most
likely be a shift towards lower rainfall scenarios that accelerate the desertification
process [15]. Under these conditions in which precipitation decreases and the
temperature increases, semi-arid zones can face large water losses due to high
evapotranspiration and aggravate scarcity [16]. Remote-sensing products such as NDVI
and LST have proven to be valuable proxies for monitoring vegetation dynamics [17],
land surface moisture conditions [18], yield estimates [19], soil evaporation rates [20],
and drought vulnerability [21]. In the context of generating early alert systems, various
spectral indexes have been developed for monitoring droughts, such as the Vegetation
Temperature Condition Index-VTCI [22,23], the Vegetation SupplyWater Index-VSWI
[24] or the Soil Moisture Agricultural Drought Index-SMADI [25] among others.

The relationship between LST and NDVI has been generally described as having a
negative correlation (e.g., Refs. [21,26]) with steeper slopes for dryer conditions [25].
However, the relationship between LST and NDVI may exhibit notable spatial [27] and
temporal [26] alterations, and new research is needed in order to assess the sensitivity
and resilience of ecosystems to climate variability [28]. In order to examine and
understand the response patterns of vegetation indices to current climate variability
(from 2001 to 2014) and water demands in the study area, the following questions are
explored in this work: (1) Does a significant correlation exist between NDVI, LST and
precipitation time series anomalies? (2) Similarly, does a significant correlation exist
between NDVI, LST and water reservoir storage anomalies? (3) Can remotely sensed
time series data (NDVI, LST) be used together with water reservoir storage changes to
spatially and temporally assess current water demands and predict future water needs?
The objective of our research is the development of a feasible methodology to assess
current and monitor future water demands with remote sensing in order to better allocate
limited water resources and alleviate water conflicts. In this sense, this work presents an
approach to evaluate the spatial-temporal relationships among remotely-sensed
vegetation spectral indices (specifically NDVI) and land surface temperature (LST)
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vegetation time series, in relation to precipitation (current rates and future predictions)
and available water resources (i.e., volume of water stored in reservoirs) over two
medium-small-sized western Mediterranean watersheds. Both Mediterranean
watersheds were selected because they constitute a conjunctive water resources
management system and their climatic variability, limited availability of water resources,
and vast demands for anthropic activities during dry periods generate socio-economic
and environmental water use conflicts. The paper is organized in the following manner:

« Time series of MODIS data (i.e., NDVI and LST) were compiled and used to
compute their time series anomalies for temporal change detection. Current
precipitation and reservoir storage time series anomalies were also computed.

« The correlation among time series anomalies was statistically assessed.
Additionally, correlation images between reservoir storage and the spatial variables
(NDVI, LST and current precipitation) were computed. The use of a land cover map,
along with bibliographic references and the knowledge of the study area allowed the
identification of areas and land uses that may influence the availability of water
resources.

« Finally, spatial regression analysis was used to evaluate the potential of NDVI and
LST time series as predictors of future precipitation changes by taking into account
the spatial autocorrelation of the variables.

2. Materials and Methods

The study area lies in the Comarca of Marina Baja in northern Alicante Province (SE
Spain). It is located around 38 360 N and O 100 W. This region is part of the Subbaetic
Range [29]. It is characterized by its very steep orography, including beaches and coves
surrounded by large cli s and rugged mountains (Figure 1).

The Marina Baja encloses densely populated coastal urban areas and tourist resorts
(e.g., Benidorm). The main agricultural activities comprise irrigated fruit trees (loquat and
citrus) in areas of low to moderate elevation and slope, and rainfed crops such as olive
and almond trees [30]. Antique cultivation terraces are still being used. Natural
Mediterranean vegetation includes pine forests (Pinus sp.) and xerophytic shrubs (e.qg.,
Rosmarinum o cinalis, Thymus sp., etc.). The area is prone to natural or man-induced
summer wildfires, which greatly impact the natural vegetation landscape, wildlife and
human activities. Based on theWorld Reference Base for Soil Resources [31], the
dominant soil types are Calcisols in the lowlands and Leptosols at the mountain slopes
[32].
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This study focuses on two main watersheds of the Comarca of Marina Baja, namely
Algar-Guadalest and Amadorio (Figure 1). Both basins are similar in size and orography,
each one contains a reservoir, and their slightly di erent topographic orientation induces
climatic variations. They are separated by a line of summits of more than 1400 m of
elevation (Aitana is the highest peak with 1557 m a.s.l.) that are at a distance of less
than 10 km from the coastline. The Algar-Guadalest watershed covers an area of 215
km2 and its dominant orientation is NW-SE. The mean elevation is 555 m a.s.l. (meters
above sea level), and the average slope is 19.6 . Two main rivers (Algar and
Guadalest) drain the basin. The Guadalest river sub-basin includes a reservoir with a
total volume of 0.013 kms3. The Amadorio watershed covers an area of 225 km?, and the
dominant orientation is N-S. The mean elevation is 610 m a.s.l. and the average slope is
18.3 . The Amadorio river includes a reservoir with a total volume of 0.016 km3. The
climate is typically Mediterranean with annual average values of mean air temperature
higher than 17 C along the coastline. The orographic characteristics greatly influence
spatio-temporal precipitation patterns. Dominant Koppen-Geiger climate classes are Bsk
(cold steppe) in the lowlands and Csb (temperate with dry or temperate summer) in the
mountains [33].

The Marina Baja is an interesting case of water resources management in semi-arid
areas. It is a region with a high competition for land occupation, evidenced by the
abandonment of traditional agricultural practices in favor of intensive irrigated agriculture
and a massive urban development [34]. This process leads to a progressive increase in
water demands, in a region where the availability of water resources is really scarce. It is
evident that there is a conflict between the uses of water and the need for integrated
water management in the area [35]. The great problem of water management in the
Marina Baja has motivated the development of multidisciplinary studies to optimize the
use of water resources, such as procedures for water exchange contracts instead of
emerging water markets [35] among others.

The Comarca of Marina Baja has a complex system of conjunctive use of diverse water
resources. The Consorcio de Aguas de la Marina Baja is the organism devoted to
manage those water resources (http://www.consorciomarinabaja.org/). The main
components of the system are Guadalest and Amadorio reservoirs that are mainly used
for urban supply.
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Both reservoirs were originally built for irrigation purposes, but the Consorcio de Aguas
de la Marina Baja has promoted agreements with farmers by which these trade their
water with Benidorm and other towns’ treated wastewater of enough quality to be used
for irrigation, and obtain several compensations in return [36]. The availability of natural
water resources (i.e., precipitation, river flow and groundwater) in the watersheds has
been highly irregular over time and still is. However, the system has been able to serve
urban water demands since the 1970s. The continued use of groundwater as input to
the Guadalest reservoir permits a higher regularity in water releases [37].
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Figure 1. Maps describing the study area. (Top) Delineation of the Amadorio and Algar-
Guadalest watersheds. Main rivers and reservoirs are shown. Meteorological stations are
indicated by black dots and stations outside the map boundary by arrows. The background image
is the digital elevation model employed in the analyses. (Bottom) CORINE 2012 land cover map.
Level 2 of the legend schematization is shown.
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2.1. Remote-Sensing images and ancillary geospatial information

Vegetation and LST dynamics were observed with a time series of TERRA-MODIS
images (Moderate Resolution Imaging Spectroradiometer) from 2001 to 2014.
Vegetation status was assessed with a spectral vegetation index, namely the
Normalized Di erences Vegetation Index (NDVI). The NDVI [38] has been extensively
employed as a way to monitor vegetation status by computing seasonal and temporal
profiles of vegetation activity (e.g., seasonal and phenologic activity, length of the
growing season, peak greenness, onset of greenness, and leaf turnover or ‘dry-down’
period), which enable inter-annual comparisons of vegetation status [39]. Furthermore,
LST was retrieved from the thermal bands of the MODIS sensor. LST is an indicator for
evapotranspiration, soil moisture and vegetation water stress [27].

Two types of high processing level MODIS products (Level 3-Land products) were
employed for our analyses: (1) NDVI composite images acquired at 16-day time interval
and 500 m spatial resolution (MOD13A1); and (2) LST composite images acquired at 8-
day time interval with a spatial resolution of 1 km (MOD11A2). All the images were
obtained from the U.S. Geological Survey-Earth Explorer geodatabase (URL:
https://earthexplorer.usgs.gov/). The study area expands across two MODIS tiles.
Therefore, the original images had to be mosaicked pairwise for each date.
Subsequently, MODIS data were transformed from Sinusoidal projection to UTM-
European Terrestrial Reference System 1989 (ETRS89) projection for extracting a
subset of 38 28 km over the study area. The nominal spatial resolution selected for all
the analyses was 1 km. Annual average and standard deviation images were computed.
The number of spurious pixels was very low due to the sunny and clear sky condition of
the study area throughout the year. However, spurious pixel values were replaced with
the average value from the surrounding pixels (3x3 filter).

For the geospatial analyses, several cartographic data sources were employed. A digital
elevation model (DEM) from the National Institute of Geography of Spain (IGN) was
used for watershed analysis. Topographic characteristics of the watershed were
computed utilizing the original resolution of the DEM (25 m). Land cover information was
obtained from the European Union CORINE Land Cover project (URL:
https://land.copernicus.eu). A land cover map from 2012 (Figure 2b) was used to assist
in the interpretation of remote-sensing data results. Furthermore, o cial watershed
boundaries and main river courses were obtained from the Hydrographic Confederation
of the Jdcar River, a national public organism in charge of the planning and control of
the watersheds nearby the Jucar River basin (situated in East Spain). A mask of the
watersheds was developed and employed to extract individual pixel values for further
analyses. ENVI 5 (Harris Geospatial Solutions, Broomfield, CO, USA) and TerrSet
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(Clark Labs,Worcester, MA, USA) software were used for digital image processing and
GIS (Geographical Information System) analyses.

2.2. Climate and reservoirs storage data

Climatic variables were obtained from the 11 meteorological stations from the Ministry of
Agriculture and Fisheries, Food and Environment of Spain (MAPAMA), that area located
within the study area and surroundings (Figure 1). Eight of them are maintained by the
Spanish Meteorological Agency (AEMET) and the others by the Agroclimatic Information
System for Irrigation (SIAR). The meteorological stations are located at di erent
elevations, orientations and distances from the coast, in order to obtain information
about the variability of climatic conditions in the area. Therefore, they can be assumed to
be representative of the present climatic conditions of the study area. For each
meteorological station, daily values of precipitation were compiled and used to develop
annual time series of total precipitation. Precipitation maps were needed to develop
spatial analyses along with the remote-sensing variables. For this reason, we computed
annual precipitation maps for each year from 2001 to 2014. Multiple regression models
were developed for each year in order to predict annual precipitation (dependent
variable) based on geographical variables (elevation and spatial location of the
meteorological stations). Previous studies have revealed the importance of distance to
the coastline and local orography as a trigger mechanism of rain events [40]. Stepwise
method for variable entry and removal was the selected statistical technique. Model
performance was based on higher adjusted R2, lower Akaike Information Criterion (AIC)
[41], and minimum collinearity measured with the variance inflation factor (VIF) [42].
Regression models were built with the R statistical programming language [43]. Model
parameters fitting was used to compute annual precipitation estimation maps based on
geographical position and elevation from a DEM.

Future climate conditions were obtained from the WorldClim repository (URL:
http://www.worldclim.org) [44]. Precipitation projections for 2050 were obtained from the
global climate model developed by Schmidt et al. [45]. We used their climate projections
for four representative concentration pathways (RCPs), namely: RCP2.6, RCP4.5,
RCP6, and RCP8.5 (+2.6, +4.5, +6.0, and +8.5 W/m2, respectively) [46]. Original
geographic coordinates data (0.5 degrees of spatial resolution) were reprojected in order
to match MODIS spatial resolution characteristics.

Water volume of the Amadorio and Guadalest reservoirs are continuously monitored by
Spanish authorities.
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This is a web tool (http://sig.mapama.es/redes-seguimiento/) owned by the Ministry of
Agriculture and Fisheries, Food and Environment (MAPAMA) with information about
river gauges and reservoirs water volume. Average monthly water volume records of
Guadalest and Amadorio reservoirs were used to compute time series of annual
reservoir storage for the period of 2001-2014. Current and future precipitation, along
with the reservoir storage volume date, were employed to investigate the occurrence
and magnitude of drought/wet periods that may hamper the availability of water
resources for natural processes and human activities.

2.3. Statistical methods

Annual time series of selected variables (i.e., average NDVI and LST, mean reservoir
storage and total precipitation) were statistically analyzed in order to better understand
temporal change patterns and their inter-relationships. Understanding the past evolution
of studied variables and their possible cause—e ect relationships is essential to model
their future spatial-temporal patterns and determine the usefulness of our remote-
sensing time series for the improvement of water management. In this sense, time
series anomalies (2001-2014) were computed on an annual basis. The time series
anomaly (z-score) was computed according to the following expression [47,48]:

Z:l‘f—p

9

where xi is the time series value for a given moment i, and 1 and ¢ are respectively the
mean value and the standard deviation value of the time series. When the z-score is
negative, it indicates below normal conditions of the selected variable, and when it is
positive, it indicates above normal conditions. Vegetation index time series anomalies
are a useful method for assessing the degree of wetness or dryness for each time unit in
relation to the average value of the time series [49]. A negative z-score value indicates
below-average vegetation conditions, thereby pointing to prevailing drought; and when it
IS positive, it indicates above-average vegetation conditions [49]. The interpretation of
positive and negative z-score values for LST, precipitation and reservoir storage time
series anomalies follows the same guidelines. Its physical interpretation depends on the
variable. When the z-score is negative, it indicates below-normal temperature,
precipitation or reservoir storage values, and when it is positive, it indicates above-
normal values, thereby pointing to warm/wet seasons or periods [48].
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The spatial-temporal relationships among NDVI, LST, precipitation (current or future),
and reservoir storage volume time series are the core of our investigation (with the aim
of developing fast early detection systems of water supply limitations through remote-
sensing images) and were evaluated with three di erent statistical methods. Firstly, the
Spearman rank-order correlation test was used to compute the correlation among z-
score time series of average NDVI, LST, current precipitation, and total reservoir storage
for both watersheds from 2001 to 2014. Correlation coe cients and significance levels
were computed. This test allowed the identification of similar temporal patterns of
selected variables. Secondly, correlation images were obtained by computing the
correlograms of the annual z-score reservoir storage time series for each reservoir, with
respect to the computed annual z-score of NDVI, LST and current precipitation time
series of the pixels located within the same watershed. Correlogram results were
employed to build correlogram images that express the spatial relationship among
reservoir storage anomalies (point data) with respect to the spatial variables. Finally,
spatial regression models were used to assess the relationship between precipitation
and remote-sensing variables, taking into account the autocorrelation e ects.
OpenGeoDa software [50] was used for this analysis. This software is part of a suite of
GeoDa software tools designed for spatial analysis of geographical information,
including spatial autocorrelation and spatial regression algorithms [51]. Ordinary Least
Squares spatial regression models were computed, employing future precipitation data
as the dependent variable and remotely-sensed variables and topographic parameters
as explanatory variables.

3. Results

3.1. Correlation between NDVI, LST and precipitation

Our first research question was related to the possible existence of significant
correlations between NDVI, LST and precipitation time series anomalies. Before
addressing that question, we explored the temporal-spatial patterns of remote-sensing
variables (i.e., NDVI and LST) and current precipitation maps. The time series of NDVI
images exhibits great spatial and temporal variability. Figure 2a,b shows the average
and standard deviation values of the NDVI between the years 2001 and 2014. Large
areas of the Algar-Guadalest basin report average NDVI values higher than 0.37 and
low standard deviations. In fact, the average NDVI value from 2001 to 2014 for this
watershed was 0.47 with a coe cient of variation lower than 5%. NDVI values higher
than 0.53 are associated with irrigation crops (fruit trees) in mid and low elevations, and
dense forest patches in the most remote areas.
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Conversely, the average NDVI value from 2001 to 2014 for Amadorio watershed was
0.38 with a coe cient of variation higher than 8%. A cluster of high NDVI standard
deviation pixels in the NW of the Amadorio basin was observed. A visual inspection of
recent aerial orthophotos revealed that it is associated with a forest fire.
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Figure 2. Average (a) and standard deviation (b) NDVI images of the study area for the period
2001 to 2014. Average (c) and standard deviation (d) estimated precipitation images (in mm) of
the study area for the period 2001 to 2014. Average (e) and standard deviation (f) LST images
(in Celsius degrees) of the study area for the period 2001 to 2014. The delineation of the
watersheds and the coastline are shown (black lines).
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Precipitation of the study area is largely affected by the elevation and position with
respect to the coastline [40]. For this reason, multiple regression models combining
precipitation data, elevation and spatial location of the meteorological stations were
applied. All statistical models reported adjusted R2 values higher than 0.7, and their
parameters were employed to predict precipitation at unknown locations. Precipitation
maps were produced for each year of the study period.

Figure 2c,d shows the average and standard deviation values of estimated precipitation
between the years 2001 and 2014. The most remarkable observation of the maps is the
high spatial variability over a relatively small area. Average precipitation of the Algar-
Guadalest basin was 632 mm while average precipitation for the Amadorio basin was
523 mm. Low precipitation areas were found at low elevations near the coastline and
southern half of the Amadorio river basin. Larger average precipitation and standard
deviation values were found at the highest points of the drainage divide. These areas
are very steep and often show bare rock outcrops (this explains their low NDVI values in
Figure 2a).

Figure 2 e,f shows the average and standard deviation values of the LST between the
years 2001 and 2014. LST images revealed relevant altitudinal variations of the
temperature. The highest average LST was 25.7 °C and was obtained in the lower
sector for the Amadorio watershed, just a few kilometers from the coastline. The lowest
average temperature was 18.9°C and is associated with the location of the highest
mountain found in the study area, namely the Aitana peak. LST spatial patterns are
clearly affected by the altitudinal gradient (i.e., lower temperatures at higher elevations)
and the influence of the sea (coastline temperatures were slightly lower than
temperatures in some inland areas). Standard deviation was higher at the lower sector
of the more continental Amadorio watershed with respect to the higher areas or the
wettest Algar-Guadalest basin. A cluster of high standard deviation LST values spatially
correlates with the previously mentioned forest fire area. The removal of the vegetation
cover (as detected by the NDVI time series) greatly influenced LST variability.

3.2. Time series anomadlies patterns

Time series of selected variables (i.e., average NDVI and LST, and total precipitation)
were used to compute annual time series anomalies for each pixel in each of the two
watersheds. In addition, reservoir storage time series anomalies were computed too.
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Figure 3 shows the original time series of the three selected variables for Algar-
Guadalest and Amadorio basins as well as their corresponding time-series anomalies (z-
score values).

The general pattern of NDVI time series was the same for both watersheds. NDVI
values of the Algar-Guadalest basin ranged between 0.6 and 1.0 and were higher than
those of the Amadorio basin. The general pattern of both time series was very similar,
with subtle but very informative temporal variations. The time series of NDVI anomalies
reveals positive values between 2007 and 2011, in addition to the year 2013. Beyond
these values, the local maximums of the years 2002 and 2004, which correspond to
slightly humid years, are very revealing.

In this sense, the time series of precipitation is very irregular, with abnormally wet years
closely followed by years of severe droughts (e.g., 2005). As a result of this great
irregularity, the time series of precipitation anomalies exhibits great variations, reflecting
instances of drought and wet years very well. The most distinctive feature is the
concatenation of a period of above-average precipitation (2006 to 2009) followed by a
very severe drought in 2010.

Average LST values were always higher for the southern Amadorio basin but the
temporal temperature pattern was very similar for both watersheds.

A more detailed analysis revealed two different periods. The first one ranged from 2001
to 2007 and is characterized by a great homogeneity and subtle z-score changes. The
second period (2008 to 2014) is dominated by much more extreme LST variations, with
two very acute negative z-score values (for 2008 and 2010) followed by rising
temperatures, reaching a maximum absolute temperature and z-score value in 2014.
After exploring the relationships between remote-sensing variables and current
precipitation time series anomalies (research question #1), we dealt with the second
research question: a possible significant correlation between NDVI, LST and water
reservoir storage anomalies. The general pattern of the reservoir storage time series
shows a gradual increase between 2001 and 2005. From that year on, the time series of
anomalies reveals moderate interannual oscillations, with alternating maximum storage
volumes between the two reservoirs. The final decline of the reservoir storage coincided
with low NDVI and precipitation values, and the highest LST records. All these complex
temporal patterns suggested the necessity for employing some statistical methods to
shed some light and better understand the relationships among them.
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Figure 3. Raw data and z-score time series of average NDVI, average precipitation, LST, and
total reservoir storage for Algar-Guadalest (blue lines) and Amadorio (red lines) watersheds from
2001 to 2014.
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3.3. Spatial-temporal relationships between reservoir storage, vegetation
greenness, LST and precipitation

Once the general patterns of the time series of anomalies were known, the next step
was to analyze the relationships between the different variables. Our last research
question was related to the possibility of employing remotely sensed time series data
(NDVI, LST) together with water reservoir storage changes to spatially and temporally
assess current water demands and predict future water needs. With this objective in
mind, three different types of analyses were performed: (1) Spearman rank correlation
test of z-score time series; (2) correlation images of spatial variables vs. reservoir
storage volume; and (3) spatial regression of future precipitation with respect to remote-
sensing variables.

Firstly, the correlations between z-score time series for both watersheds were calculated
(Table 1). The results obtained for each watershed were quite similar. Highly significant
correlations (p-value < 0.01) among the same variables were obtained. It suggests a
similar behavior of both basins for the studied variables. We also found significant
correlations between different variables. Significant (p-value < 0.05) and highly
significant (p-value < 0.01) correlations between NDVI and reservoir storage time series
anomalies were found. No significant correlations were reported for other variable
combinations. We can observe negative correlation values between LST with respect to
NDVI and reservoir storage. Correlation analysis results reinforced our previous
observation of similar temporal patterns of the time series anomalies for both
watersheds but with some subtle differences (e.g., a magnitude offset between the time
series).

Table 1. Spearman rank correlation test results for z-score time series of NDVI, precipitation,
LST, and reservoir storage for Algar-Guadalest (A-G) and Amadorio (Am.) watersheds.

Variables NDVI Precipitation LST Reservoir Storage
A-G Am. A-G Am. A-G Am. A-G Am.
NDVI A-G 1 0.956 *~ 0.103 0.125 -0.376 -0.473 0.565* 0.824*"
Am. 0.956** 1 0.165 0.196 -0.305 -0.433 0.565 "  0.802 *°
Precipitation A-G 0.103 0.165 1 0.996 ** 0.349 0.288 0.262 0.090
Am. 0.125 0.196 0.996 =~ 1 0.323 0.257 0.310 0.143
LST A-G -0.376 ~-0.305 0.349 0.323 1 0.930 ** -0.403 -0.363
Am. -0.473 -0.433 0.288 0.257 0.930 " 1 =0.370 =0.367
Reservoir A-G 0565° 0.565 * 0.262 0.310 -0.403 -0.870 1 0.843 **
storage Am. 0824° 0.802 "~ 0.080 0.143 -0.363 -0.967 0.843 ** 1

Significance levels: [*] = p < 0.05; [**] = p < 0.01.

Secondly, we developed an image product, called correlation images (Figure 4), that
expresses the spatial relationship among reservoir storage anomalies and the
explanatory spatial variables. They were obtained by computing the pixel-by-pixel
correlation between the z-score values of the NDVI, LST and current precipitation time
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High positive correlation values reflected some kind of synchronization among the time
series, while high negative correlation values suggested a differential behavior among
the reservoir storage and explanatory variables. The NDVI correlation image was quite
complex with high correlation values for a large portion of the Amadorio watershed, and
some clusters of low correlation values at the lower portion of the Algar-Guadalest
watershed and the highest elevations. The LST correlation image showed a large cluster
of pixels with high correlation values in the middle and lower part of the Algar-Guadalest
watershed. On the contrary, a cluster of pixels with negative correlation values was
observed in the warmest sector of the Amadorio river basin. The correlation image for
the current precipitation adopts a clear trend of negative correlations in the sectors with
less precipitation (see Figure 2c), moving to positive correlation values as the
precipitation increases.
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Figure 4. z-score correlation image among reservoir storage vs. (a) NDVI, (b) LST, and (c)
current precipitation time-series anomalies.
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Finally, we used spatial regression methods to evaluate the predictive capability of our
remote-sensing time series (NDVI and LST) with respect to future precipitation
scenarios (Table 2).

Two types of dependent variables were used: (a) original data from Schmidt et al. [45]
for four representative concentration pathways that allow for the prediction of
precipitations in 2050; and (b) the difference between our current precipitation maps
(2001-2014) with respect to the Schmidt et al. [45] dataset. This second type of data
allows for the identification of areas with expected lower/higher precipitation in the
future. Predictive variables were the average values of NDVI and LST (see Figure 2) for
each pixel of the study area and also their corresponding correlation images (see Figure
4). We also included topographic parameters obtained from the DEM (see Figure 1).
Spatial correlograms of predictive variables were used to identify a suitable threshold
distance of 4 km for the weights of the regression. Regression models were interactively
pruned in order to exclude non-significant predictive variables.

Table 2. Spatial regression model results. Model adjustment statistics and the explanatory
variables information are shown.

Precipitation

— 5 .
Predictions Adj. R p-Value Variables Coefficient Std. Error  p-Value

£ RCP26 0.819 <0.001 Constant 1006.885 25.508 <0.001
% Elevation 0.043 0.005 <0.001
o] LST (mean 2001-2014) -22.478 1.016 <0.001
g RCP45 0.829 <0.001 Constant 927.370 23.672 <0.001
= Elevation 0.049 0.005 <0.001
2 LST (mean 2001-2014) -20.206 0.942 <0.001
-'g RCP&0 0.835 <0.001 Constant 898.844 22.895 <0.001
] Elevation 0.051 0.005 <0.001
g LST (mean 2001-2014) -19.607 0.911 <0.001
@ RCP8&5 0.828 <0.001 Constant 937.138 23.380 <0.001
= Elevation 0.045 0.005 <0.001
[ LST (mean 2001-2014) -20.557 0.931 <0.001
RCP26 0.722 <0.001 Constant 70.006 4533 <0.001

Elevation -0.214 0.007 <0.001

& LST correlogram image -42.773 4.093 <0.001
5 NDVI correlogram image 57.910 5.863 <0.001
3= RCP45 0.725 <0.001 Caonstant 47.297 4,610 <0.001
@ Elevation -0.217 0.007 <0.001
2 3 LST correlogram image -44.878 4.162 <0.001
% 2— NDVI correlogram image 62.657 5.961 <0.001
== RCP&0 0.727 <0.001 Constant 33.717 4.637 <0.001
25 Elevation =0.219 0.007 <0.001
rg E LST correlogram image -45,595 4187 <0.001
G = NDVI correlogram image 64.455 5.997 <0.001
cs:i RCP85 0.731 <0.001 Constant 48.234 4.587 <0.001
Elevation -0.220 0.007 <0.001

LST correlogram image -44.471 4.142 <0.001

NDVI correlogram image 62.243 5.932 <0.001
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We obtained adjusted R? values higher than 0.8 for the models predicting future
precipitation scenarios. Predictive significant variables were elevation and LST, with an
inverse relationship between future prediction and LST. With respect to the expected
precipitation change dataset, we also obtained high adjusted R2 values (>0.7) for all the
spatial regression models. Predictive significant variables were elevation, LST
correlation image and also NDVI correlation image. The relationship between future
precipitation changes is positive for the NDVI and negative for LST.

4. Discussion
4.1. Impacts of predicted precipitation scenarios

The precipitation regime of the study area is highly variable both spatially and
temporally. Orography greatly influences precipitation patterns [40] and the presence of
dry areas, such that the conditions may vary within a short distance [15]. Precipitation
also changes from year to year and interannually. Higher precipitation volumes are
usually obtained in autumn in the form of torrential rains. In this sense, high-intensity
precipitation events (>400 mm in 24 h) are feasible in this area, due to the advection of
maritime winds across the Western Mediterranean, driving moist air towards the Alicante
Province coast, and the presence of an upper level isolated low pressure system over
Eastern Iberian Peninsula [40]. This phenomenon is characteristic of the study area and
greatly impacts socio-economic activities and environmental processes. For example,
severe flash foods are recurrent each autumn and could promote dramatic
consequences like the destruction of infrastructures and even human lives. The high
rainfall erosivity induces land degradation process (i.e., soil erosion) by extreme runoff. It
greatly endangers soil resources due to the vulnerability of dominant soil types
(especially Leptosols). Besides, the occurrence of extreme autumn precipitation events
just after the devastation of summer wildfires may increase the risk of soil degradation.

Water resources are quantitatively and qualitatively affected by these kinds of land
degradation processes [52,53]. This is particularly concerning for an area facing severe
problems of managing highly fluctuating seasonal water demands.

Precipitation estimations by global climate prediction models (such as Schmidt et al.
[46], and used in this work) are revealing future scenarios of even worse water scarcity
for many arid and semiarid regions (Figure 5). This is an alarming situation because
many of those areas are densely populated and potentially face a future with less water
resources (intensification of drought periods) and higher water demands (e.g., urban
water supply, agriculture irrigation).
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Fortunately, drought assessment through remote sensing—although a complex research
topic—has been achieving highly successful results obtained by combining the time
series of NDVI and LST [54].

Both remote-sensing variables may be synergistically combined to develop easy-to-
implement empirical indices based on the assumption of a negative correlation between
both variables [55]. However, their correlation may be much more complex than
previously thought and may change from negative to positive as the climatic conditions
change [27].

Further, spatial autocorrelation may alter the conclusion of statistical analyses performed
without the allowance for it [56,57]. This type of correlation has been investigated in the
past but this work differs from previous work by showing/investigating the complexity of
this relationship with respect to changing climatic conditions. For these reasons, this
work is a multistage approach to evaluate the spatial-temporal relationships of NDVI and
LST time series, with respect to precipitation (current and future predictions) and
available water resources (i.e., volume of water stored in reservoirs) time series.

We combined three different data analysis procedures: (1) time series anomalies
analysis to detect general temporal patterns of the variables; (2) image correlation to
detect through remote-sensing areas whose environmental characteristics and land
management could greatly affect available water resources; and (3) spatial regression
analysis to assess the predictive capabilities of NDVI and LST time series to quantify
current and future precipitation.
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Figure 5. Differences between current precipitation and 2050 predicted precipitation under
RCP2.6, RCP4.5, RCP6, and RCP8.5 (maps (a—d ) respectively) climate scenarios. Negative
values indicate a decrease in precipitation whereas positive values reflect an increase.

4.2. Correlation between time series anomalies of NDVI, LST,
precipitation and water reservoir changes

Time series anomalies have been previously employed for vegetation index time series
analysis in relation to climatic variables [58,59] and hydrological parameters [48]. They
provide an intuitive way to identify the intensity and duration of phenological and
vegetation degradation processes, along with extreme climate variations. Correlations
between NDVI and precipitation in the study area were found to be low, especially for
the wetter Algar-Guadalest basin. It seems that vegetation phenology is not coupled with
inter- and intra-annual precipitation patterns. We also reported this weak relationship
between both time series for another study area in the province of Alicante [47].
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Our previous research applied Fourier transform analysis to MODIS vegetation index
and climate variables time series, and the results evidenced that vegetation phenology
was not correlated with climatic variables for the harmonic analysis phase term,
suggesting a delay between climatic variations and vegetation greenness [47]. It may be
due to the semiarid and subhumid biomes’ response to drought at long time scales
caused by the physiological adaptions of Mediterranean vegetation to water stress
periods [60]. Other authors also evidenced this low correlation between NDVI and
rainfall, showing worse correlations in the wetter areas of the province of Alicante
mountains (i.e., NDVI and precipitation correlations are not sufficient to assess and
predict droughts) [61]. With respect to the LST, the correlation between NDVI and LST
always produced negative values, thus indicating a reduction of vegetation greenness
when LST rises. This kind of relation is characteristic of areas prone to droughts where
water is ultimately the limiting factor for vegetation growth [27]. On the other hand,
significant positive correlations among NDVI and surface water resources time series
anomalies were obtained. These correlations suggest that an interannual relationship
between NDVI and reservoir storage variability can be established. The importance of
this observation lies in the fact that multi-temporal remote-sensing observations of
certain environmental parameters could be used to monitor and predict the quantity of
available water resources. The development of the vegetation causing an increase of
NDVI, which showed an apparent contradiction between precipitations versus water
storage, may be closely related to the soil moisture and a delayed response of plants
after a rainfall event. Therefore, the response of vegetation after precipitation is closer to
the process of storing water in reservoirs than the precipitation itself.

The z-score correlation images (Figure 4) were suitable to relate the variability of a point
data time series (i.e., reservoir storage measured in a dam) with remotely-sensed
spatial-temporal time series (like NDVI, LST, evaporation, etc.). The high positive values
of the NDVI correlation image at the lower parts of Amadorio watershed evidence
synchronization between vegetation (forest and seminatural vegetation and rainfed
agriculture) and reservoir storage dynamics. This is reinforced by the results of the LST
correlation image that highlighted a cluster of pixels with negative correlation values in
the warmest sector of the Amadorio river basin. Its natural vegetation phenology and
reservoir storage volume are controlled by LST temporal changes, because when LST
rises (from spring to summer), vegetation greenness and surface water resources
decline. This watershed is less suitable for cropping and water supply [37]. On the
contrary, water resources (surface and groundwater) in the Algar-Guadalest basin are
more intensively controlled by water management. A complex system of water transfer
from the aquifers to the reservoir has been established to maintain steady water supply
[37].
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This water management system manages water demands from agriculture and tourism
economic sectors, along with governmental (urban water supply) and environmental
requirements. This situation greatly influences the magnitude of the correlation between
Guadalest reservoir storage and climatic variables. Thus, remote sensing can play a
critical role in the assessment of water demands. Another study in the province of
Alicante confirmed the great utility of remote-sensing images to detect different water
management practices in irrigated agricultural areas and nearby natural areas [62]. The
information portrait in the land cover map (Figure 1) was compared with the NDVI
correlation image (Figure 4). It reveals that permanent crops (i.e., fruit trees) are located
where a large cluster of pixels with negative correlation is shown. Crops’ productivity
maintenance requires an adequate water supply even in drought years/seasons, thus
explaining the negative correlation. In addition, negative correlations were observed in
two sectors of the Guadalest basin. These areas are quite elevated, with predominantly
very steep and rocky slopes, and with little or no vegetation (CORINE Land Cover
classes 32 and 33). Leptosols over highly permeable calcites are found here. Mean
NDVI values of those pixels were relatively low with respect to surrounding areas (Figure
2) due to the characteristics of these mountainous ecosystems. Both clusters of pixels
are approximately located over the two most important aquifers (i.e., Beniardd and
Algar) of the Marina Baja water supply system whose waters are employed for irrigation
(through springs and irrigation channels), diverted for water supply to other areas or
stored in the Guadalest reservoir. This may explain the weak relationship found between
NDVI and reservoir storage in those aquifer recharge zones.The term low has been
changed

4.3. Assessing water demands and usage with MODIS derived products

Our final analysis was focused on the exploration of possible future scenarios of water
scarcity that may hamper human activities and environmental processes. This
particularly concerns arid/semiarid areas that are the most sensitive ecosystems to
climate impact [63]. Because correlation results between remote-sensing variables and
precipitation time series were weak and inconclusive, we decided to explore the effects
of spatial autocorrelation through spatial analysis techniques. Spatial autocorrelation is a
property of random variables, taking values in pairs of locations at a certain distance
apart that are more similar (positive autocorrelation) or less similar (negative
autocorrelation) than expected for randomly associated pairs of observations [56]. We
used spatial regression models because they are developed to deal with the fact that
observations over geographical space are likely to be correlated with one another [64],
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and spatial regression models can effectively resolve problems with correlated
geographic data [65,66]. Our previous research in a nearby study area evidenced the
importance of considering spatial autocorrelation effects by combining remote sensing
and ancillary information [67]. [67]. In this sense, our spatial regression results (Table 2)
suggest that LST and NDVI time series can be utilized as proxies to predict future
scenarios of precipitation in an effort to improve land management practices. Positive
trends of NDVI time series in semiarid regions could be associated with less dramatic
precipitation changes, whereas an increase of LST values may negatively impact the
water cycle in this kind of Mediterranean watershed.

Future carbon sequestration will also be at risk predominantly in southern Europe [68].
Especially lower precipitation is expected in the more elevated areas of the watersheds
that are extremely important for groundwater recharge and the efficient functioning of the
entire water supply system. Therefore, it is recommended that the knowledge gained
through remote sensing in this work (the spatial-temporal influence of NDVI and LST
time series on available water resources) be used to promote an alert system that allows
integrating water and land management. Future scenarios of climate change will pose a
challenge for the maintenance of our socio-economic activities and the conservation of
ecosystems. In this sense, the best source of information available is most likely remote
sensing, given that it is capable of providing information about land, atmosphere and
water, in their spatial and temporal dimensions. Additionally, in the context of the study
area, spatial autocorrelation effects seem to be highly relevant and have to be
considered to properly extract information from the remote-sensing data sources.

5. Conclusions

This study assessed the interdependency between vegetation spectral indices (NDVI),
LST, precipitation (current and future), and surface water resources in a semiarid area
(two watersheds in southeastern Spain with serious difficulties in meeting water
demands). NDVI and LST images were obtained from MODIS and allowed for the
identification of relevant responses to current climate variability (from 2001 to 2014).
Correlations between NDVI and precipitation time series were not very strong, probably
because vegetation phenology is not perfectly coupled with inter- and intra-annual
precipitation patterns (semiarid and subhumid biomes may respond to droughts of long
time scales due to the ability of vegetation to withstand periodic droughts). Additionally,
correlations between NDVI and LST always produced negative values, thus indicating a
reduction of vegetation greenness when LST rises. The relationships among NDVI and
climate variables evidenced the importance of water as a relevant limiting factor for
vegetation growth.
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The temporal correspondence between reservoir storage and remote-sensing time
series was very remarkable, thus suggesting a great potential of NDVI and LST to
improve the monitoring and management of water resources in the study area. In this
sense, correlation maps allowed for the identification of areas where natural vegetation
phenology and reservoir storage volume is controlled by LST temporal changes
(Amadorio basin). Additionally, negative NDVI correlations were found at different
sectors of the Algar-Guadalest basin. They are associated with areas of irrigated crops
with high water demands and forest and seminatural areas located over aquifers
intensely exploited for agriculture and water supply. Of great concern should be the fact
that the best correlation with reservoir storage coincides with areas where significant
decreases in precipitation are expected, which correspond with the two most important
aquifers of the study area . These results evidence the capability of optical remote-
sensing data (MODIS, Landsat, Sentinel-2) to detect different water management
practices related to the transfer of water from the main aquifers to the Guadalest
reservoir. Spatial regression models evidence the importance of taking into account
spatial autocorrelation effects in the statistical analyses along with the potential use of
NDVI and LST time series to predict future scenarios of precipitation under climate
change constrains.

The enormous competition for available water in the study area (i.e., urban water supply,
agriculture and maintenance of ecosystems) may be exacerbated in the future. Climate
change will most likely trigger a change in Mediterranean arid and semi-arid regions to
lower rainfall scenarios. A comparison of current precipitation and future precipitation
conditions obtained from global climate models reinforces this statement and evidences
that the most dramatic precipitation reductions will be associated with the higher
elevation areas in both basins. This observation concerns areas that are very important
for groundwater storage and surface runoff that critically contribute to reservoir storage
variations. The future impact of climate change on water resources needs adaptive
strategies based on accurate and updated spatial-temporal information. For this reason,
the use of Earth Observation technologies to monitor and predict land cover changes,
soil-vegetation degradation processes, and available water resources is a scientific and
social priority.
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Abstract

Reservoirs play an important role in water management and are key elements for water
supply. Monitoring is needed in order to guarantee the quantity and quality of stored
water. However, this task is sometimes not easy. The objective of this study was to
develop a procedure for predicting volume of stored water with remote sensing in water
bodies under Mediterranean climate conditions. To achieve this objective, multispectral
Landsat 7 and 8 images (NASA) were analyzed for the following five reservoirs: La
Serena, La Pedrera, Beniarrés, Cubillas and Negratin (Spain). Reservoirs water surface
was computed with the spectral angle mapper (SAM) algorithm. After that, cross-
validation regression models were computed in order to assess the capability of water
surface estimations to predict stored water in each of the reservoirs. The statistical
models were trained with Landsat 7 images and were validated by using Landsat 8
images. Our results suggest a good capability of water volume prediction from free
satellite imagery derived from surface water estimations. Combining free remote sensing
images and open source GIS algorithms can be a very useful tool for water
management and an integrated and efficient way to control water storage, especially in
low accessible sites.

Keywords
Climate change; decision-making tools; GIS; reservoir; water storage
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1.Introduction

Reservoirs are a very important tool for water management, especially in semi-arid
areas [1]. They facilitate water supply in scarcity periods, flood control, hydroelectric
power generation and other uses [2]. In arid and semi-arid areas, with water scarcity and
irregular precipitation, an efficient use of water resources is one of the greatest
challenges for managers [3], especially considering the climate change projections
where a decrease in available water resources is expected [4,5]. In Spain, there has
been a significant increase in water demand mainly to the growth in population, above
all in the coastal areas due to tourism. Likewise, the irrigated area, mainly in the South,
has increased in the past decades. Increased population, irrigation and energy
generation are the main causes of the regulation of river flows. In fact, Spain is the EU
country with the largest irrigated area [6]. Therefore, there is a water stress caused by a
situation of lack of water resources and a high extraction rate [7]. As a result, most of the
rivers are regulated by dams, which negatively affect fluvial dynamics such as sediment
transport, alteration in the runoff balance, and aquifers recharge. Spain is the European
country with the largest number of dams (more than 1,200 dams with total water stored
capacity of 56,000 hm3) [8] and with a large supply network. However, all of these
infrastructures entail a very high maintenance cost. Despite this, according to a report
carried out by SEOPAN (Spanish Association of Construction Companies and
Concessionaires of Infrastructures), Spain is the country of the EU that less economic
investment dedicates to the water infrastructures maintenance and improvement
(nowadays, it is investing 60% less than in 2007) [9]. According to data from the Ministry
for the Ecological Transition [10], in March 2019, the Spanish water reserve rose up to
58.1% of the total capacity, and in March of 2021 this was close to 63.1%. The sum of
the consequences of climate change and the aging of infrastructures, can lead to an
alarming situation with important losses of this valuable resource and the storage
capacity.

There are different techniques to estimate the water reserve and the storing capacity. In
Spain, the most commonly used equipment to measure the water level in reservoirs are
pressure methods (hydrostatic collection, pneumatic capture, etc.), since they have high
precision and stability[11] in addition to the traditional limnimetric method. However, the
use of this type of sensors could suppose a cost in the maintenance and the time
dedicated (i.e. inspections and technical visits), especially for smaller and/or dispersed
reservoirs in the territory. Even more, one of the problems in the water reserve temporal
series data is the deficiency of homogeneity in the values due to changes in the gauging
stations over time [12]. In developing countries, it could be difficult the availability and
the continue maintenance of these tools to measure the water stored.
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Remote sensing is a tool that can be very useful to study the water quantity and quality
over time, especially when direct observation or validation in situ is not possible [1,13].
It offers the possibility of assess current and monitor future water demands in order to
better allocate limited water resources with integrated management systems [14].
Satellite images can provide us with an overview of the resource spatiotemporal
dynamics and incorporate it into management measures [15,16]. Even more, the free
availability of Landsat images can help to control and manage water and produce
models to estimate the future scenarios of water storage and demand [17].

Despite the possibility of cloud cover [18,19] the images obtained from the Landsat
ETM and ETM+ sensors present a medium spatial and temporal resolution [20] that
allow to map variations of the surface of the dammed water. There are some
researches who used different remote sensing products to assess, estimate and
monitor, and develop methodologies in order to obtain data series [21-24] that help in
the management of water resources, even in developing countries [25,26].

Considering the facilities of acquiring remote sensing images and the possibilities
offered by free Geographic Information Systems (GIS) for modelling and predicting
future sceneries, the combination of both could be useful for water management and
decision makers [27-31].

The purpose of this study was to assess the potential use of remote sensing images to
estimate storage capacity in different reservoirs by using open source tools and
establishing a quick method to estimate the volume of water stored, that can be
integrated into an automatic or semiautomatic management system.

2. Materials and Methods

Five reservoirs with different sizes (and water storing capacity) were selected in this
study (Figure 1) combining Landsat images and hydrological studies [32]. These
reservoirs are located in the climatic Mediterranean area of Spain: La Pedrera and
Beniarrés, both in the province of Alicante, Cubillas and Negratin in the province of
Granada and La Serena in the province of Badajoz. The annual average rainfall of all
areas is between 300-500 mm and the annual average temperature range from 14°C to
16°C [33].

161



Aplicacion de teledeteccion y gestion integrada del agua en zonas semidridas

Beniarrés
-10 -5 1] 3

F -
Atlantic Ocean I P
& | France

< T

Pt
-~

Y
& -
ﬁl Spain

E
¥
/—h 1
= -\'T‘“Nn
W |~
J Algeria

-
;'qoe\

Figure 1. Location of the studied reservoirs. False color composites of each study area are
shown (source: Landsat 8 OLI RGB:5.6.2).

Characteristics of each reservoir, such as surface and maximum capacity are
summarized in Table 1. La Serena reservoir (38°55'49.4"N 5°13'36.1"W) is located at
the confluence of the Zujar river and the Guadalemar river in the Guadiana river basin. It
was built in 1990 over a large part of the old Zuljar Reservoir. Annual average
precipitation values are around 550.40 mm, and frequent droughts periods during
summer months. The main uses are mainly irrigation, but also water supply and
hydroelectric power generation [34].

La Pedrera reservoir (38°01'05.9"N 0°51'56.9"W) was built to use it as a regulator in the
distribution of water from the Tajo-Segura transfer to the Campo de Cartagena in 1985.
It is located on the Rambla de Alcoriza, in the Segura watershed. This area is
characterized by low and irregular rainfall (around 300 mm, mainly in April and October),
and high temperature. La Pedrera reservoir is a key element which is part of a natural
and man-made environment cataloged as a Protected Landscape of Sierra Escalona
and its surroundings. Moreover, this area is classified as a Special Protection Area
(SPA) for Birds and Site of Community Importance (SCI) [35,36].

Beniarrés reservoir (38°48'21.2"N 0°21'52.2"W) is located on the Serpis river and it was

built in 1958 mainly for agricultural irrigation, but fishing is also allowed. Annual average
precipitation is about 650 mm.

162



Using Landsat images to determine water storing capacity in
Mediterranean environments.

The reservoir is surrounded by two SCI’s: Sierra de la Safor and Valls de la Marina, both
with a great endemic vegetation representation [37,38].

Cubillas reservoir (37°16'37.0"N 3°40'13.6"W) was built in 1956 on the Cubillas river and
it is not only used for irrigation but also as a bathing area. The Cubillas watershed
average rainfall values are around 600 mm, with dry hot summers. It is located close to
Sierra de Huétor Natural Park [39].

Negratin reservoir (37°17'19.03"N 3°39'44.66" W) was built in December of 1984 on the
Guadiana Menor river and currently is the third biggest reservoir in Andalusia (Spain).
The main uses are irrigation and electric generation, but also has a great social
component for sailing, fishing or bathing [40]. It is situated 100 kilometers northeast of
the Cubillas reservoir.

Table 1. Main characteristics of the study reservoirs. Source: Spanish Yearbook of the Water
Gauging Information System [40].

Maximum storage

Reservoir Surface (ha) capacity (hm?)

La Serena 13,708.3 3,219

La Pedrera 1,226.9 246
Beniarrés 2243 27
Cubillas 184.6 21
Negratin 2,016.8 567

To describe material and methods employed in this research, a flowchart with the
sequence of data sources and analyses is provided (Figure 2).
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Figure 2. Flow chart of the process: 1) Pre-processing of Landsat 7 images with QGIS and the
SCP plugin, 2) Training model, 3) Validation process with Landsat 8.
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2.1. Hydrological data

Water storage data proceeded from the web tool State Monitoring Networks and
Hydrological Information [41] owned firstly by the Ministry of Agriculture and Fisheries,
Food and Environment (MAPAMA), nowadays by the Ministry of Ecological Transition
and Demographic Challenge (MITECO), with information about outlet flow, reservoir
water level, and water storage.

Daily values of water level variation for each reservoir were obtained from the monitoring
control stations network. These data do not consider evaporation losses. Reservoir
water volume data used for each reservoir were from the same dates when the remote
sensing images were obtained. This information is publicly available and facilitated the
production of water storage time series.

The Official Gauging Stations Network has been in operation since the hydrological year
1911-1912, so there may be some variations in the data homogeneity, due to changes
and improvements in the measurement systems used over the years. Gauging stations
are part of the continental water masses monitoring program.

2.2. Remote sensing data

Multispectral Landsat images were processes in this study (336 images). Landsat 7
ETM+ (Level-2) images acquired from the U.S. Geological Survey-Earth Explorer
Geodatabase [42], corresponding with dates between October 1999 and May 2003,
were employed in the first stage of this study. Although the main limitation was cloud
cover, the number of cloud free (under 10%) images used for each dam were the
following: 28 images for La Serena, 85 for La Pedrera, 43 for Beniarrés, 35 for Cubillas
and 62 for Negratin.

Additionally, a set of images acquired between April 2013 and December 2015 by the
Landsat 8 Operational Land Imager (OLI) (Level-2) were use in the second stage of the
study. A total of 17 images for La Serena, 14 for La Pedrera, 16 for Beniarrés, 15 for
Cubillas and 21 for Negratin were used.

Landsat images have been widely used in numerous studies around the world for the

observation and monitoring changes and processes in water masses, mainly due to the
image’s availability from the 1970s to the present day.
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2.3. Image processing

Firstly, the images were bounded by using a buffer created from the geographical data
files (shapefiles) of the reservoirs (maximum surface). This geographical database was
obtained from the open source spatial data infrastructure of the different Hydrographic
Confederations of the rivers: Guadiana [34], Segura [35], Jucar [37] and Guadalquivir
[39].

A supervised classification approach was employed to calculate the water surface of
each Landsat image [43]. For each one, the algorithm was trained with sets of pixels
belonging to the following categories “water” or “upland”. In this study, we focused on
delimiting the area corresponding to the water surface, associated with the thematic
class “water”. The Spectral Angle Mapper algorithm (SAM) [44,45] was employed for
mapping surface water extent. The algorithm calculates the similarities between the
spectral signatures of the training image and the spectral signatures of the pixels of the
image as vectors in an equal dimension to the number of bands (bands 1, 2, 3, 4, 5, 7
for Landsat 7 and bands 2, 3, 4, 5, 6, 7 for Landsat 8). The SAM equation is the
following (Equation 1):

n
1 i=1XiYi

(JZ:L]XE)% (\/E?ﬂ y[z)%

where n is the number of bands in the image, x is the spectral signature vector of a pixel
image, y is the spectral signature vector of the training area. Therefore, a pixel belongs
to the class having the lower angle (Equation 2):

(x,y) = cos™ (1)

x € Cyp © O(x,yi) < O(x,y)Vk # j (2)

where Ck is the k coverage class, yk is the k class spectral signature, and yj is the j
class spectral signature.

Digital image processing analyses were performed with the QGIS vs. 3.4 “Madeira” open
source Geographical Information System [46] and the Semi-Automatic Classification
Plugin (SCP) [47].
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2.4. Statistical analyses

Descriptive statistics of estimated surface water and officially registered water volume
were compared for each reservoir. After that, a statistical modeling approach for
predicting water volume from remote sensing surface water estimation was done.

Least square regression models were computed to predict water volume from the
obtained surface water maps. In order to develop a cross-validation modeling approach,
Landsat 7 images were used for training and Landsat 8 images were for independent
validation. In this sense, 75% of the images were employed for training and 25% for
independent validation.

The training stage implied the development of regression models between surface water
estimations and official water volume. Then, regression coefficients were used to
compute the estimated water volume in the validation stage and compared with
measured water volume. A set of statistical measurement were used to assess the
accuracy of both modeling stages. Firstly, Pearson correlation coefficient (R2) was
calculated to explain how much variation in the dependent variable y (volume) is
explained by x (surface) variable. Then, the adjustment of the estimation model was
evaluated by using the Root Mean Square Error (RMSE) and Normalized Root Mean
Square (nRMSE) [48,49]. RMSE compares a predicted value and an observed value
(Equation 3).

RMSE = w (3)

where M = measure value, E = estimated value, and n = number of samples used for
prediction. The smaller a RMSE value is, the closer the predicted and observed values
are. Due to reservoirs have different dimensions, the nRMSE was calculated in order to
provide a practical comparison among regression models for reservoirs with different
spatial scales. This measurement was computed as a normalization of the RMSE
respect to the range of the response variable (Equation 4).

RMSE
-10

nRMSE (O/D) = range 0 (4)

Finally, the robustness of the predictions in the validation stage were evaluated with the
Residual Predictive Deviation (RPD) that is computed as the standard deviation (o) of
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observed values divided by the Root Mean Square Error or Prediction (RMSEP) as
shown in Equation 5.

RPD =L ()

To interpret the results of the RPD statistics, Cheng et al. [50] proposed that successful
models should have RPD values higher that 2, moderately successful models have RPD
values in the range 1.4 to 2, and unsuccessful models have lower values. All statistical
analyses were developed with the R programming language [51] in the RStudio
(https://lwww.rstudio.com/) integrated development environment.

3. Results

During all the studied period, reservoirs exhibited large stored water fluctuations.
Average water volume of La Serena was 2369.9 hm3 (74% of its maximum capacity),
83.9 hms3 for la Pedrera (34% of its maximum capacity), 11.1 hm? for Beniarrés (41% of
its maximum capacity), 15.8 hm? for Cubillas (75% of its maximum capacity) and 388.1
hm3 for Negratin (68% of its maximum capacity). Those water bodies with a lower value
than the maximum capacity correspond to reservoirs with greater seasonal variability,
measured by their coefficient of variation. In fact, significant negative correlation
between both variables (R=-0.94; p-value<0.05) was obtained. It denotes the high
variability of the water surface, especially in drier Southeast of Spain.

Training stage implied the development of regression models among the estimated

water surface of each reservoir from Landsat 7 images and the officially measured
stored water data (Figure 3). In these five cases, we reported R2 values over 0.9.
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R2 means R?).

169



Aplicacion de teledeteccion y gestion integrada del agua en zonas semidridas

In order to increase the knowledge about the performance of the regression models,
RMSE and nRMSE were computed along with the Pearson correlation coefficient (Table
2). Lower RMSE values indicate a better fit of the models, and the lower values were
obtained for Beniarrés (RMSE = 0.713) and Cubillas (RMSE = 0.742) reservoirs. These
results should be analysed carefully because this statistic is scale-dependent. To avoid
this problem, RMSE was normalized with the range of the predicted variable, thus
obtaining the nRMSE. A more coherent comparison of the model was possible with the
NRMSE and its values were about 20-25% except for La Pedrera, that was notably lower
(NRMSE = 13.4%). All of them show adequate results of the model adjustment [50].

Table 2. Cross-validation results. Estimation of water volume from remote sensing surface water.

Training Validation
Reservoir R? RMSE nRMSE R? RMSE nRMSE RPD
La Serena 0.967 72.352 25.0% 0.939 37.408 33.2% 3.01
La Pedrera 0.991 3.288 13.4% 0.991 3.926 12.7% 7.90
Beniarrés 0.970 0.713 24.0% 0.973 1.018 22.3% 4.49
Cubillas 0.975 0.742 21.7% 0.990 0.378 13.7% 7.32
Negratin 0.969 14,721 24.2% 0.930 11.644 35.8% 2.79

Validation of the previous regression models was developed with an independent
Landsat 8 repository of images. Coefficients of the training stage were employed to
predict water volume from estimated water surface. Then, water storage predictions
were compared with officially measured water volume [52].
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4. Discussion

Our results suggest that this methodology used for estimating surface water was robust
enough (Table 2 and Figure 4), even at highly variable water bodies (human
consumption, irrigation...) such as our studied reservoirs. Pearson correlation
coefficients were always high (R2 > 0.9) and RMSE and nRMSE were similar to those
obtained in the training stage. La Pedrera (nRMSE = 12.7%) and Cubillas (hnRMSE =
13.7%) reservoirs reported the better results for those statistics.

The predictive capability of regression models was evaluated with the residual predictive
deviation (RPD) statistics. All the models reported RPD values higher than 2, that is a
threshold commonly employed to identify model that could bring successful predictions
of selected variables.

The use of temporal series of images to study and monitoring hydrologic dynamics in
arid and semi-arid areas is becoming of great interest due to the increasing pressure on
the water resources [53,54]. In addition, predictions of climate change cause growing
concern about the efficiently management of resources.

In this study, according to the results obtained, the relationship between the water
surface of the reservoirs and the stored water presents a good adjustment although
some values of NRMSE were relatively low. Values of RPD over 2 indicate a successful
prediction with maximum values for La Pedrera and Cubillas.

The complex sinuosity of the shore of the reservoirs and the existence of vegetation that
covers the borders could affect the delimitation of the water surface by using automatic
classification tools.

Despite the usually clouds coverage presented in these areas, there are a large number
of images available to obtain good prediction models for water storage. However, there
may be changes in the storage capacity due to structural, operational level modifications
or sedimentation processes [55,56]. Knowing these, managers could quickly re-estimate
the available water and use this methodology efficiently.

The information provided from this study could be useful when trying to estimate the
available volume mainly in those areas where reservoirs monitoring has a complex
accessibility, cost and time-consuming [17,52]. This information could be integrated into
semiautomatic or automatic decision-making tools and big data management and can
help to study the effects of the climate change and predict future sceneries to determine
water availability.
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5. Conclusions

The relationship between area and water stored obtained in this study presents a good
adjustment with high R2 values and great RCP values, mainly in two reservoirs: La
Pedrera and Cubillas. The study indicates the possibility of incorporating this
methodology into management systems as an auxiliary tool to control water reservoirs.
One of the main advantages of using remote sensing is the availability of images to
create temporal series with water storage data in a quickly and less costly way by using
an open source Geographic Information System and free download images such as
Landsat. This can help to take decisions and create strategies to predict different future
scenarios.

This methodology has the aim of facilitating the implementation of an essay tool and
method to manage water resources with a minimum cost, based on the use of free
sources and open software.

Another advantage may be that this type of methodology can be easily automated. It is
possible to create plugins and run personalize applications. For instance, using a
programming language, a script can be created to automate the process of obtaining
update images, processing and calculating the water surface. To manage and analyse
large volumes of information, as well as adjust and customize the methodology, this type
of tools is very efficient and suitable. In this sense, this would be the first step for an
automated management of big data and control data of a wide variety of reservoirs in
order to establish regional or national strategies for water supply, hydroelectrical energy
production and irrigation water availability.
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Abstract

Agriculture drainage water (ADW) can be desalinized and could provide water resources
for irrigation. The major concern is the excess of soluble salts in ADW. In this sense, it is
possible to use reverse osmosis (RO) system plants to reduce salinity and provide
irrigation water of high quality. Several parameters such as pH, electrical conductivity
(EC), total suspended solids, etc., should be taken into consideration before planning
the installation of a reverse osmosis system. In this study, the water quality of an ancient
drainage system of the SE of Spain was evaluated. The final results are directly
applicable to help decision-makers and engineers to take an adequate decision, in order
to select which of the drainage canals is the best option to produce desalinized water at
low cost.

Keywords
Agriculture; Climate change; Electrical conductivity; Water flow; Water reuse

181



Aplicacion de teledeteccion y gestion integrada del agua en zonas semidridas

1.Introduction

Water scarcity is considered as one of the most vital and significant environmental
issues globally with climate change impacts to follow in the framework of agricultural
sector demand [1,2]. In response to the growing world population and economic growth,
water withdrawals for human consumption will be intensified, increasing the competition
for freshwater between urban, industrial, agricultural, environmental, and recreational
desires [3]. The highest water demand activity in the agri-sector [4], will lead to a rise in
evapotranspiration rates, thereby increasing crop water demand across Europe [5] and
globally [6]. Under this background, the reuse of water as well as wastewater [7—10] for
agricultural purposes is a necessary target for land sus-tainability and food supply [11].

Traditional irrigation systems of the South of the Alicante province (Spain), which have
more than a thousand kilometers of drainage canals, can offer water for desalination in
better conditions, than that coming from the Mediterranean Sea, because of the lower
salinity comparing with seawater. However, it must be considered that feed water quality
is influenced by seasonal variation (i.e., irrigation necessities, floods, drought, and
climatic impact) [12]. For these reasons, it is important to study the water quality and the
available flow to maintain a desalination plant active. In the South of Alicante, drainage
water is commonly reused for irrigation several times (two or three times) along a
complex agricultural system developed three centuries ago. This system, based on an
ancient water network, reveals a real example of water resources optimization looking
for maximum use of the resource in a low and irregular rainfall area of the Spanish
peninsular Southeast [13]. As a result of the water reutilization, water is becoming more
and more saline after each use, so it is highly common in these areas the cultivation of
salt-tolerant crops such as pomegranates or palm trees. However, drainage water reuse
on increasingly salt-tolerant crops concentrates dissolved solutes and reduces its
volume [14], mainly due to evapotranspiration.

Among the options for enhancing freshwater resources is the desalination of salty
groundwater, brackish drainage water, and seawater [15]. Zarzo et al. [16] provide a
novel and additional water resource for agriculture and irrigation. Moreover, treatment
and utilization of agriculture drainage water (ADW) is mandatory for development needs
in arid and semi-arid zones [17] where the scarcity of this resource is critical to keep
agricultural productivity. Drainage canals, which recover excess water from agricultural
irrigation and subsurface waters, can be a good alternative and a possible source for
irrigation water after adequate treatment and management. ADW is a complex mixture
of dissolved and suspended chemical species and may contain a wide variety of
microorganisms [18]. Opportunities for recovering significant amounts of water
depending on the availability of large quantities of ADW [19].
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ADW frequently has a great amount of soluble salts that makes it difficult for direct use
for irrigation, especially considering non-tolerant crops to salinity. The salt content of the
collected subsurface drainage water mainly reflects the salinity characteristics of soll
solution, which in turn is influenced by soil parent material, the salinity of the shallow
groundwa-~ter, and salts brought into the soil with irrigation water [3]. The direct reuse of
this ADW for irrigation may result in salinization and reduces agricultural yield [20].
Moreover, saline water application not only reduces agricultural production but also
causes soil destruction [21-23] and greater salt damage caused by long-term irrigation
[24].

Similar processes with seawater desalination is been applied to the drainage water.
From the economic point of view, an appropriate selection of the desalting scheme as
well as on the operational features are needed [25]. For instance, in the case of low
flows from agricultural drainage systems, although several technical options can be
considered, small to medium volume reverse osmosis (RO) system plants could be used
[26]. In addition, nowadays these plants can be supplied by solar energy to treat saline
water [27] and provide water for irrigation as a sustainable alternative with a low carbon
footprint [28]. The structure of these RO systems would be similar to that presented in
Fig. 1. First, it is necessary to pre-treat the drainage water, so it reaches adequate
physical and chemical conditions, to avoid membrane saturation. The pre-treatment
process may include sand, carbon, and nandfiltration [17], but these technologies should
focus on relatively low-cost systems [19] making them affordable by farmers and should
be joined to irrigation efficient systems. After the extraction of the water from the RO
system, water flow is split into two streams: one has no (or limited) salinity and the other
has high salinity (Fig. 1). The low salinity stream is known as “permeate or product
water” while the high salinity stream is known as “concentrate, brine, or reject” [29]. The
management of the brine is one of the major concerns.
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Figure 1. Location of the studied reservoirs. False color composites of each study area are
shown (source: Landsat 8 OLI RGB:5.6.2).
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There are many factors that affect a desalination plant, including the substantial
operation costs, recovery efficiency, membrane fouling level, energy consumption as
well as the production, and the disposal of the end product (i.e., brine) [30]. Among
several parameters (i.e., total suspended solids, pH, etc.), the relevant desalination
costs may be related to also to electrical conductivity and total dissolved solids (TDS)
[31]. Desalting subsurface drainage water is costly due to the increasing salinity and the
potential for scaling and fouling of RO membranes [32]. As consequence, the service life
of the membranes becomes shorter and the cost increases accordingly [33], a low saline
ADW is preferable to reduce cost. Energy will be increased when ADW salinity is high.
In the case of ADW, the feasibility of effective desalination with high-performance low-
pressure RO membranes has been demonstrated [17]. Even more, less cost per cubic
meter of product water and the excellent tolerance to salinity changes of RO has been
proven [26].

In water consumption sectors, that is, agriculture, low-cost desalination methods are vital
[34,35] and several small plants feeding with solar energy have been developed for
commercial use. Furthermore, it is part of the 4th strategies from the European Green
Deal, Circular Economy Strategy, and UNSDG [36-38] aimed at reducing greenhouse
gas emissions to mitigate climate change. A good example of low-cost treatment for a
brackish aquifer (with electrical conductivity values above 6,000 uS/cm) is given by
Aparicio et al. [39] for the small desalination plant situated at the University of Alicante in
San Vicente del Raspeig (Alicante, Spain). Due to the continual increase of the drainage
water suitability for reuse in irrigation purposes, must be intensively assessed [40]. One
of the most important KPI to assess the desalination units is the EC [41]. However, it is
important to determine the availability of a permanent flow of water supply to maintain
the system working [18] and provide enough water for irrigation.

Regarding this, the main objective of this paper was to study the water quality of the
drainage system in the counties of La Vega Baja and the Baix Vinalop6 (Alicante,
Spain), in order to determine which of the canals has adequate charac-teristics, enough
flow, and water quality (salinity) that can favor the desalination by using a RO system.

2. Materials and Methods

The study was conducted in the Elche Depression and lower Segura river basin, located
in the Eastern sector of the Betic Ranges in the South of the Alicante province (Spain).
The selected area is mainly agricultural, with flat topography, situated at the end of the
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rivers Segura and Vinalopé. It is developed on three main types of soils: Fluvisols,
Solonchacks, and Gleysols [42], transformed along the last century by agriculture.

The origin of this area is an ancient coastal lagoon and marshes, transformed from
centuries by farmers. The drainage system, formed by numerous canals, was the main
conductor of this transformation, created to reduce the shallow groundwater level and
drain the area. Since the 18th century, the establishment of agriculture and the
foundation of new rural settlements were favored [43]. The old Elche lagoon (Albufera
de Elche) was formed by a coastal sand barrier during the late Holocene [44,45] at
which time marine conditions would have extended 19 km inland from the present coast
and persisted until at least the bronze age [46], was dried.

Drainage canals were analyzed to recover the water from a dense network of minor
agriculture canals and were divided into two groups, depending on the mouth of the two
main rivers where the canals finally flow and discharge their waters to the sea: Vinalopo
River and Segura River (Fig. 2). A total amount of 13 drainage canals (Table 1) were
analyzed between 2016 and 2018 (12 sampling periods from September-16 to July-18,
taking four subsamples per canal), and monitored for a sufficient length of time due to
possible seasonal changes [14]. Samples were taken at the end of the drainage canal
but far enough from the coast to avoid influences from seawater (sample points
presented in Fig. 2). Most of these canals are open-air canals, ground edges along their
path, and cemented in some sections to maintain the shores. Because the subsurface
passage of water through the bed and aquifer material provides several natural
treatment processes [47], it is important to keep the ground banks, such a natural
riverside, improving the quality of the agricultural drainage waters.

Salinity was analyzed by determining the electrical conductivity at 25°C as well as the
water pH. TSS was determined by filtration (glass microfiber filters 1.2 ym) and the
major anion and cation related to salinity (chloride and sodium), were analyzed following
the Standard Methods for Examination of Water and Wastewater [48,49]. Additionally,
the flow of the canals was estimated in a rectangular-shaped section, following the
methodology based on the float method [50], to know which of them could provide
enough water to maintain a stream for a small or medium-size RO system plant.

Statistical descriptive analysis (maximum, minimum, mean, standard deviation (SD)) and

the ANOVA F-test were used to determine the statistical significance and differences
between the means.
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3. Results and discussion

The main characteristics of the drainage water determined in each of the canals are
presented in Tables 2 and 3. The results showed no significant differences, regarding
the pH, but differences have been detected in the rest of the parameters. According to
the pH, waters can be considered moderately alkaline and the pH range allows the

reuse for irrigation purposes [51].

Figure 2. Drainage canals and sampling points. Arrows indicate the direction of the flow of the

Table 1. Cross-validation results. Estimation of water volume from remote sensing surface water.
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In general, according to the salinity, determined by the electrical conductivity, drainage
waters from the canals associated with the Segura river are generally less saline than
those associated with the Vinalop6 river. Mean EC range between 3.1 and 15.5 mS/cm,
indicates a high degree of salinity (for agricultural purposes) and specifies a high amount
of dissolved substances in water [52], but in all of the cases under the salinity estimated
for the seawater [53]. The feed water, based on its quality can be processed into RO
plants similar to those used to brackish water (BWRO) where the salinity ranges from
500 mg/l to mg/l. In contrast to the seawater RO plants (SWRO) where the salinity is
around 30,000 mg/I [54].

Additionally, BWRO is further sub-grouped into low salinity BRWO that process feed
water with salinity between 500 and 2,500 mg/l, and high salinity BRWO plants that
process water with salinity between 2,500 and 10,000 mg/I [54]. This difference is critical
for the energy cost. The mean EC value of most of the canals indicates that ADW
belongs to the second subgroup, and ADW should be treated by high salinity BRWO
plants.

Following Scherer and Meehan [55], EC is a proxy measurement to determine the TDS
in water. Using the conversion factor given by these authors, the TDS varied
approximately between 2,300 and 12,700 mg/l, while most of the canals have from
3,000 to 6,000 mg/l approximately. The acceptable TDS concentration for irrigation
purposes is about 750 mg/l [15], so it is important to consider that reducing EC, makes it
easy to achieve the desired value for TDS in the treated water due to the direct relation
between EC and TDS.

EC (salinity) follows the same pattern that those found for chloride and sodium (Table 3),
as it was expected. Most of the soils are formed on an ancient saltmarsh area, they have
been irrigated for centuries with medium or low-quality water and soil salinity may be
determined by the presence of dissolved salts. Considering the chloride concentration,
the degree of restriction for reuse directly the drainage waters is severe because it is
over 355 mg/I [51].

The flow rate was very different for each canal and should be considered to determine
which can supply enough water for a small or medium RO system. The mean water flow
results in a wider range, between 0.001 and 4.18 m?3/s, from extremely low flow to an
important mean value over 4 m3/s. In this sense, a constant flow of about 0.5-1 m3/s
could provide enough water for a small or medium RO plant. Considering a high-
efficiency RO plant and low energy consumption, the selection, in this case, maybe
determined by the percentage of desired desalinized water/brine ratio. Low saline waters
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may facilitate selecting a high water/brine ratio.

TSS was also determined because the pre-treatments should reduce the TSS to avoid
problems in the membranes, reducing these associated with suspended particulates,
which could serve as seeds for promoting surface crystal nucleation [56]. It is important
to consider the presence of suspended solids but also other floating objects that can be
presented in the drainage canals due to mismanagement of people and, in such case,
the pre-treatment should include screening systems to remove these elements prior to
desalination treatment. As it might seem from Table 2, great variability of TSS was
determined. However, most of the mean values are under 70 mg/l of TSS, reducing the
risk in the ADW treatment, excepting the Pineda drainage canal which can be discarded
for a lower cost RO system.

To implement a desalination treatment, EC and flow should be determined and help for
the process optimization (low salinity and availability of enough feed water). It is
necessary to maintain the flow [14] to optimize the performance of the water treatment
plant. Analyzing the water quality of all the canals, EI Convenio and La Reina, have a
higher mean flow close or over 1 m3/s, which can be enough to supply a small RO plant.
When feed water supply is guaranteed, electrical conductivity is the main parameter to
be considered.

Table 2. Characteristics of the drainage water (mean value, standard deviation SD, maximum
value Max, minimum value Min, and ANOVA F test **p < 0.001 ; *p<0.01;*p<0.05;ns =
not significant).

Drainage canal ph | EC (mS/cm)
Mean 5D Max.  Min Mean sD Max.  Min

Dalt 7.8 0.2 8.2 1.6 12.8 3.4 16.2 93
Robatori 7.8 0.2 8.2 1.5 9.1 3.2 12.3 5.9
Dulce 8.0 0.2 8.2 7.7 3.1 0.5 3.6 2.6
Ancha 7.8 0.2 8.0 1.6 11.0 20 13.0 9.0
Convenio 7.8 0.2 8.0 1.7 10.8 1.1 120 97
Pineda 79 0.2 8.1 1.8 7.1 2.2 9.3 4.9
Mayayo 8.0 0.2 8.2 1.7 6.2 28 9.0 34
Acierto 7.8 0.2 83 1.7 5.7 1.6 1.3 4.1
Enmedio 8.0 0.2 8.3 7.8 4.8 1.1 5.8 3.7
Culebrina 79 0.2 8.2 1.7 4.7 1.0 5.6 37
Reina 8.1 0.2 8.4 1.8 3.7 0.8 4.5 3.0
Villa 79 0.2 8.3 1.8 4.0 09 49 3.0
Comuna 7.9 0.2 8.3 1.7 3.8 0.9 4.7 2.9
ANOVA F-test | ns | o
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Drainage canal Flow (m3/s) TS5 (mg/L)
9 Mean | SD | Max. [ Min Mean | SD | Max. [ Min

Dalt 0303 0171 0686 0178 35 19 68 13
Robatori 0311 0182 0483 0.000 48 33 15 9
Dulce 0003 0.004 0003 0000 35 42 137 7
Ancha 0193 0202 0253 0.000 34 14 57 12
Convenio 1468 1.219 4180 0564 46 28 120 15
Pineda 0523 0409 069 0000 104 57 198 42
Mayayo 0.1e4 0117 0378 0.000 62 107 399 4
Acierto 0810 0715 0945 0.152 39 14 57 19
Enmedio 0137 0121 0270 0.000 46 18 85 21
Culebrina 0.182 0109 0270 0.000 37 19 60 16
Reina 097 07% 2179 0300 32 25 103 8
Villa 0050 0.092 0200 0000 29 15 bb 12
Comuna 0.050 0.092 0200 0.000 24 18 78 9
ANOVA F test [ *** [ ***

However, changes in flow rate due to seasonality can affect the desalination treatment
and vary the amount of salts. If the concentration of the inlet to the desalination unit is
low, the final volume of the permeate could be maximized by blending the permeate with
the inlet water, thereby decreasing the unit cost of irrigation water [57]. Nevertheless,
low salinity feedwater types require less applied pressure than high salinity feedwater
types for desalination [58], reducing the energy cost. For both canals, El Convenio and
La Reina, a great difference in mean values of EC were obtained, favoring the selection
of the La Reina canal. Representing both parameters, mean electrical conductivity
expressed in mS/cm and average flow expressed in m3/s, a previous approach to
understand which is the preferable ADW and as a consequence, the drainage canal, to
install a desalination plant. As a result of representing both parameters (Fig. 3), the La
Reina canal could be used for desalination purposes.
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Figure 3. Electrical conductivity and flow of each drainage canal.
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Table 3. Chloride and sodium measure in drainage canal (mean value, standard deviation SD,
maximum value Max, minimum value Min, and ANOVA F test **p <0.001 ; *p<0.01;*p <
0.05 ; ns = not significant).

: Cl (mg/L) Na (mg/L)

Drainage candl Mean SD Max. Min Mean SD Max. Min
Dalt 2,996 966 3962 2,030 1,858 579 2,437 1,279
Robatori 1,952 815 2,767 1,137 1,261 533 1,794 728
Dulce 647 173 820 473 394 104 498 290
Ancha 2,520 559 3,079 1960 1,552 342 1,894 1,209
Convenio 2484 315 2,799 2,169 1,539 180 1,718 1,359
Pineda 1,485 595 2,080 890 913 325 1,238 588
Mayayo 1,216 757 2,033 519 785 436 1,221 349
Acierto 1,059 336 1,395 723 688 258 946 430
Enmedio 874 277 1,151 597 551 165 716 385
Culebrina 831 239 1,070 592 524 144 668 381
Reina 633 160 793 472 396 93 489 303
Villa 669 185 855 484 424 114 538 310
Comuna 648 200 848 447 410 124 534 286
ANOVA F test  *** S

The effectiveness of a desalination plant would be asso-ciated with a compromise
between salinity (EC, TDS) and availability of water (flow). For instance, the Dulce
drain-age canal gave the minimum value for salinity (3.1 mS/ cm); however, the mean
water flow was 0.003 m3/s. On the other side, EI Convenio has the highest mean water
flow of 1.468 m3/s, but salinity was almost three times the salinity of La Reina.

After these considerations, RO is proposed because of its reliability and comparatively
low energy consumption in which leads to a significant reduction of energy cost [59]. The
unit product cost was the lowest RO ($0.3—-0.7/m3) comparing with other treatments [60].
The management of brine disposal is a fundamental issue [61] that should be
considered in the early planning stage [19]. The brine has two options if a plant is
installed: (i) gone with the drainage water to the sea following the flow direction after the
catchment of feed water to the RO system from the canal (Fig. 1), or (ii) construct a
parallel canal or pipe for the brine to discharge this into the sea (open sea waters). The
volume of brine produced is determined at each individual (operational) desalination
plant [58] and, low salinity feedwater favors the reduction of brine volume. Therefore, the
situation of the treatment plant, close to the end of the drainage system (La Reina,
sampling point 11), facilitates the brine disposal to the sea and can be discharged by
using the same drainage canal because water is not going to be re-used for irrigation
after that point. Nevertheless, brine can lead to the pollution of coastal waters, damage
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to sensitive marine life that will ultimately threaten the food chain [62,63] and this should
be considered for a future and sustainable design. For instance, nitrates must be
considered to avoid coastal eutrophication and several solutions can be applied as those
given by Alvarez-Rogel et al. [64], by using woodchips bioreactors or constructed
wetlands.

4. Conclusions

Water physicochemical characterization is considered vital for the selection of the
operational factors of a desalination treatment plant. In our case, and considering a RO
scheme, an approach based on easy measurable parameters, EC, estimation of the
flow, TSS, could give us, a quick method to understand which is the best option (canal),
to install a desalination treatment plant. These parameters can be considered for the
optimization of the process and the design of the plant as well. The targets, are to
determine salinity and availability of enough water flow, in order to choose the better RO
system and reduce the relevant cost, minimize the consumption of energy during
operation and extend the membrane life. In this study, La Reina canal the EC is 3.7
mS/cm and the flow rate is 0.967 m3/s, which indicates that a small unit must be applied.
In fact, the project will be centered in a solar desalination plant, that could be extended
to other canals of the ancient drainage system in order to get new resources of water,
with high quality, that can be used for high-value crops (non-tolerant to salinity) and be a
support of farmers income and diversification of agricultural production under water
scarcity scenery. Furthermore, future water scarcity may reduce the possibilities for
sustainable development, as well as, to retain or create new adequate jobs [65],
ensuring at the same time water quality according to the Water Framework Directive. In
this line, several projects like DESEACROP LIFE 16 ENV/ES/000341 try to give
solutions, increasing the possible sources for irrigated agriculture by using salty waters,
which is in the line of this article.
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El agua es un recurso esencial para el mantenimiento de los ecosistemas
naturales, la regulaciéon del clima y el desarrollo de la humanidad. La
creciente presién sobre este recurso en las uUltimas décadas y los cambios
en el clima hacen prioritario evaluar y proteger nuestros recursos naturales
de manera cooperativa, hacia unos mismos objetivos. Por ello, la
legislacion y el impulso de la administracion resultan fundamentales para
llevar a cabo diferentes estrategias para poner en marcha proyectos que
favorecen el uso coordinado, equitativo y sostenible de los recursos
hidricos y alcanzar los objetivos de la planificaciéon hidrolégica.

Sobre esta base, la finalidad de esta tesis es destacar la capacidad de la
teledeteccion y los Sistemas de Informacién Geogréafica (SIG) en la
planificacién hidrolégica, no solo como herramienta de diagndéstico del
estado actual de los recursos, sino también para incorporarlo al proceso de
toma de decisiones en los sistemas de control en tiempo real. La
teledeteccién nos proporciona una gran cantidad de informacién
complementaria a la obtenida in situ a la que, ademas, se pueden incluir
otro tipo de parametros ambientales como indicadores de [|os efectos
producidos por el cambio climatico.

En los articulos que comprenden esta tesis se realiza una evaluacién de
los recursos hidricos a partir de metodologias sencillas con imagenes de
satélite y formulacion de modelos que permitan prever la disponibilidad de
agua bajo diversos escenarios de escasez hidrica. Al mismo tiempo, se
apunta hacia una de las estrategias de reutilizacién y de obtencién de
recursos como es la desalinizacidén.
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