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To my yayo Beni,

Wish I could hug you one more time.






“We can’t solve problems by using the same kind of thinking we used when we created them”.
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Abstract

Earth’s ecosystems are constantly changing due to the existing nature and atmospheric
conditions and the pressure of human activities. Monitoring the environment and its
condition helps to convert the feedback loop that exists between climate change impacts,
ecosystem degradation and increased disaster risk. The interpretation of remotely-sensed
biophysical parameters can substitute or complement classical vegetation monitoring
methods (e.g., field surveys, photointerpretation or analysis of ancillary data). Using solely
traditional techniques is not sufficiently effective to acquire vegetation dynamics, neither in
long-term studies nor in large areas, since such techniques are time-consuming, outdated and
frequently expensive. The launch of the Sentinel-2 (S2) B satellite platform, developed and
operated by the European Space Agency (ESA), in March 2017 has allowed the Scientific
Community to get freely high-resolution multispectral data every five days. The
Multispectral Instrument sensor (MSI) on-board S2 has overcome the characteristics of the
traditionally used Landsat series of Earth Observation (EO), operated jointly by the National
Aeronautics and Space Administration (NASA) and the United States Geological Survey
(USGS). As of January 2020, the European Commission Directorate-General for Defence
Industry and Space (DG-DEFIS) is created to develop and consolidate all European Union
(EU) space-related activities into one EU Space Programme, ensuring its global leadership in
the space domain.

Part I introduces the state-of-the-art, motivation and objectives of this Doctoral Thesis. It
presents the two research questions of this work: “Which biophysical parameters are available as
full, open and free?” (responded by Part II) and “How can biophysical parameters interpretation
and local stakeholder needs be bridged?” (responded by Part III). The first question conveys a
better comprehension of the freely available products of biophysical parameters and their
suitability to monitor the environment. The second question focuses on interpreting
vegetation and water indices, calculated with open high-resolution multispectral satellite data,
to address local stakeholder needs, with an emphasis on meeting European policies, namely
the Common Agricultural Policy (CAP), the Water Framework Directive (WFD) and the 2020
Biodiversity Strategy (BS).

Part II outlines the availability of already processed and qualified products of bio-
geophysical indices in Copernicus: the full, open and free EU EO and monitoring programme.
Copernicus programme is comprised of three components: space, service and in-situ. The
products of bio-geophysical indices are accessible inside the Copernicus Global Land Service
(CGLS) and cover the world every 10 days at medium-to-low spatial resolutions. The analysis
focuses on Natural Water Retention Measures (NWRM) due to their wide range of potential
Ecosystem Services (ES), such as protection against natural hazards (e.g., floods or droughts),
which contribute to achieving policy goals. The products’ suitability to monitor NWRM and
their benefits is evaluated through a scientific review. Simple flow diagrams are designed to



advice end-users, depending on the NWRM and/or benefit to monitor, on the index to use
and the expected quality of the product in CGLS. Among traditional indices, the Normalized
Difference Vegetation Index (NDVI) emerges as the most suitable and qualified.

CGLS products’ coarse spatial resolution of 300 m and 1 km is a significant handicap. Local
studies need higher resolution satellite-based data. Therefore, Part III of this Doctoral Thesis
intends to bridge satellite remote sensing and local stakeholder needs in order to attain the
aforementioned European policies. The case studies selected are the largest river basins in
Spain and Italy: Duero and Po, respectively. Open-source satellite-based tools and approaches
are developed with the following aims: (i) enhancing the monitoring of agricultural water use
and crop types, and (ii) mapping and assessment of ecosystems and their services. The tools
are potentially adaptable to new needs, other basins and European-to-global scales.

NDVI values, calculated with S2 MSI data, are used as the main input. NDVI single values
are used to characterise vegetation healthiness and vigorousness whereas intra-annual
signatures allow for differentiating vegetation types. The fusion of 52 with other satellite-
based data is also examined: (i) in Duero river basin, with the Landsat-8 (L8) Operational
Land Imager (OLI), to increase the temporal resolution of the input dataset and hence the
possibility of using cloud-free images; (ii) in Po river basin, with Copernicus local datasets
that define riparian zones and Natura 2000 sites in harmonised pan-European products.

The complementary desktop-GIS and web-GIS tools, developed for the Duero Hydrographic
Confederation (HidroMap®© software), use NDVI values and spatial information (i.e., parcel
delimitations, irrigation rights, land use and unauthorised areas for irrigation) to
automatically detect irrigated agricultural plots without irrigation rights. Higher priority is
given to larger irrigated surfaces in water scarce areas, which are unauthorised for irrigation
(WFD). Moreover, crop classification is performed automatically using Ensemble Bagged
Trees (EBT). EBT is a machine learning classifier whose efficiency and accuracy have been
increased by dividing the area in agro-climatic spatial regions and applying agro-climatic
filters to the NDVI input dataset. The tools are currently used by the Hydrological Planning
Office (HPO) and the River Surveillance Agency (RSA) to develop water management
strategies accordingly and to plan surveillance visits efficiently.

As for Po river basin, the developed approach improves the applicability of the local
Copernicus product of Riparian Zones to identify NWRM, detect their capacity to deliver
regulative ES and assess their condition. NWRM's condition is interpreted using ES condition
indicators defined by the European Environment Agency’s (EEA) initiative on Mapping and
Assessment of Ecosystems and their Services (MAES). The selected indicators are assessed
through satellite remote sensing. The NDVI is complemented with the Enhanced Vegetation
Index (EVI) and the Normalized Difference Water Index (NDWI) to interpret greening
response and water stress, which define ecosystems’ functional attributes. The model detects

II



NWRM’s need of restoration and can thereby help policy and decision makers in planning

environmental management strategies accordingly.

As reported in Part IV, this Doctoral Thesis proves the potential of remotely-sensed
biophysical parameters to contribute to environmental policy and decision-making.
Furthermore, the developed tools and approaches address decision makers” needs on data
availability, possibility to monitor over time and access to high-spatial-resolution data. Firstly,
HidroMap© has proved to help the HPO and the RSA of the Duero Hydrographic
Confederation with monitoring agricultural water use and crop types, thereby accomplishing
the CAP and the WEFD. Secondly, the developed NWRM model helps the Member States of
the EU with the mapping and assessment of ecosystems and their services, thereby
accomplishing Action 5 of the 2020 BS: “Improve knowledge of ecosystems and their services in the
EU". Achieving these policy objectives contributes to the sustainable use of natural resources,
effective spatial planning actions, Climate Change Adaptation (CCA) and mitigation actions,
and Disaster Risk Reduction (DRR) and protection.

Finally, the importance of bringing together a wide array of representatives involved in EO
research and environmental and socio-economic policies (e.g., scientists, end-users, public
service bodies, industries and policy and decision makers) is outlined. This has been
demonstrated through the successful application of EO-based tools to policy and decision
making, bridging satellite remote sensing and stakeholders’ needs. The final goal is
maximising the benefits enabled by Copernicus data, services and downstream services. Such
an approach shall allow for the development of an interdisciplinary EU EO Strategy that

addresses evolving societal demands.
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Resumen

Los ecosistemas de la Tierra estan constantemente cambiando a consecuencia de las actuales
condiciones naturales y atmosféricas y de la presion ejercida por las actividades humanas.
Monitorizar el medio ambiente y su estado ayuda a transformar el circulo vicioso que existe
entre los impactos derivados del cambio climatico, la degradacion del ecosistema y el
aumento del riesgo de desastres. La interpretaciéon de pardmetros biofisicos obtenidos por
teledeteccién puede suplir o complementar los métodos clasicos de monitorizacién de la
vegetacion (ej., visitas de campo, fotointerpretacion o analisis de datos auxiliares). El uso
exclusivo de técnicas tradicionales no resulta lo suficientemente eficaz para adquirir la
dindmica de la vegetacion, ni en estudios a largo plazo ni en grandes areas, pues se trata de
técnicas laboriosas, anticuadas y frecuentemente costosas. El lanzamiento de la plataforma
satelital Sentinel-2 (52) B, desarrollada y operada por la Agencia Espacial Europea (ESA), en
marzo de 2017 ha permitido a la Comunidad Cientifica obtener de forma gratuita datos
multiespectrales de alta resolucion cada cinco dias. El sensor Multiespectral (MSI) a bordo de
S2 ha superado las caracteristicas de la tradicionalmente utilizada familia de satélites de
Observacién de la Tierra (OT) Landsat, operada conjuntamente por la Administracion
Nacional de Aeronautica y del Espacio (NASA) y el Servicio Geoldgico de Estados Unidos
(USGS). En Enero de 2020, la Direccién General de Industria de Defensa y Espacio de la
Comision Europea (DG-DEFIS) ha sido creada para desarrollar y consolidar todas las
actividades de la Unién Europea (UE) relacionadas con el espacio dentro de un tmnico

Programa Espacial Europeo, asegurandose el liderazgo en el ambito espacial a nivel global.

La Parte I introduce el estado del arte, la motivacion y los objetivos perseguidos en esta Tesis
Doctoral. Presenta las dos preguntas de investigacion en que se ha basado este trabajo: “; Qué
pardmetros biofisicos estdn disponibles como productos completos, abiertos y gratuitos?” (respondida
por la Parte I) y “;Cémo vincular la interpretacion de pardmetros biofisicos y las necesidades de los
agentes interesados a nivel local?” (respondida por la Parte III). La primera pregunta transmite
una mejor comprensién de los productos de parametros biofisicos disponibles de forma
gratuita y de su idoneidad para monitorizar el medio ambiente. La segunda pregunta se
centra en la interpretacion de indices de vegetacion y de agua, calculados con datos satelitales
multiespectrales abiertos de alta resolucion, con el objetivo de abordar las necesidades de los
agentes interesados a nivel local, poniendo énfasis en el cumplimiento de politicas europeas,
concretamente la Politica Agricola Comtn (PAC), la Directiva Marco del Agua (DMA) y la
Estrategia de Biodiversidad 2020 (BS).

La Parte II destaca la disponibilidad de productos ya procesados y cualificados de indices
bio-geofisicos en Copernicus: el programa europeo completo, abierto y gratuito de OT. El
programa Copernicus consta de tres componentes: espacial, servicio e in-situ. Los productos
de indices bio-geofisicos estan disponibles dentro del Servicio Global de Monitorizacién de la
Tierra (CGLS) y cubren el mundo cada 10 dias con resoluciones espaciales medias a bajas. El
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analisis se centra en las Medidas Naturales de Retenciéon de Agua (NWRM) debido a la
amplia gama de Servicios Ecosistémicos (ES) potencialmente proporcionados, como la
protecciéon frente a riesgos naturales (ej., inundaciones o sequias), contribuyendo a lograr
objetivos politicos. La idoneidad de los productos para monitorizar NWRM vy sus beneficios
se ha evaluado mediante una revision cientifica. Diagramas de flujo sencillos se han disefiado
para orientar a los usuarios finales de los productos, dependiendo de la NWRM y/o beneficio
a monitorizar, sobre el indice bio-geofisico adecuado y la calidad que se puede esperar del
producto en CGLS. Los indices bio-geofisicos tradicionales, especialmente el Indice de
Vegetacion de Diferencia Normalizada (NDVI), sobresalen por su idoneidad y calidad.

La baja resolucion espacial de los productos en CGLS, de 300 m y 1 km, representa una
desventaja significativa. Los estudios a nivel local requieren de datos satelitales de mayor
resolucién. Por ello, la Parte III de esta Tesis Doctoral pretende vincular la teledeteccion
satelital y las necesidades de los agentes interesados a nivel local con objeto de cumplir las
politicas europeas mencionadas anteriormente. Los casos de estudio seleccionados son las
cuencas hidrograficas mas grandes de Espafia e Italia, correspondientes a los rios Duero y Po,
respectivamente. Las herramientas y enfoques desarrollados, basados en dato satelital y
cddigo abiertos, persiguen los siguientes objetivos: (i) mejorar la monitorizacion del uso del
agua en agricultura y del tipo de cultivos, y (ii) mapeado y evaluacion de los ecosistemas y
sus servicios. Las herramientas son potencialmente adaptables a nuevas necesidades, otras

cuencas y escalas europea a global.

Los valores de NDVI, calculados con datos del sensor MSI de S2, son utilizados como
principal dato de entrada. Los valores de NDVI son utilizados individualmente para
caracterizar la salud y vigor de la vegetacion en un momento determinado, mientras que las
firmas anuales permiten diferenciar los tipos de vegetacion. La fusion de S2 con otros datos
satelitales también es estudiada: (i) en la cuenca hidrografica del Duero, con datos del sensor
Operational Land Imager (OLI) de Landsat 8 (L8), para aumentar la resoluciéon temporal del
conjunto de datos de entrada y, con ello, la posibilidad de utilizar imagenes sin nubes; (ii) en
la cuenca hidrografica del Po, con conjuntos de datos locales de Copernicus que definen
zonas de ribera y la red Natura 2000 en productos paneuropeos armonizados.

Las herramientas de Sistemas de Informacion Geografica (SIG) de escritorio y web,
desarrolladas complementariamente para la Confederacion Hidrografica del Duero (software
HidroMap®©), utilizan valores de NDVI e informacién espacial (delimitaciones de parcelas,
derechos de riego, uso del suelo y areas no autorizadas para el riego) para detectar
automaticamente parcelas agricolas regadas sin derecho de riego. Se da mayor prioridad a las
superficies regadas mds grandes localizadas en 4reas con escasez de agua, no autorizadas
para el riego (DMA). Ademas, la clasificaciéon de cultivos se realiza automaticamente
utilizando Ensemble Bagged Trees (EBT). EBT es un clasificador de aprendizaje automatico

cuya eficiencia y precisién se han incrementado dividiendo la cuenca en regiones espaciales
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agroclimaticas y aplicando filtros agroclimaticos al conjunto de datos de entrada de NDVL
Actualmente, la Oficina de Planificacién Hidroldgica (OPH) y la Comisaria de Aguas (CA)
utilizan las herramientas para, de acuerdo con los resultados, desarrollar estrategias de

gestion del uso del agua y planificar eficientemente las visitas de la guarderia fluvial.

En cuanto a la cuenca hidrogréfica del Po, el enfoque desarrollado mejora la aplicabilidad del
producto local de Copernicus de Zonas de Ribera para identificar NWRM, detectar su
capacidad para ofrecer ES de regulacion y evaluar la condicion en que se encuentran. La
condicién de las NWRM se interpreta utilizando los indicadores de condicion de ES definidos
por la iniciativa de la Agencia Europea del Medio Ambiente (EEA) sobre Mapeado y
Evaluacion de los Ecosistemas y sus Servicios (MAES). Los indicadores seleccionados se
evalian mediante teledeteccion satelital. El NDVI se complementa con el Indice de
Vegetacion Mejorado (EVI) y el Indice de Agua de Diferencia Normalizada (NDWI) para
interpretar la respuesta ecoldgica y de estrés hidrico, que definen atributos funcionales del
ecosistema. El modelo generado detecta la necesidad de restauraciéon que presentan las
NWRM vy, por tanto, puede ayudar a responsables politicos y de toma de decisiones a

planificar estrategias de gestion ambiental conformemente.

Como se concluye en la Parte IV, esta Tesis Doctoral demuestra el potencial de los
parametros biofisicos obtenidos por teledeteccion para contribuir a la politica y a la toma de
decisiones a nivel ambiental. Ademas, las herramientas y enfoques desarrollados abordan
necesidades de los responsables de la toma de decisiones en cuanto a la disponibilidad de los
datos, posibilidad de monitorizar a largo plazo y accesibilidad a datos de alta resolucion
espacial. En primer lugar, el software HidroMap© ha demostrado ayudar a la OPH y la CA
de la Confederacion Hidrografica del Duero a monitorizar el uso del agua en agricultura y los
tipos de cultivo, cumpliendo con la PAC y la DMA. En segundo lugar, el modelo desarrollado
de NWRM ayuda a los Estados Miembros de la UE con el mapeado y evaluacion de los
ecosistemas y sus servicios, cumpliendo la Accion 5 de la BS 2020: “Mejorar el conocimiento de
los ecosistemas y sus servicios en la UE”. El logro de estos objetivos politicos contribuye al uso
sostenible de los recursos naturales, medidas efectivas de planificacién espacial, medidas de
adaptacion y mitigacion del cambio climatico, y a la reduccidn y proteccion frente al riesgo de

desastres.

Finalmente, se destaca la importancia de reunir a una amplia gama de representantes
involucrados en la investigaciéon de OT y en politicas ambientales y socioeconémicas (ej.,
cientificos, usuarios finales, organismos de servicio publico, industrias, responsables de la
toma de decisiones y de la elaboracion de politicas). La relevancia de esta colaboracion se ha
demostrado a través de la aplicacion exitosa de herramientas basadas en OT para la toma de
decisiones y elaboracion de politicas o estrategias, vinculando la teledeteccion satelital y las

necesidades de los agentes interesados. El objetivo final es maximizar los beneficios de los
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datos y servicios del programa Copernicus. Este enfoque permitira el desarrollo de una
estrategia interdisciplinaria de OT en la UE que aborde demandas sociales evolutivas.
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Acronyms

The most common acronyms and abbreviations according to scientific literature are used in

the text and listed hereunder.
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European Union
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Red

Research and Innovation

River Surveillance Agency
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Soil-Adjusted Vegetation Index
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Part I - Research questions and methodology

The aim of this chapter is providing an overview of the theoretical and policy background
that lead to the research questions and support the methodology used in this Doctoral Thesis.
The context, scope, motivation, objectives and structure of the research are discussed in the
following pages.

1. Introduction

1.1. European context of Nature-Based Solutions (NBS): perspectives and potential of

remote sensing

Degradation of natural capital, loss of Ecosystem Services (ES), climate change and the
increased occurrence of natural disasters emerge among nowadays’ focal threats (Guerry et
al.,, 2015). Therefore, there is growing recognition and awareness of NBS’ potential as
sustainable, cost-effective, multi-purpose and flexible alternatives that use natural ecosystems
and provide valuable ES (European Commission, 2015a). NBS deliver simultaneously
environmental, social and economic benefits and help building climate change resilience
(Calliari et al., 2019), thereby paving the way towards a more resource efficient, competitive
and greener economy, supporting Europe’s 2020 Strategy (EC, 2010a).

In this context, the European Union (EU) Green Infrastructure (GI) Strategy (EC, 2013b)
defines GI as:

“A strategically planned network of natural and semi-natural areas with other
environmental features designed and managed to deliver a wide range of ecosystem
services” (p. 3).

Grey infrastructure, especially in the water sector, is man-made engineered and serves a
single objective. Instead, GI promotes multi-functionality and plays a key role in achieving
EU policy objectives in interconnected environmental areas, especially when NBS are used to
preserve natural capital (EC, 2014). However, the GI definition is still under discussion,
especially due to its multi-functionality. Numerous studies capture both its potential and
complexity (Hislop et al., 2019). Therefore, GI represents strength in terms of its flexibility and
adaptability, but also weakness in terms of its overall tangibility (Matthews et al., 2015).

Particularly, GI supports policies regarding: (i) biodiversity conservation, i.e., the EU 2020
Biodiversity Strategy (BS) (EC, 2011a); (ii) territorial development and cohesion (EC, 2014); (iii)
climate change mitigation and adaptation, i.e., the EU Strategy on Adaptation to Climate
Change (EC, 2013a); (iv) agriculture, i.e., the Common Agricultural Policy (CAP) (EC, 2010c);
(v) forestry, i.e., the EU Forests Strategy (EC, 2013c); and (vi) water management, i.e., the
Water Framework Directive (WFD) (Directive 2000/60/EC), the Groundwater Directive
(Directive 2006/118/EC) and the Floods Directive (Directive 2007/60/EC). The 2020 BS focuses
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its Target 2 on maintaining and enhancing ES and restoring degraded ecosystems by
incorporating GI in spatial planning (EC, 2011a, p. 12). Action 6 of the BS relies on the
Member States to set priorities to restore and promote the use of GI (EC, 2011a, p. 12). In this
respect, the GI Strategy (EC, 2013b) details the main tactical developments, namely
integrating GI into key policy areas, creating and improving the knowledge base, providing
financial support, and carrying out EU GI projects.

The renewed EU Research and Innovation (R&I) policy agenda on NBS (EC, 2015a),
implemented through Horizon 2020 (EC, 2011b), gives priority to the following themes: (i)
assessing and forecasting changes in biodiversity and understanding ecosystems’ dynamics;
(if) understanding the relationship between environment, society and economy to better
manage, conserve and rehabilitate ecosystems in a sustainable way; (iii) developing advanced
models and tools that help to mitigate natural capital degradation; (iv) assessing the role of
biodiversity and ecosystems on natural, social and economic impacts of climate change and
on relevant mitigation and adaptation strategies; and (v) building a comprehensive
framework that supports individual hazards and multi-hazards’ research and the integration
of the risk-reduction chain for the development of prevention and mitigation strategies.

The European Environment Agency (EEA) has engaged in GI to support policy and decision
makers in environmental impacts. Specifically, it has highlighted the importance of
developing tools to detect and measure GI (European Environment Agency, 2011, 2014). Also,
it has demonstrated the role of GI and ES in mitigating the impacts of weather- and climate
change-related natural hazards (EEA, 2015). Important results on identifying ES and benefits
to the environment, society and economy have been achieved at EU-level under the initiative
on Mapping and Assessment of Ecosystems and their Services (MAES) (Maes et al., 2018), as
well as categorising ES through the Common International Classification of Ecosystem
Services (CICES) (Haines-Young & Potschin, 2018).

GI related specifically to the water sector is identified by the European Commission (EC)
Directorate-General for Environment (DG-ENV) as Natural Water Retention Measures
(NWRM). NWRM are defined as NBS that act upon water-dependent ecosystems to enhance
the natural characteristics that enable them to retain water, minimising run-off peaks during
wet periods, storing water during dry periods, and increasing resilience against extreme
events, such as floods or droughts (EC, 2015b). Through a two-year-long initiative (EC, 2015b),
DG-ENV has categorised NWRM types per sector (agriculture, forest, hydro-morphology and
urban) and benefits provided. It considers biophysical impacts resulting from water retention,
ES delivered and policy objectives from EU Directives, e.g., the WFD (Directive 2000/60/EC)
or the Floods Directive (Directive 2007/60/EC), that NWRM's implementation can help to
achieve.

The Paris Agreement (UN, 2016) accentuates the need for new, transparent and integrated
solutions to better understand Earth’s ecosystems, minimise climate change impacts, support
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accountability towards long-term goals and inform climate services and decision-making. In
this context, the current EU R&lI funding programme 2018-2020 (EC, 2019c) outlines Earth
Observation (EO) as a tool providing crucial information to support the 2030 United Nations
(UN) Sustainable Development Goals (SDG) (United Nations, 2015) on climate actions, water

management and environmental protection, among other societal challenges.
Remote sensing or EO can be defined as:

“The art, science and technology through which the characteristics of object
features/targets either on, above or even below the Earth’s surface are identified,
measured and analysed without direct contact existing between the sensors and the
targets or events being observed. This allows for information about such object features
to be obtained by sensing and recording reflected or emitted energy and processing,
analysing, and applying that information” (Awange & Kiema, 2019, p. 115).

Enhancements in sensor devices lead to availability of data with higher spatial, temporal and
spectral resolutions, which has extended the precision to monitor vegetation characteristics
and functions remotely (Houborg et al., 2015).

R&I actions must focus on developing applications to support users involved in the
implementation of Climate Change Adaptation (CCA) and mitigation actions, thereby
leading to better informed decision-making in environmental policy, ecosystem management
and Disaster Risk Reduction (DRR) (UN, 2016). Moreover, actions are especially encouraged
to make use of, contribute to, and feedback on, EU EO datasets and services, such as
Copernicus programme (Regulation (EU) No 377/2014), as the EU EO programme (UN, 2016).
Special attention is also given to multi-scale approaches with the ability to scale up and down
from local-to-EU scales (EC, 2019¢).

In conclusion, the EC is interested in fostering the development and implementation of a
collaborative and integrated EU EO Strategy that supports R&l in the domain of EO. It plans
to do it through an user-driven development of products and services that address societal
needs and integrates EU EO data, both from the Global Earth Observation System of Systems
(GEOSS) and its key European contributor, Copernicus, with other data sources (Regulation
(EU) No 377/2014; EC, 2019c). The developed products must incorporate assimilation
techniques and interoperability best practices, automatization, systemization and integrated

web-based services that will potentially lead to pre-operational downstream services.
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1.2. Copernicus: Europe’s eyes on Earth

Historically, there has been very little coordination between satellite missions and
programmes. Sensors and EO programmes have been frequently developed with duplication
and competition with one another. Continuous changes in sensors and lack of continuity of
the satellite missions have limited the capability to monitor ecological trends (Jones &
Vaughan, 2010).

The EU EO programme, named Copernicus since April 2014 (Regulation (EU) No 377/2014),
was set up with the aim of integrating European space programmes, making use of all
available resources and providing efficiently the information needed by users at global,
European and local scales (Aschbacher & Milagro-Pérez, 2012). As of January 2020,
Copernicus is led by the EC newly created Directorate-General for Defence Industry and
Space (DG-DEFIS). Copernicus is based on a partnership between the EU, the European
Space Agency (ESA) and the Member States and its origins date back to May 1998 (Regulation
(EU) No 911/2010). With seven Sentinel satellites already in orbit delivering data every day,
Copernicus is the biggest provider of EO data in the world (Jutz & Milagro-Pérez, 2018). The
programme aims to ensure an autonomous EU capacity for long-term development of space-
based environmental monitoring services, making use of, and further developing, European
skills and technologies (Regulation (EU) No 377/2014).

Copernicus provides accurate, reliable and near-real-time information in the fields of
environment and security, tailored to the users’ needs (EC, 2019a). It aims to benefit a wide
range of EU policies and strategies, such as Horizon 2020 (EC, 2011b). Also, it aspires to
contribute to reaching the objectives of the Europe’s 2020 Strategy (EC, 2010a). In particular,
by developing an effective space policy to provide tools to address key global challenges and
meet the targets on climate change and environmental sustainability. Moreover, Copernicus
data is available freely and openly to support the Digital Agenda for Europe (EC, 2010b),
representing an influential tool for economic development and a driver of the digital

economy.

Copernicus programme is comprised of three components: space, service and in-situ
(Regulation (EU) No 377/2014). The space component comprises two types of complementary
satellite missions, ESA’s dedicated Sentinels and missions from other national and
international space agencies, called contributing missions. Copernicus service consists of six
core thematic areas: Land Monitoring, Marine Environment Monitoring, Atmosphere
Monitoring, Emergency Management, services for Security applications, and Climate Change
(Jutz & Milagro-Pérez, 2018). It produces value-added products, such as informative maps
and datasets, by processing and analysing jointly space data, served by the Sentinels and the
contributing missions, and environmental measurements (Jutz & Tassa, 2019). These products
serve a wide range of application domains, namely agriculture, blue economy, climate change

and environment, development and cooperation, energy and natural resources, forestry,
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health, insurance and disaster management, security and defence, tourism, transport and
urban planning. Non-space data is referred to as in-situ data and is collected from providers
external to Copernicus, from ground-based, sea-borne or air-borne monitoring systems. It
also includes geospatial reference data, which refers to background topographic information,
such as transportation network maps, administrative boundaries and digital elevation models
(Marconcini et al., 2020).

Space component’s evolution depends on analysing the options to meet evolving user needs,
gathered regularly (EC, 2019a), and technological developments (Jutz & Tassa, 2019). On the
other hand, Copernicus service component depends on an user-driven approach and thereby
on the continuous and effective involvement of users in the services’ uptake (Buontempo et
al.,, 2019). Finally, to ensure reliable and consistent data provision over time, the in-situ
component benefits from contributions of national monitoring infrastructures and
international efforts to collect and share data, mainly from research groups and
meteorological organizations (Marconcini et al,, 2020). Therefore, the EC provides and
updates technical specifications for all Copernicus services addressing aspects such as scope,
architecture, technical service portfolios, indicative cost break-down and planning,
performance levels, space and in-situ data access needs, evolution, standards, archiving and
data dissemination (Regulation (EU) No 377/2014).

Copernicus service and space components are discussed further in the following subsections,
specifically the ones used in this Doctoral Thesis, namely Copernicus Land Monitoring
Service (CLMS) and Sentinel-2 (S2) satellite platform.

1.2.1. Copernicus Land Monitoring Service (CLMS)

Copernicus service provides products at global, pan-European and local scales in order to
support global-to-local policies’ requirements (Regulation (EU) No 377/2014). Specifically,
CLMS (n.d.) aims to connect the producers of environmental data and decision-support tools
with the end-users of these products. Thus, it involves many organizations at different levels
with the aim of coordinating EO research and development in vegetation-based studies
responding to climate change, ecosystems’ management or the promotion of sustainable
agriculture (Regulation (EU) No 377/2014). This Doctoral Thesis uses and evaluates products
from the global and local components of CLMS.

The availability of operational medium-to-low resolution sensors (i.e.,, hectometric-to-
kilometric spatial resolution), such as the Moderate Resolution Imaging Spectroradiometer
(MODIS, 1999 up to date) (Justice et al., 1998), the Systeme Pour I'Observation de la Terre (SPOT-
VGT, 1999 to May 2014) (Pasquier & Verheyden, 1998) and the Project for On-Board
Autonomy (PROBA-V, June 2014 to October 2019) (Dierckx et al, 2014), allows the
production of operational and qualified medium-to-low resolution products of bio-
geophysical indices at global scale inside the CLMS. Copernicus Global Land Service’s (CGLS)
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(n.d.) products monitor the status and evolution of the land surface at global scale and are
offered both in near-real-time and as long-term time series. Some are recognised as Essential
Climate Variables (ECV) by the Global Climate Observing System (GCOS) (World
Meteorological Organization et al., 2011), such as the maps of burned areas, the Fraction of
Absorbed Photosynthetically Active Radiation (FAPAR), the Leaf Area Index (LAI) or the Soil
Water Index (SWI) (Bojinski et al., 2014).

On the other hand, Copernicus Local Land Service (CLLS) offers products based on very-
high-resolution (VHR) satellite imagery, i.e., 1.5 m SPOT-6 (September 2012 up to date), 2.0 m
Pléiades (December 2011 up to date) (Campenon, 2009) and 2.5 m SPOT-5 (May 2002 to
March 2015) (Dagras et al., 1995), in combination with other available datasets, i.e., high and
medium resolution satellite data, mainly from 10 m S2 Multispectral Instrument sensor (MSI)
(2015 up to date) (Drusch et al., 2012), and 30 m Landsat-8 (L8) Operational Land Imager
sensor (OLI) (2013 up to date) (Irons et al., 2012) for gap-filling. CLLS is coordinated by the
EEA (Regulation (EU) No 1089/2010) and aims to provide more detailed information,
complementary to the pan-European component, to monitor hotspots, i.e., areas that are

prone to specific environmental challenges.

For instance, Riparian Zones (Weisstener et al., 2016) and Natura 2000 products address land
cover/land use (LC/LU) and characteristics of areas along river flows and grassland rich sites,
respectively. These areas provide a wide range of ES (e.g., flood control, water storage,
chemical filtration and aquatic life and wildlife support) (EC, 2015b). Therefore, these
products support the objectives of several EU actions and policy initiatives, such as the 2020
BS (EC, 2011a), the Habitats (Council Directive 92/43/EEC) and Birds Directives (Directive
2009/147/EC) and the WFD (Directive 2000/60/EC) and Floods Directive (Directive
2007/60/EC). The rationale for these local products derives from the need to improve the
mapping and assessment of green and blue infrastructure, monitoring biodiversity rich
habitats, ES delivery and, most importantly, assessing whether these sites are being
effectively preserved (EC, 2011a, 2015a). Nonetheless, lack of field data in sufficient detail
remains a significant handicap that limits possibilities to validate the outcome products.

1.2.2. Copernicus space component: Sentinel-2 (52)

Copernicus space component provides EO data to feed the wide range of Copernicus services.
ESA develops and manages this core component (Regulation (EU) No 377/2014). The
contributing missions, such as the aforementioned, make some data available for Copernicus.
These satellite missions play a crucial role to ensure that observational requirements are
satisfied and fall into the following categories: (i) Synthetic Aperture Radar (SAR) sensors for
all-weather, day-and-night observations of land, ocean and ice surfaces; (ii) VHR, high,
medium and low resolution optical sensors for targeting specific sites, security applications,
supporting regional-to-national land monitoring activities, and monitoring land and ocean

dynamics; (iii) high-accuracy radar altimeter systems for sea-level measurements and climate
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applications; (iv) radiometers to monitor land and ocean temperature; and (v) spectrometers
for air quality measurements and atmospheric composition monitoring. The Sentinels have
been specifically built for the programme and also carry a range of technologies, such as SAR
and MSI, for monitoring land, ocean, climate and atmospheric composition (Marconcini et al.,
2020).

Among the seven families of Sentinels, this Doctoral Thesis specifically uses S2. It is a polar-
orbiting mission that offers a unique combination of global coverage with a wide field of view
(swath width of 290 km), high revisit capability (five days with two satellites), high spatial
resolution (10 m, 20 m and 60 m) and multispectral imagery with 13 spectral bands in the
visible, Near-Infrared (NIR) and Short-Wave Infrared (SWIR) (Revel et al., 2019). The
mission’s main objective was to provide enhanced continuity of multispectral EO in
comparison with the SPOT series of satellites for Copernicus operational products, such as
LC/LU maps, LC/LU change detection maps and bio-geophysical variables, thereby
contributing to the Land Monitoring (CLMS), Emergency and Security services (Drusch et al.,
2012).

Moreover, S2 characteristics have overcome those of the last Landsat Data Continuity Mission
(LDCM), L8, operated jointly by the National Aeronautics and Space Administration (NASA)
and the United States Geological Survey (USGS), whose OLI sensor provides data with a
spatial resolution of 30 m (visible, NIR and SWIR) every 16 days over a 185 km swath.
Nevertheless, L8 comprises a second instrument on-board, the Thermal Infrared Sensor (TIRS)
(100 m spatial resolution), and a panchromatic band (15 m spatial resolution), providing
multispectral imagery with 11 bands that cover a wider wavelength of the electromagnetic
spectrum than 52 MSI (Irons et al., 2012).

The use of S2 has shown its effectiveness for vegetation studies (Qiu et al., 2017). The capacity
of 52 MSI's NIR and SWIR bands for geological remote sensing was first evaluated by van der
Meer et al. (2014), concluding a good correspondence with L8 OLI. However, cloud-cover
remains a major inconvenience when using optical imagery from passive systems. Thus, it is
preferable to integrate multi-source satellite data rather than use data from a single satellite
platform. The interoperability between S2 and L8 has been proven further by Mandanici and
Bitelli (2016), concluding that the satellite platforms can be used jointly to collect data with
higher temporal, spatial and spectral resolutions, increasing opportunities for more frequent
cloud-free EO (Li & Roy, 2017).
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1.3. Biophysical parameters

Spectral indices are calculated by mathematical combination of two or more of the original
spectral bands. The bands are selected in such a way that the new index is more clearly
related to biophysical parameters of interest, such as chlorophyll content, leaf nitrogen,
biomass, photosynthesis, productivity, vegetation cover, canopy leaf area or water content
(Xue & Su, 2017). These dimensionless variables derived from satellite data have become one
of the foremost sources of information to monitor vegetation condition (agriculture, natural
resources and ecosystems) and detect changes derived from climate pressures or human
activities (Teillet et al., 1997).

Specifically, most vegetation indices are based on the sharp increase in reflectance that occurs
at around 700 nm wavelength, the red-edge, which is characteristic of green vegetation.
Indeed, the indices exploit the different reflectance in the NIR and Red (R) (Rouse et al., 1974).
As for the study of vegetation water content, the approach for calculating the indices is based
on the spectral bands in the near to mid-infrared. Specifically, the bands with stronger water-
absorbing features are at around 970 nm, 1200 nm, 1450 nm, 1930 nm and 2500 nm
wavelength (Jones & Vaughan, 2010). The depth of the absorption bands is greater at longer
NIR wavelengths, but most sensors’” accuracy decreases and the effect of radiation absorption
from atmospheric water vapour is higher in this part of the spectrum (Gao, 1996).

This Doctoral Thesis uses three bio-geophysical indices: the Normalized Difference
Vegetation Index (NDVI), the Enhanced Vegetation Index (EVI) and the Normalized
Difference Water Index (NDWI) (Table 1). Extensive further details can be found in the
references provided in Table 1. The NDVI is one of the most used and implemented indices,
calculated as the normalized ratio between the NIR and R bands. NDVI single values allow
estimating vegetation healthiness and vigorousness (Rouse et al., 1974). Moreover, each
vegetation type shows a specific NDVI annual signature that defines its phenological stages
(Serrano et al., 2019). Thus, this index has been commonly used in agriculture studies for
identifying crop types and interpreting the status and productivity. Overall accuracies over
80% have been achieved validating the results with ground-truth data and LC/LU maps
(Inglada et al., 2015).

Most of the alternative formulations proposed afterwards aim to correct NDVI'’s deficiencies.
For instance, improving the sensitivity for dense vegetation with high LAI, i.e., the Green
Normalized Difference Vegetation Index (GNDVI) (Gitelson et al., 1996), where the green
band substitutes R; minimizing the noise caused by variation in the underlying soil
reflectance or by atmospheric absorption, i.e., the Soil-Adjusted Vegetation Index (SAVI)
(Huete, 1988), which adds a soil-adjustment constant factor; or reducing the variability
introduced by atmospheric effects (Huete et al., 1997).
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The latter remains a problem for most passive sensor-derived indices. Top-Of-Atmosphere
(TOA) reflectance values can be up to 70% lower than measures at ground level (Cracknell,
1997). Therefore, adding the reflectance in the Blue band (B) was proposed to correct for
atmospheric aerosols, i.e., the Atmospherically Resistant Vegetation Index (ARVI) (Kaufman
& Tanré, 1992) or the EVI (Liu & Huete, 1995). Moreover, several processors have been
developed as to correct for atmospheric, shadows and slope effects, converting S2 TOA
reflectance (Level 1C) into Bottom-Of-Atmosphere (BOA) reflectance values (Level 2A). For
instance, the Maccs-Atcor Joint Algorithm (MAJA), used by the Centre National d’Etudes
Spatiales (CNES) (Hagolle et al., 2017); Sen2Cor, used by ESA (Louis et al., 2016); and the
Function of Mask (FMask), used by the USGS (Frantz et al, 2018). As of January 2019,
Copernicus systematically produces S2 Level 2A products, atmospherically corrected using
Sen2Cor algorithm (Szantoi & Strobl, 2019). Still and all, MAJA processor has been used in
this Doctoral Thesis (paper IV) since it improves atmospheric correction using multitemporal
series of images instead of a single one, achieving an overall accuracy (OA) of around 91%.
FMask performs similarly, with an OA of 90%, whereas Sen2Cor’s OA is 84% (Baetens et al.,
2019).



Table 1. Bio-geophysical indices used in this Doctoral Thesis (Note that NIR, R, B and SWIR stand as reflectance in the Near-Infrared,
Red, Blue and Short-Wave Infrared bands; LAI as Leaf Area Index; MODIS as Moderate Resolution Imaging Spectroradiometer; and
TOA as Top-Of-Atmosphere reflectance). Characteristics adapted from Jones and Vaughan (2010), Xue and Su (2017) and Serrano et al.
(2019), apart from the main reference of each index, included in the Table.

Index Formula Characteristics References

Good for estimation of canopy growth or vigour.

Sensitive response to green vegetation, even for low vegetation covered areas.

Used in regional-to-global vegetation assessments.

Related to canopy structure, LAI and canopy photosynthesis. Rouse et al.
Sensitive to the effects of soil brightness, soil colour, atmosphere, clouds and (1974)
clouds shadows, slopes and leaf canopy shadows, thereby requiring remote

NDVI (NIR-R)/(NIR+R)

sensing calibration.
Sensitive when vegetation cover is sparse.

Simultaneous correction of the effects of soil background reflectance and

atmospheric conditions.

Improved sensitivity to densely vegetated areas.

Lack of correction for the topographic effect, which also affect the noise in
EVI 2.5(NIR-R)/(1+NIR+6R-7.5/B) vegetation indices, especially in hilly areas.

Adopted by the MODIS Land Discipline Group as the second global vegetation

Liu and Huete
(1995)
index for monitoring the Earth’s photosynthetic vegetation activity.

Used as the operational index for MODIS products where TOA reflectance is
atmospherically corrected.

Use of shorter mid-infrared wavelength, less affected by atmospheric absorption.
Less sensitive to the effects of atmospheric conditions than NDVI, but the effects of
soil background reflectance are not completely removed.

Improved sensitivity to water-related features.

Sensitive to changes in water content of vegetation canopies.

Stress to plant canopies can be caused by impacts other than flood or drought,
difficult to discern using solely NDWI. Thus, NDVI and NDWI should be used
complementarily.

NDWI (NIR-SWIR1)/(NIR+SWIR1) Gao (1996)
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2. Motivation

The interest for performing this work arises from the increasing importance of continuously
mapping and monitoring the environment (natural, semi-natural, agricultural and anthropic)
to accomplish the EU policies discussed in Section 1.1. This helps in supervising the
sustainable use of natural resources, adopting adequate protection, conservation or recovery
policy measures, assessing their effectiveness, prioritizing managing activities and defining
spatial planning measures. The use of EO data into automatic or semi-automatic procedures
enables faster generation of mapping products in comparison to field data-based ones.
Moreover, it allows reaching hardly accessible areas and ensures wide spatial and temporal
product coverage. Therefore, it represents a less time-consuming and more cost-effective

technique.

Copernicus programme, along with the Sentinels fleet, has made available to several users
(private, institutional and scientific) a growing amount of full, open and free EO data and
services that cover the world at several spatial resolutions in short revisit times. It has been
created as an user-driven tool. Therefore, it has enabled the improvement of land monitoring,
paving the way for the generation and delivery of demand-driven EO-based products and
services, both experimental and consolidated, in the domains of agriculture, environmental
degradation and natural hazards. In a process view, Copernicus value chain comprises three
core elements: (i) data sources (i.e., Copernicus space and in-situ data), the upstream part of
the supply chain; (ii) EO data acquisition and storage (i.e., Copernicus services information),
the midstream part; and (iii) EO data processing and transformation into value-added
information products, the downstream services. Hence, EO data brings value through the
derived applications. The downstream market turns crucial in the value chain as representing
the core link between the satellite technical features and the non-space community’s (i.e., end-

users and stakeholders) information needs.

In 2018, the benefits of Copernicus in the EU EO downstream market were estimated at
between EUR 125 and 150 million, up from EUR 54 million in 2015, and are expected to grow
at an average annual growth rate of around 15% (EC, 2019b). The main driver for the growth
of this market is the remaining need for filling the gap between users’ specific needs for
tailored products and the current offer. This context represents a chance for continuously
improving environmental geo-information by developing new, or adapting already available,
algorithms and workflows (e.g., multi-source data integration). This leads to creating new
products, tools and approaches (e.g., value-added information products, automatic or semi-
automatic tools) and developing downstream applications and services in favour of
stakeholders from both public and private sectors. Such developments can support, and

improve the effectiveness of, environmental sustainability policy and decision-making tasks.

This Doctoral Thesis aims to present open-source tools for environmental monitoring based

on satellite-derived bio-geophysical indices that give reliable information on the status,
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pressures and evolution of the land surface. The purpose is establishing downstream pre-
operational or consolidated products that fall into Technology Readiness Levels (TRL) of 6 to
9 (EC, 2019d), thereby addressing the proven robustness of the developed technology in an
operational environment of relevance, reliable processes and performances that match the
expectations. Open-source satellite data, databases, programming languages and Geographic
Information Systems (GIS) are used to allow the tools” scalability over time, to new needs and
to national, European or global scales, as suggested in the current EU R&I funding
programme 2018-2020 (EC, 2019c). The main purpose is supporting stakeholders and
fulfilling their information needs, particularly those related to legal obligations, namely the
CAP (EC, 2010c), the WED (Directive 2000/60/EC) and the 2020 BS (EC, 2011a).

The Doctoral Thesis has been developed in response to two research questions (Table 2) and
is divided in two main parts accordingly: “Which biophysical parameters are available as full, open
and free?” (Part II) and “How can biophysical parameters interpretation and local stakeholder needs
be bridged?” (Part III).

Table 2. Research questions, solutions proposed, methodologies followed and
advantages and disadvantages of the approaches (Note that CGLS and S2 stand as
Copernicus Global Land Service and Sentinel-2 satellite platform, respectively).

1. Which biophysical parameters 2. How can biophysical parameters

Question are available as full, open and interpretation and local stakeholder
free? needs be bridged?
. X Development of tools based on open
Solution .CGPS products of bio-geophysical high—reI:olution satellite data to helpp in
indices. . . .
specific decision-making tasks.
Study of the suitability and quality of
Methodology CGLS }‘)roduct.s to m.onitor NWRM An;‘alysis of vegetation and water spectral
and their benefits (review of scientific  indices.
literature and reports).
Wide range of already processed and
qualified bio-geophysical indices’
products on the status and evolution Characterisation of vegetation types,
Advantages of the land surface, at global scale greenness and water leaf response with
and with a short revisit time (every high spatial and temporal resolutions.
10 days), complemented by the
constitution of long-term time series.
Time-consuming scenes selection and
Medium-to-low spatial resolution pre-processing tasks.
s Cloud coverage.
(300 'm and 1 km), not fulfilling Feedback loop between the need of
Disadvantages  studies’ needs at local scale.

Some products lack validation

assessments.

validation assessments and the lack of
comparable reference data.

S2 recent launch does not allow for long-
term assessments.
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Firstly, given the EC’s interest in fostering EU EO capacity (Regulation (EU) No 377/2014; UN,
2016), the Doctoral Thesis examines the state of the research regarding the proposed bio-
geophysical indices inside Copernicus programme. Given the fact that CGLS is currently the
only EO programme offering these indices freely as processed and qualified products, the
second research question enquires how to use the indices at local scale. Part III of the Doctoral
Thesis addresses the development and implementation of demand-driven tools in local case
studies.

The selected case studies are the largest river basins in Spain and Italy: Duero and Po,
respectively. These basins are chosen as representatives of significant climate change effects,
e.g., flood events, high intensity precipitation periods and impacts on water availability. A
combination of multiyear droughts and low groundwater levels leads to water stress
scenarios. The agriculture sector is hence likely to experience supply disruptions in the near
and long-term as it represents over 80% of global water demand (Food and Agriculture
Organization of the United Nations, 2018). Therefore, in agriculture, a shock like a drought
can have a high impact on food supplies and the sustainable use of water reservoirs. Lastly,
both basins account for 40% of national gross domestic product.

Therefore, the second research question takes into account stakeholders’” requests and targets
from the aforementioned EU policies, which settle the specific objectives of this Doctoral
Thesis. Firstly, the Hydrological Planning Office (HPO) and the River Surveillance Agency
(RSA) of the Duero Hydrographic Confederation need to fulfil the CAP (EC, 2010c) and the
WED (Directive 2000/60/EC). Therefore, the following specific objective is formulated:
enhancing the monitoring of agricultural water use and crop types. Secondly, the Member
States need to meet Action 5 of the 2020 BS: “Improve knowledge of ecosystems and their services
in the EU” (EC, 2011a, p. 12). Therefore, the following specific objective is formulated:

mapping and assessment of ecosystems and their services.

Tying to advance in the research questions and to overcome the disadvantages outlined in
Table 2, this Doctoral Thesis deals with: (i) analysis of stakeholders’ requests (geographical
area, applications, and spatial and temporal resolutions’ requirements); (ii) multi-source data
integration (e.g., multi-source optical satellite imagery from passive sensors, field surveys and
local datasets); (iii) analysis of available bio-geophysical indices, its suitability to monitor
vegetation and interpretation of spatial and temporal patterns; (iv) delivery of mapping
products of irrigated agricultural plots without irrigation rights and crop classification to help
in planning on-the-spot checks to the most severe infringements (i.e., larger surface, further
distance to a regulated well or unauthorised areas for irrigation due to water scarcity); (v)
identification of GI and assessment of current status and regulative ES provided; (vi)
development of new, or adaptation of already existing, algorithms and workflows according
to S2 and L8 sensors’ characteristics to automatically download and pre-process the input
data; (vii) development of automatic or semi-automatic procedures to interpret bio-
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geophysical indices’ values, together with available local and field data, in the perspective of
offering downstream services; and (viii) development of open-source innovative and
dedicated desktop-GIS and web-GIS tools based on EO, easy to use by decision makers, to
provide the information they need, when they need it and in a comprehensible format. Where

possible, the works also tackle the aspects of accuracy and validation.
3. Objectives

3.1. General objective

The general objective of this Doctoral Thesis is to develop a clear framework and
methodology that bridges the interpretation of satellite-based biophysical parameters and the

sustainable management of natural resources over time. The purpose is strengthening EO

potential in environmental sustainability policy and decision-making, as suggested in recent
EU R&I funding programmes (EC, 2019c), by bridging remote sensing research and
stakeholders’ demands into tools of scientific success.

This Doctoral Thesis contributes to discourses regarding problematic monitoring of
agricultural water use, crop type mapping, identification of GI and ES and detection of
degraded ecosystems. Moreover, it takes into account the increased interest of the EC in using
EU EO datasets, especially Copernicus programme. Figure 1 holds a simple workflow of the

methodology proposed.

Sentinel-2 data

v
> Calculation of bio-geophysical indices «

v
Interpretation of vegetation characteristics

v
Link with European sustainability strategies

v

Development of open-source demand-driven tools at local le
scale to help in monitoring the environment

v
Validation of the tools

Figure 1. Flowchart of the methodology followed to develop open-source EO-based
tools to monitor the environment at local scale based on the interpretation of bio-
geophysical indices (Note that validation assessments are performed when

comparable reference data is available).

The goal of the Doctoral Thesis is that water, agriculture and environmental policy and
decision makers refer to, use, and feedback on, the developed tools and approaches, based on
open-source satellite remote sensing. It is expected to stimulate demand-driven developments
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within EU EO research, particularly by improving the existing, or by developing new,
Copernicus products and services to support EU actions and policies.

3.2. Specific objectives

Specific objectives pursued in this Doctoral Thesis are based on the previously presented
targets from EU Directives and Strategies on environmental sustainability (Section 1.1).
Specific requests from local stakeholders are considered as well. The aim is developing
automatic or semi-automatic procedures to interpret biophysical parameters, calculated
through open high-resolution satellite data, to help in near-real-time decision-making at local

scale.

3.2.1. Enhancing the monitoring of agricultural water use and crop types

To fulfil the CAP (EC, 2010c) and the WFD (Directive 2000/60/EC) in this respect, this
Doctoral Thesis proposes the development of complementary tools that can be used by the
HPO and the RSA of a river basin Hydrographic Confederation. The tools are based on NDVI
values, calculated with open high-resolution satellite imagery, and spatial information
provided by the river basin. The goal is monitoring crop types and irrigation activity with
high spatial and temporal consistencies over large areas, contributing to the sustainable use of
natural resources. The tools are developed in close collaboration with the end-user in order to

attend all the information needs and spatial and temporal requirements.

This objective is pursued within a regional project in Duero river basin: “452-A.640.02.07/2015.
RevelaDuero: Earth Observation image analysis system for the determination of irrigated plots and
crop classification in the Duero river basin”. The tools are periodically upgraded, such as within
the project “452-A. 640.02.02/2019. RevelaDuero: Maintenance and improvement of the Earth
Observation image analysis system for the determination of irrigated plots in the Duero river basin”.

Both a desktop-GIS and a web-GIS tool are developed for the Duero Hydrographic
Confederation, with complementary functions, to accomplish the following objectives:

e To create cross-sectional tools for hydrographic management that support decision-
making and problematic agricultural water use management.

e To allow the integration of internal procedures, serving a better and more efficient
communication between the HPO and the RSA.

e To support territorial analysis and the implementation and monitoring of action plans.

e To facilitate the automatic querying, downloading, processing and structured storage of
EO data that cover the study area.

e To provide the personnel of a river basin Hydrographic Confederation with the
necessary training to consult and exploit EO data and spatial information in a simple and

intuitive way.
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e To develop functional computer tools that integrate the automatic management and
analysis processes to exploit the available EO data and spatial information. These tools
consist of an extension (or plugin) inside QGIS program and a web-based tool. All the
data consumed through, and delivered by, the processes is hosted and updated inside a
PostgreSQL/PostGIS database.

e To allow access to additional cartography datasets (e.g., the river basin’s catalogue, the
river basin’s web-based tool, cadastral information, etc.) to reference agricultural plots,
hydrological data, land uses or any spatial information of interest.

e To configure and control the users’ access to data and functionalities of the GIS
environment.

e To publish geospatial information as services in accordance to the Infrastructure for
Spatial Information in the European Community (INSPIRE) Directive (Directive
2007/2/EC) and based on Open Geospatial Consortium (OGC) Standards (n.d.).

3.2.2. Mapping and assessment of ecosystems and their services

Action 5 of the 2020 BS (EC, 2011a, p. 12) calls the Member States to map and assess the state
of ecosystems and their services in their regional territory with the assistance of the EC. A
dedicated working group on MAES has been established to coordinate and oversee Action 5.
The report adopted in 2018 (Maes et al., 2018) proposes a selection of indicators to map and
assess the condition and pressures for main ecosystem types, based on datasets derived from
reporting under EU environmental policies. This Doctoral Thesis proposes an approach based
on ES condition indicators that can be assessed through remote sensing, namely capacity to
provide ES, proximity to protected areas and ecosystems’ functional attributes (greening
response and water stress). The two first indicators are assessed through the integration of
CLLS products, open high-resolution satellite data and available local datasets. The use of
NDVI with two other bio-geophysical indices, EVI as a complementary vegetation index
more sensitive to heavily vegetated areas, and NDWI as a water index, allows for interpreting
the last ES condition indicator.

This objective is pursued within an European project on GI, funded by the EC Directorate-
General for European Civil Protection and Humanitarian Aid Operations (DG-ECHO): “G.A.
ECHO/SUB/2016/740172/PREV18. GREEN: Green infrastructure for disaster risk reduction
protection: evidence, policy instruments and marketability”. The collaboration in this project arises
from the predoctoral research stay at the Istituto Superiore per la Protezione e la Ricerca
Ambientale (ISPRA), in Rome, Italy, to obtain the PhD “International Mention”.
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From the EC policy perspective, this part of the Doctoral Thesis aims to achieve the following

objectives:

To provide a critical evaluation of satellite-based data, especially Copernicus data, as one
of the best available sources of information for guiding policy and decision-making on
complex environmental issues.

To support the development and implementation of related policies on water, climate,
agriculture, forest and regional planning.

To provide robust, reliable and comparable data that facilitates spatial planning and the
implementation of action plans.

To contribute to targets of the Member States from 2020 onwards in view of CCA and
DRR.

To develop a coherent analytical approach to be applied by the EU and the Member
States in order to ensure the delivery of consistent outcomes under Action 5 of the 2020
BS.

To support EU actions through Copernicus uptake, increasing its usability to monitor
prone areas where the lack of high-resolution time series of vegetation dynamics has

jeopardised assessments on natural ecosystems.

From an end-user perspective, the following objectives are pursued:

4.

To provide maps that spatially explicit prioritisation and problem identification,
especially in relation to synergies and trade-offs among different ecosystems and ES and
between ES and protected areas.

To provide maps that can be used as a communication tool to initiate discussions
between policy and decision makers, visualizing the locations where valuable ES are
produced and explaining the relevance of ES to the public in their territory.

To allow a more detailed assessment of vegetation response to disturbances, such as
droughts, floods or human influence.

To monitor impacts on the ecosystems’ functional attributes, taking into account the
ecosystems’ role in the delivery of ES.

To highlight degraded areas playing a key role in the delivery of ES to support the

implementation of action plans and monitoring their effectiveness.

Structure of the Doctoral Thesis

This Doctoral Thesis is presented as a “Compendium of Publications”. It consists of four

scientific articles, published in high-impact international journals, in accordance with the

Doctoral Regulations of the University of Salamanca. It has been structured in four parts.

Parts II and III respond to the aforementioned research questions. After that, Part IV holds the

conclusions derived and future developments.
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Part I - Research questions and methodology

Part I — Full open and freely available biophysical parameters

Part III - Bridging biophysical parameters interpretation and local stakeholder needs
Part IV — Conclusions and future works

Part I provides an overview of the European context of NBS and EU environmental policies
and strategies. It remarks the potential of EO to monitor the environment and the interest of
the EC in fostering EU EO capacity. After that, it presents Copernicus programme and the
bio-geophysical indices used in this Doctoral Thesis. The research questions that motivate this
research work are established, as well as the general objective and specific objectives pursued.
Finally, it sums up briefly the structure of the following parts.

Part II holds paper I, which analyses the suitability and quality of the vegetation and energy
indices in CGLS to monitor NWRM and their benefits, namely biophysical impacts, ES
delivered, and targets from EU policies that NWRM’s implementation can help to achieve.
Simple flow diagrams are designed to advice the end-user on the most suitable bio-
geophysical index and quality that can be expected from CGLS products depending on the
NWRM or benefit to monitor.

Part III holds papers II, III and IV. These papers present the developed tools and approaches,
based on the interpretation of bio-geophysical indices calculated with high-resolution

multispectral satellite data, to meet local stakeholder needs.

Firstly, Papers II and III refer to the regional project RevelaDuero (452-A.640.02.07/2015). The
HPO and the RSA of the Duero Hydrographic Confederation requested open-source tools
based on freely available satellite imagery from S2 and L8 for improving irrigation
management (HidroMap®©). Moreover, crop classification is performed automatically using
machine learning classifiers through an efficient and accurate model that takes into account
agro-climatic features. HidroMap© currently falls into TRL 9, representing a complete,
competitive and qualified system in a fully operational environment. As for the crop
classification model, it falls into TRL 7, as representing a demonstrated and validated model

awaiting an upgrade to an open-source progr amming language.

Secondly, Paper IV refers to the mapping and assessment of ecosystems and their services
and has Dbeen developed within the European project GREEN (G.A.
ECHO/SUB/2016/740172/PREV18). The research provides an approach that allows identifying
NWRM in riparian areas of a river network. Moreover, the capacity to provide regulative ES,
such as flood or drought protection, is assessed, as well as the condition of each GI. It has
been tested in Po river basin and, specifically, in its delta area. The developed model is used
to prioritise GI's need of restoration. It falls into TRL 6, awaiting comparable reference data in
a sufficient level of detail for its complete validation.
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Part IV states briefly the main remarks that come up from the results obtained. Moreover,
different approaches towards the continuity of the research line are discussed.

Finally, two additional appendices are considered appropriate. Appendix A outlines the
impact factor of the journals in which the papers have been published. Appendix B
summarizes the main features of HidroMap®© (registered intellectual property with reference
number SA-00/2019/2424), the GIS tool developed in RevelaDuero project (452-
A.640.02.07/2015), and includes the Innovation Award gained.
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Abstract: Nature-based solutions are increasingly relevant tools for spatial and environmental
planning, climate change adaptation (CCA), and disaster risk reduction (DRR). For this reason, a wide
range of institutions, governments, and financial bodies are currently promoting the use of green
infrastructure (GI) as an alternative or a complement to traditional grey infrastructure. A considerable
amount of research already certifies the benefits and multi-functionality of GI: natural water retention
measures (NWRMs), as GIs related specifically to the water sector are also known, are, for instance,
a key instrument for the prevention and mitigation of extreme phenomena, such as floods and
droughts. However, there are persisting difficulties in locating and identifying GI and one of the most
promising solutions to this issue, the use of satellite-based data products, is hampered by a lack of
well-grounded knowledge, experiences, and tools. To bridge this gap, we performed a review of the
Copernicus Global Land Service (CGLS) products, which consist of freely-available bio-geophysical
indices covering the globe at mid-to-low spatial resolutions. Specifically, we focused on vegetation
and energy indices, examining previous research works that made use of them and evaluating their
current quality, aiming to define their potential for studying GI and especially NWRMs related to
agriculture, forest, and hydro-morphology. NWRM benefits are also considered in the analysis,
namely: (i) NWRM biophysical impacts (BPs), (ii) ecosystem services delivered by NWRM:s (ESs),
and (iii) policy objectives (POs) expressed by European Directives that NWRMs can help to achieve.
The results of this study are meant to assist GI users in employing CGLS products and ease their
decision-making process. Based on previous research experiences and the quality of the currently
available versions, this analysis provides useful tools to identify which indices can be used to study
several types of NWRMs, assess their benefits, and prioritize the most suitable ones.

Keywords: copernicus services; green infrastructure; ecosystem services; natural water retention
measures; vegetation and energy indices; regulating services; disaster risk reduction; climate
change adaptation

1. Introduction

Green infrastructures (GIs) are often presented as nature-based solutions in the context of both
spatial and environmental planning [1,2]. However, the concept can be applied to a greater variety of
environments and remains extremely broad [3,4], to the point that, despite the increasing relevance
of GIs in several policy areas, no universally-accepted definition exists [5-8]. In 2013, the European
Union (EU) defined GI as “a strategically planned network of natural and semi-natural areas with
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other environmental features designed and managed to deliver a wide range of ecosystem services [
170l

This definition states that GIs are primarily spatial tools for the delivery of both green and
blue (when considering aquatic systems) ecosystem services (ESs) in terrestrial, coastal, or marine
areas [2-4,9-11]. ESs are classified either as (i) provisioning services, supplying natural resources; (ii)
regulatory and maintenance; or (iii) cultural [12].

Multi-functionality is perhaps the most important characteristic of GIs, which are capable of
delivering multiple benefits to both nature and human-beings [10,13]: Given their cost-effectiveness [14],
it is advocated that, where possible, they should be preferred to single-purpose grey infrastructures.
The restoration of a floodplain, a typical GI, is an example of this: Such a measure would provide flood
risk reduction, water storage, biodiversity protection, and recreational opportunities [15], whereas
only the first benefit would be delivered by grey flood defenses.

Over the past decade, GI's potential as a policy tool to promote the establishment of a
resilient society and a sustainable economic development has been increasingly acknowledged
by policymakers [10,12,13]. In 2011, the EU Biodiversity Strategy to 2020 [16] explicitly stated the
importance of incorporating Gls into spatial planning in order to achieve its target two, the maintenance
and enhancement of ESs and the recovery of at least 15% of the degraded ecosystems across Europe.

Then, in 2013, the European Commission formulated a specific GI strategy, aiming to promote their
uptake among stakeholders, encouraging investments, and developing trans-European GI networks [9].
The strategy outlined the need to incorporate GIs into key policies, recognizing it as an important tool
to achieve a variety of policy objectives. For instance, GI can be employed to:

e  Store carbon, reduce greenhouse gas emissions, and lower the carbon footprint due to residential,
transport and energy production sectors, as well as alleviate extreme weather events and natural
disasters, thus supporting the EU Strategy on Adaptation to Climate Change [17].

e Improve the connectivity between Natura 2000 core areas, established by the Habitats [18] and
Birds Directives [19] and enhanced by the 2020 Biodiversity Strategy [16], and integrate them with
the surrounding environment.

e Avoid forest erosion, soil contamination, and the fragmentation and degradation of ecosystems,
as required by the EU Forests Strategy [20].

e Achieve several objectives of the Common Agricultural Policy (CAP) [21] and encourage
agricultural sustainable practices.

e Improve water quality and storage, treat waste water, reduce hydro-morphological pressures on
river basins, and mitigate the impacts of floods and droughts, thus contributing to the goals of
all EU water-related policies, including the Water Framework Directive [22], the Groundwater
Directive [23], and the Floods Directive [24].

GIs related to the water sector are identified by the European Commission Directorate-General
Department for Environment Policies (DG-ENV) as natural water retention measures (NWRMs).
NWRMs are defined as “multi-functional measures that specifically aim to protect and manage water
resources and address water-related challenges by restoring or maintaining ecosystems as well as
natural features and characteristics of water bodies using natural means and processes [ ... |” [25]. Thus,
their main function is to act upon water-dependent ecosystems to enhance the natural characteristics
that enable them to retain water. This makes it possible to minimize runoff peaks during periods of
abundant precipitation as well as to store water to cope with dry periods, increasing the resilience of
the water ecosystem against extreme events, such as floods and droughts [17,26-28].

In 2013, the DG-ENV launched a two-year-long NWRM initiative [29], with the aim of developing
a knowledge base and bringing together all parties interested in NWRM design and implementation.
The initiative produced a catalogue of 53 NWRMs, classified per sector: Agriculture, forest,
hydro-morphology, and urban. It also studied NWRM benefits, formulating a list of 17 NWRM
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biophysical impacts (BPs) resulting from water retention, 14 ecosystem services (ESs) delivered by
NWRMs, and 14 EU policy objectives (POs) that NWRMs can help to reach.

In this work, we dealt with GIs, and specifically with NWRMs, by considering first the needs
of users and stakeholders related to the implementation, monitoring, control, and management of
actual or potential GIs. We then attempted to fulfil these needs by proposing solutions based on
remotely-sensed data within the Copernicus regulation [30]. Such data, especially when freely available,
up-to-date and in near-real-time, shows great potential, considering the constant changes undergone by
Earth’s ecosystems due to natural land and atmospheric conditions and under the pressure of human
activities [31-33]. Its applications include the parametrization of a wide variety of ecosystem models,
the reproduction of ecosystem dynamics, and the estimation of natural risks to ecosystems or future
scenarios, which can improve the formulation of environmental and conservation policies [34-36].

In order to monitor and manage ecosystem changes, scientists have developed, in the framework of
remote sensing applications, highly useful indices and approaches for evaluating both qualitatively and
quantitatively the vegetative-water-energy nexus of natural surfaces through the execution of spectral
measurements [33,34,36-39]. The worldwide known Copernicus Global Land Service (CGLS) [40],
a component of the Land Monitoring Core Service of the Copernicus Earth Observation program,
provides in particular a freely-available set of products based on qualified bio-geophysical indices.
These products are arranged into long-term time series and monitor the status and evolution of the
land surface on a global scale at mid-to-low spatial resolutions (300 m and 1 km) and in near-real-time.
They can be used to monitor components and processes of the Earth system, including the vegetation,
water cycle, energy budget, and terrestrial cryosphere.

Our study aimed to develop tools for users and stakeholders to ascertain the potential of CGLS
products for the identification, monitoring, and assessment of Gls. As we were particularly interested
in GIs for the reduction and mitigation of water-related hazards, such as floods and droughts, the
analysis focused on determining the most suitable indices for the monitoring of NWRMs. Therefore,
we performed a review of previous research experiences that employed the bio-geophysical indices
provided in the CGLS vegetation and energy products and then used the review’s results to assess
whether each product could potentially be used to monitor several types of NWRMs and their benefits,
also taking into account the quality of the products’ currently-available versions.

Ultimately, the purpose of this review was building an evidence base that, merged with future
research and developments, would allow us to understand the requirements to properly monitor and
identify NWRM and their benefits using operational information data streams covered by current (or
planned) Copernicus capacity. Performing this kind of analysis is essential to provide well-grounded
advice for the future inclusion of new products and services inside the Copernicus framework to suitably
cover institutional and private business processes and needs. Thus, products under demonstration,
pre-operational, or operational conditions could benefit from these analyses, having a clear view of
their current and potential use.

The present article is organized as follows: After describing in detail CGLS products and
GI/NWRM characteristics, benefits, and regulating policies, the methodology section outlines the input
data used for our review of the scientific literature, the results of which are expressed through the
use of Sankey diagrams and flowcharts. The results section indicates which vegetation and energy
indices, among those provided by the CGLS products, are potentially most useful for the monitoring
of each NWRM, biophysical impact, ecosystem service, and policy objective. Moreover, this section
indicates the quality that can be expected when using the CGLS bio-geophysical indices in terms of their
continuity along the globe, spatial and temporal consistencies, and overall accuracy. The discussion
section debates the results derived from the analysis and provides guidelines for users in the form of
flow diagrams showing the most recommended products. Finally, all the conclusions derived from the
study are summarized.
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2. Materials and Methods

Our approach, shown in Figure 1, entailed firstly considering the review of previous scientific
works that used or evidenced the potential use, either direct or indirect, of one of the bio-geophysical
indices provided by the Copernicus Global Land Service (CGLS) vegetation or energy products to
monitor a natural water retention measure (NWRM), observe a NWRM biophysical impact (BP), certify
the delivery of a NWRM ecosystem service (ES), or verify the achievement of a NWRM-related policy
objective (PO) from the targets of EU directives. We also focused on the actual quality that users could
expect using the last-updated versions of the CGLS products in terms of the data continuity along the
globe, spatial and temporal consistencies, and accuracy when compared with other satellite-based
products [40]. Finally, the outcomes were combined in Sankey diagrams and flowcharts designed for
the benefit of GI users.

List of all agriculture, forest and hydro-morphology NWRM and related biophysical

i @D potential, ecosystem services and EU policy objectives.
v
2. Research works using Literature review of articles indicating actual or potential links between each
bio-geophysical indices vegetation or energy index and each catalogued item.
v
3. Quality of CGLS products Quality and accuracy assessment of the products provided by the CGLS.
s Sankey diagrams linking each catalogued item to the indices that could be used
G for its monitoring and the product quality in the CGLS.
4. Diagrams

Flowcharts showing the most recommended products to monitor various NWRM
and benefit categories.

Figure 1. Flowchart showing the steps followed to determine the most recommended vegetation and
energy indices provided by the Copernicus Global Land Service for monitoring natural water retention
measures and their benefits.

2.1. Catalogue

The first step of our approach was organizing a catalogue of the relevant NWRMs, BPs, ESs, and
POs (Table 1). We made use of the catalogues developed by the DG-ENV NWRM initiative [29].

Table 1. Catalogue of the studied natural water retention measures (NWRMs), based on the NWRM
project [29]. Short-names in bold are the ones displayed in the final diagrams.

Agriculture Forest Hydro-Morphology
A1 Meadows and pastures F1 Forest riparian buffers N1 Basins and ponds
A2 Buffer strips and hedges 2 Maintenance of forest cover in N2 Wetland restoration and
headwater areas management

A3 Crop rotation F3 Afforestation of reservoir catchments N3 Floodplain restoration and
management

A4 Strip cropping along Fa Targ‘et.ed Planhng for catching N4 Re-meandering

contours precipitation

A5 Intercropping F5 Land use conversion N5 Stream bed re-naturalization

A6 No till agriculture Fé6 Continuous cover forestry N6 Restoration and reconnection of
seasonal streams

A7 Low till agriculture F7 Water sensitive driving N7 R.ecfmnechon of oxbow lakes and
similar features

A8 Green cover 8 Apprgpnate design of roads and stream N8 Riverbed x.nat_enal

crossings re-naturalization
. . Removal of dams and other

A9 Early sowing F9 Sediment capture ponds N9 longitudinal barriers

A10  Traditional terracing F10 Coarse woody debris N10 Natural bank stabilization

A11  Controlled traffic farming F11 Urban forest parks N11 Elimination of riverbank protection

A12  Reduced stocking density F12 Trees in urban areas N12 Lake restoration

A13  Mulching F13 Peak flow control structures N13 Restoration of natural infiltration to
groundwater

F14 Overland flow areas in peatland forests N14 Re-naturalization of polder areas
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The original catalogue of NWRMs contained 53 measures divided in four sectors: (i) Agriculture,
(ii) forest, (iii) hydro-morphology, and (iv) urban. As the present analysis was involved in a research [41]
specifically tackling rural GI development, its monitoring, and the management of water-related
natural hazards, the review only studied the 41 NWRMs included in the first three categories (Table 1).

The catalogue of the biophysical impacts resulting from water retention was left unaltered: All 17
BPs, originally divided into either direct (i.e., runoff control) or indirect (i.e., pollution reduction, soil
conservation, habitat creation, or climate alteration), were considered. On the other hand, the list of
NWRM-related ecosystem services was significantly altered: Originally containing 14 ESs, classified as
(i) provisioning, (ii) regulatory and maintenance, (iii) cultural, or (iv) abiotic services, this catalogue was
reduced to the 9 ESs belonging to the first two categories, while the other two were excluded as none of
the cultural (i.e., recreational opportunities) or abiotic services (i.e., navigation or energy production)
were actually relevant for the final goal of monitoring and assessing GIs in rural environments for the
reduction and mitigation of water-related natural hazards (Table 2).

Table 2. Catalogue of the studied biophysical impacts, ecosystem services, and policy objectives linked
to natural water retention measures, based on the NWRM project [29]. Short-names in bold are the
ones displayed in the final diagrams.

Biophysical Impacts Ecosystem Services Policy Objectives
Improving status of
BP1 Store runoff ES1 Water storage PO1 biology quality elements
(WFD)
. Improving status of
BP2 Slow runoff ES2 felzrusit(i)rfks and PO2 physicochemical quality
8 elements (WFD)
Natural biomass Improve status of
BP3 Store river water ES3 . PO3 hydro-morphology
production

quality elements (WFD)
Improve chemical status

BP4 Slow river water ES4 Blodlvers_l ty PO4 and priority substances
preservation (WFD)
Increase Climate change Improve quantitative
BP5 evapotranspiration ES5 adaptation and ros status (WFD)

mitigation
Increase infiltration

Groundwater/aquifer Improve chemical status

BP6 and/or groundwater ES6 recharge PO6 (WFD)
recharge
Increase soil water Prevent surface water
BP7 . ES7 Flood risk reduction Po7 status deterioration
retention
(WFD)
Prevent groundwater
BP8 Reduce pollutant sources  ES8 Erosion/sediment control  PO8 status deterioration
(WFD)
Intercept pollution Take adequate and
BP9 th ES9 Filtration of pollutants PO9 coordinated measures to
pathways reduce flood risks (FD)
Reduce erosion and/or Protection of important
BP10 sediment delivery PO10 habitats (HD and BD)
More sustainable
BP11  Improve soils PO12  agriculture and forestry
(BS)
BP12  Create aquatic habitat PO13 Better management of
fish stocks (BS)
BP13 Create riparian habitat PO14 E;:;ie\f‘ef::;:yolfoss ®9)

BP14  Create terrestrial habitat
BP15  Enhance precipitation

BP16 Reduce peak
temperatures
Absorb and/or retain
BP17 Co,
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The list of EU policy objectives, finally, originally contained a list of 14 NWRM-related POs
expressed by the Water Framework Directive (WFD) [22], the Floods Directive (FD) [24], the Habitats
and Birds Directives (HD and BD) [18,19], and the 2020 Biodiversity Strategy (BS) [16]. This list was
left mostly unaltered, with the sole exception of PO11, which is explicitly linked to GI deployment and
was henceforth considered redundant, considering the method used to perform the literature review,
further explained in Section 2.2.2 (Table 2).

2.2. Research Works Using Bio-Geophysical Indices

2.2.1. CGLS Vegetation and Energy Products

Nowadays, aerial and satellite remote sensing techniques are the foremost source of spatial
information due to their capability to catch large areas and monitor bio-geophysical parameters with
competitive spatial and temporal resolutions [42,43]. The bio-geophysical indices freely offered by the
Copernicus Global Land Service through its vegetation and energy products can be applied to a wide
range of thematic areas, such as global crop monitoring and food security; forest, water, and natural
resources management; land carbon modelling; or weather and climate forecasting [40]. The indices
have been validated using other existing global products derived from remotely-sensed data, mostly
produced by the MODIS (Moderate-resolution Imaging Spectrometer) sensor platform [44]. Moreover,
accuracy assessments have been performed through the comparison with ground-based reference data,
especially from the 2012 Land Use and Cover Area frame Survey (LUCAS) [45].

Focusing on CGLS vegetation products (as of November 2018), the widely-used normalized
difference vegetation index (NDVI) gives an indication of the current greenness of the natural
surface [33,36]. Derived from this index are the VCI and VPI (vegetation condition and productivity
indices; the latter has now been discontinued), which compare measured NDVI values respectively
to its long-term average and to its historical maximum and minimum. Other products provide
measurements of physical variables of the canopy: The leaf area index (LAI), the fraction of vegetation
cover (FCOVER), and the fraction of radiation absorbed for the photosynthesis (FAPAR) quantify the
density, extent, and health of the vegetation, respectively. On the other hand, dry matter productivity
(DMP) and gross dry matter productivity (GDMP) feature the growth of standing biomass and have
specific agronomic applications. The soil water index (SWI) adds complexity to the analysis by
quantifying the moisture condition at various soil depths. Finally, the maps of burned areas delineate
the zones of the globe that have been affected by fire events [34,46-65]. The Global Climate Observing
System (GCOS) recognizes the maps of burned areas, FAPAR, LAI, and SWI as essential climate
variables (ECVs) [40].

The energy bio-geophysical variables, on the other hand, assess the energy budget at the land
surface. Top-of-canopy reflectance (TOCR) and surface albedo quantify the part of the sunlight reflected
by the surface, respectively, dependent and independent from the angular observation conditions (the
first has been discontinued). In addition, the land surface temperature (LST) indicates how hot or cold
the ground is and depends on the surface albedo, vegetation cover, and soil moisture [66-69].

These bio-geophysical indices are useful for weather and climate forecasting as they are the
resulting effect of key forcing variables controlling the energy exchanges between the continental
surface and the atmosphere. Since they also detect how energy is distributed between the ground
and vegetation, they have become essential for crop growth modelling. As a sensitive indicator of
environmental vulnerability, surface albedo is especially efficient for the detection of land degradation
and desertification [66-69]. Table 3 shows the CGLS products considered in the literature review
together with their main characteristics.
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Table 3. Main characteristics of the last-updated versions of the bio-geophysical indices considered in
the literature review, provided by the Copernicus Global Land Service (CGLS) through its vegetation

and energy products [40] (as of November 2018).

. Spatial .
Index Satellite Sensor Resolution Temporal Resolution  Temporal Coverage Stage
FAPAR PROBA-V 300 m 10 days 01/2014-present Demonstration
SPOT-VGT, PROBA-V 1km 10 days 01/1999-present Operational
PROBA-V 300 m 10 days 01/2014-present N _
FCOVER  gpOT-vGT, PROBA-V 1km 10 days 01/1999-present Demonstratior
PROBA-V 300 m 10 days 01/2014-present .
LAI SPOT-VGT, PROBA-V 1km 10 days 01/1999-present Demonstratior
PROBA-V 300 m 10 days 01/2014-present
NDVI NRT !: 10 days 04/1998-present Operational
Vegetation SPOTVGT PROBAV. - Tkm LTS 2: 6 months 01/1999-12/2017
VeI PROBA-V 1km 10 days 06/2014-present Demonstratior
SPOT-VGT 1km 10 days 01/2013-05/2014 Operational
VPI PROBA-V 1km 10 days 06/2014-07/2017 Demonstratior
SPOT-VGT 1km 10 days 01/2013-05/2014 Operational
PROBA-V 300 m 10 days 01/2014-present .
DMP/GEMP b0 1vGT, PROBA-V 1km 10 days 01/1999-present Demonstratios
PROBA-V 300 m 10 days 04/2014-present - .
Burned Area PROBA-V 1km 10 days 04/2014-08/2018 Pre-operatione
SWI: 1 day 01/2007-present
SWI METOP(A&B)/ASCAT 25 km SWI103: 10 days 01/2007-present Operational
SWI-TS *: 6 months 01/2007-present
METEOSAT (MSG); LST: 1 hour 10/2010-present
LST GOES; 5km LST10-DC 3: 10 days 01/2017-present Operational
Energy MTSAT/Himawari LST10-TCI >: 10 days 01/2017-present
Surface PROBA-V 1km 10 days 05/2014-present Demonstratior
Albedo SPOT-VGT 1km 10 days 12/1998-04/2014 Operational
TOCR SPOT-VGT, PROBA-V 1km 10 days 01/1999-08/2018 Demonstration

! Near-real time. 2 Long term statistics. > 10-day statistics of daily values. ¢ Reformatting to time series format of
daily values. ® Thermal condition index with 10-day composites.

2.2.2. Literature Review

Having established a catalogue of the relevant NWRMs and related benefits (Section 2.1), we
proceeded to perform a review of the scientific literature in order to estimate the potential of the
vegetation and energy indices provided in the CGLS products to:

e  Study natural water retention measures (NWRMs).

e  Monitor their biophysical impacts (BPs).
e Observe the delivery of NWRM-linked ecosystem services (ESs).

e Assess the achievement of NWRM-related policy objectives (POs) expressed by EU directives
and strategies.

Thus, we searched for scientific articles using the Google Scholar search engine, attesting whether
a certain index had already been used, directly or indirectly, to detect or monitor the items in our
catalogue. Google Scholar was the chosen tool to make the queries since more advanced bibliographical
search engines display results based on the authors’ names, the title of the article, and keywords that
the article is associated with. However, the main title and the keywords usually concern the main topic
or the final results of the research, rather than the followed methodology.

The querying procedure entailed, first, the choice of the search terms: Typing the name of a
specific vegetation or energy index among those provided by the CGLS (Table 3) along with a word or
expression describing one of the catalogued NWRMs, BPs, ESs, or POs (Tables 1 and 2). The search
then yielded a list of articles, each of which was critically analyzed to ascertain whether it proved that
the index had actually been used, or could be potentially used, to study the NWRM, BP, ES, or PO.
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To critically decide whether an article actually proved a link between an index and a NWRM
or benefit, a number of criteria were established, as described in step 2 of the followed procedure
(Figure 2). It should be noted that a valid article did not necessarily have to cite the Copernicus
program, nor did the indices it used have to be calculated using remote sensing data. It was also
not necessary for a valid article to explicitly mention GIs or NWRMs or explicitly discuss ecosystem
services and policy objectives.

1. Choose the search terms NWRM BP ES PO CGLS bio-geophysical index
[ or oR \onﬁ
NO Does the article explicitly

describe the usage of the index?
YES

NWRMBP/ES PO
v v
Does the index depend, Does the Directive/Strategy to which
|_NO directly or indirectly, on e NO the PO refers specify the physical
measurements of the quantities that must be measured to
NWRM/benefit? assess the achievement of the PO?
JYes YES

v
YES Does the index measure
this quantity?

Is the index used to

explicitly study the
2. Perform the Google Scholar NWRM/benefit?
search and examine an article NO

: v
from the list of results Is the index used to monitor

a quantity affected by the
NWRM/benefit?

oNO

Is the index used on a
study area containing the
NWRM/benefit?

+No
Is the index used in a larger
model that describes the ————
NWRM/benefit? NO
|no
v
3. Value of the matrix element 0 1
S

il

v

Repeat Step 2 with O Has a significant number
the next article of [« of articles (up to the 20%)
the list of results been examined?

4. Repeat the process if needed Vs
v

Have all searches likely to
yield results been
performed?

YES NO,| Repeat Step 1 with

other search terms

Figure 2. Flowchart of the followed procedure to perform each query and ascertain whether a
given article was valid and effectively proved the existence of an actual or possible link between a
bio-geophysical index and a NWRM, BP, ES, or PO.

The results of the literature review (i.e., the proven link between an index and a NWRM or benefit)
were represented in a matrix form: Six matrices were prepared, displaying the links to CGLS products
respectively of agriculture NWRMs, forest NWRMs, hydro-morphology NWRMs, BPs, ESs, and POs.
Thus, each matrix cell corresponded to a given type of NWRM or related benefit and to a CGLS index.
Should at least one article be found to prove a link between the two items, the cell value would be 1,
else it would be 0.

2.3. Quality of CGLS Products

To obtain the final diagrams, we did not only assess, by reviewing the scientific literature, the
actual or possible link between the bio-geophysical indices and each of the NWRMs and their resulting
benefits; we also evaluated the quality that users could expect when using CGLS products. We thus
carried out a well-grounded study of each vegetation and energy product, studying in deep detail the
validation and accuracy assessment reports and user guides as of November 2018 [40,46-69] to fully
understand the input data used, the algorithm developed, and the resulting output product. Using this
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information, a quality assessment was formulated for each version of every available product, which is
shown in Table 4.

Table 4. Quality and accuracy assessments of the bio-geophysical indices provided by the Copernicus
Global Land Service (CGLS) vegetation and energy products, evaluating the product continuity, spatial
consistency, temporal consistency, and accuracy as either good (G), acceptable (A), moderate (M), or
poor (P) as in the consulted references [40] (as of November 2018).

Spatial Product Spatial Temporal
Index Resolution Continuity  Consistency  Consistency Accuracy  References
300 m P A A G o
FAPAR 1km A G A [46-48]
300 m P A A P
FCOVER 1km G A G A [46-48]
300 m P A A G ,
LAI 1km G A G A [ao-48]
. 300 m G G - -
Vegetation NDVI 1 km G G G R [46,49]
1km
VeI (SPOT-VGT) G G G - 150,51]
1km
(PROBA-V) G G G -
VPI 1km G G G - [51,52]
300 m M A A M -
DMP/GDMP Tk G N c M [53]
300 m - G - -
B‘:rned 1 km i ) G [54-63]
rea (PROBA-V)
1km
(SPOT-VGT) - P P
SWI 25 km G A G G [64,65]
LST 5km G A G G [66,67]
Energy 1km
Surface (PROBA-V) P A G P 168,691
albedo 1k
m P G G G
(SPOT-VGT)
TOCR 1km P A G - [66,67]

As previously shown in Table 3, almost all vegetation indices from CGLS offer two products
with different spatial resolutions (SRs), either of 300 m or 1 km, except for VCI and VPI, currently just
calculated using the NDVI 1 km product, and SWI, with a 25 km SR. On the other hand, energy indices
are available with either 1 km (surface albedo and TOCR) or 5 km (LST) SRs. As for their temporal
resolution (TR), almost all products are acquired every 10 days. NDVI 1 km, SWI, and LST offer both
near-real time data and long-term composites with different TRs. Specifically, the NDVI 1 km product
provides data every 10 days but also as a 6-month composite; the SWI product gives new data daily,
every 10 days, as statistic composites and every 6 months as time series; and finally, LST is available
hourly, daily, and every 10 days as composites of the daily values.

The quality was assessed on the basis of the product continuity, spatial and temporal consistencies,
and accuracy and according to the categories of good, acceptable, moderate, or poor, as used along the
consulted reports from the CGLS. The product continuity depended on the existence of large fractions
of missing values or noisy and unreliable distributions around the globe, with no correlations between
homogeneous sites. Thus, some products showed a bad continuity due to not properly covering the
entire globe, showing large fractions of missing values in Northern latitudes, equatorial areas, and
during winter time.
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On the other hand, spatial and temporal consistencies measured whether there were large
discrepancies between values relative to homogeneous areas and consecutive dates, respectively.
The temporal consistency also took into account whether the temporal profiles were smooth or noisy.
As for the accuracy, it was considered poor when values were either over or under-estimated compared
to ground-truth data [45] or MODIS products [44]. For instance, FCOVER showed a poor accuracy
over flooded vegetation, but positive results for bare and harvested areas, in comparison with FCOVER
calculated with MODIS satellite sensor, according to the consulted reports [46—48].

Opverall, the quality assessment was either good or acceptable for most of the products, being poor
mainly for the newest versions of 300 m SR and still in the “demonstration” stage, such as FAPAR,
FCOVER, LAI, or DMP [46-48,53]. That said, FCOVER remains a good candidate for replacing classical
vegetation indices for the monitoring of ecosystems due to its sensitiveness to the vegetation amount
without depending on the illumination direction [34].

As for the FAPAR and LAI 300 m versions, they showed poor or acceptable product continuity
and spatial and temporal consistencies, but accuracy was good when comparing values with reference
data [46—48]. VCI and VPI directly depend on the NDVI 1 km product and hence on the length
of historical series available, the cloud contamination in the dataset, or existence of snow, which
sometimes leads to below normal values, not corresponding to low vegetation activity, of all the indices.
Hence, the user should always consider new products and see if the trend persists [50-52].

As for the energy indices, the overall quality was good. A “poor” assessment was given only to
the product continuities of surface albedo and TOCR due to missing values over Northern latitudes
and equatorial areas in wintertime. Spatial consistencies were considered acceptable since reliable and
consistent values are obtained globally but unrealistic values result when analyzing locally snowy or
cloudy areas. The temporal profiles, finally, are reliable when comparing PROBA-V, SPOT-VGT, and
MODIS values, showing a good intra-annual precision [66-69].

2.4. Diagrams

The results of the literature review (Section 2.2) and the quality assessments (Section 2.3) were
represented through Sankey diagrams. Moreover, since interpreting results derived from Sankey
diagrams might be difficult due to the significant amount of illustrated information, even though the
foremost aspects are easily visualized, user-friendly flowcharts were also produced.

2.4.1. Sankey Diagrams

A Sankey diagram is a particular type of flow diagram. Within such a diagram, entities (nodes)
are represented by rectangles or text, connected by lines whose thickness expresses the quantitative
relationship between them. These diagrams are particularly suited to represent results organized in
matrices [70]. Plotly was the chosen tool to construct the Sankey diagrams since it supported coding in
Python [71]. Six Sankey diagrams were constructed, one for each of the matrices obtained from the
literature review (Section 2.2) (Table 5).

Each diagram is arranged in 4 columns. The columns contain nodes corresponding to, from
left to right: (i) catalogued agriculture NWRMs, forest NWRMs, hydro-morphology NWRMs, ESs,
BPs, or POs; (ii) bio-geophysical indices provided by the CGLS vegetation and energy products; (iii)
product versions depending on the available spatial resolutions; and (iv) characteristics considered in
the quality assessments (see for example Figure 3, representing the agriculture NWRM diagram).
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Table 5. Matrix representing the links of the evaluated agriculture NWRM and CGLS. Cell values of 1
or 0 indicate, respectively, whether an article indicating the actual or potential use of a given index to
monitor a given agriculture NWRM was found or not during the review of research works.

Agriculture Burned Surface

NWRM FAPAR FCOVER LAI NDVI DMP/GDMP Area SWI LST Albedo TOCR
Al 1 1 1 1 1 1 1 1 1 1
A2 0 1 1 1 0 0 0 0 0 1
A3 1 1 1 1 1 1 1 0 1 1
A4 0 0 1 1 0 0 0 0 0 0
A5 1 1 1 1 1 0 0 0 1 1
A6 1 1 1 1 1 0 0 0 1 1
A7 0 1 1 1 1 0 0 0 1 1
A8 0 1 1 1 1 0 0 1 1 1
A9 1 0 1 1 1 0 0 0 1 1

A10 0 1 1 1 1 0 0 0 1 1
All 0 0 1 1 0 0 0 0 0 0
A12 0 1 1 1 1 0 0 0 1 1
A13 0 1 1 1 1 1 0 0 1 1

Agriculture NWRM
QUALITY: Poor

- PRODUCTS: Vegetation Ml -0 ™ Moderate
NWRM: Agriculture Energy Ml Acceptable
Good

A1

RODUCT CONTINUITY

SPATIAL CONSISTENCY

Vel 1 km (pROBA™

VCI T K (SPOTVGTY

VPRI K

TEMFQRAL CONSISTENCY

v
E

A\

|

-

.“"" I
— I
-

L Ui

- i
. - QUALITY

NWRM INDICES VERSIONS EVALUATION

Figure 3. Sankey diagram linking the vegetation and energy indices to the agriculture NWRM that
they can be employed to study and monitor, according to previous research works, and to their
versions available in the Copernicus Global Land Service, which are in turn linked to expected quality.
The short-names of the catalogued NWRM are explained in Table 1.

The nodes in the two leftmost columns are linked by lines, which mirror the cells of the matrix to
which the Sankey diagram is related: If the value of a matrix cell (T}j), concerning an i-th index and
a j-th NWRM, ES, BP, or PO, is equal to 1, a line linking the respective nodes exists, whereas if Tjjis
equal to 0, no such line is represented. The index nodes in the second column are then connected to
their available versions, as provided by CGLS, in the third column. Finally, these versions are linked to
the quality assessment parameters in the fourth column via color-coded lines: The line color indicates
whether a product version has been evaluated with respect to a particular parameter as poor, moderate,
acceptable, or good (Table 4).

It is worth mentioning that the NDVI node in the second column is linked to nodes in the third
column relative to the available NDVI, VCI, and VPI versions, in light of the fact that the two latter
products are derived directly from the former [40,50-52].
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The width of each node of the three leftmost columns (represented as N, P;, and Vjy, corresponding
to NWRM or benefits, indices, and versions, k being the product version number) depends on the
following equations (Equations (1)-(3)):

Nj = Z Ty, (©)
i

p; = Z Ty, (2
j

1
Vik = EPi/ Yk. 3)
Thus, the width of a NWRM, BP, ES, or PO node depends on how many indices have been
indicated by previous scientific works to be suitable for the direct or indirect study of the said NWRM,
BP, ES, or PO. The width of an index node, on the other hand, shows how many NWRMs, BPs, ESs, or

POs that index can study, again on the basis of previous research works.

2.4.2. User-Friendly Flowcharts

With the aim of merging all the information and assisting actual GI users in selecting the potentially
most suitable remotely-sensed bio-geophysical indices for analyzing NWRMs and their benefits, we
designed user-friendly decision flows. These flowcharts lead from a given category of NWRMs, BPs,
ESs, or POs to the CGLS index that is most appropriate for studying a wider variety of items belonging
to the aforementioned category, on the basis of previous scientific research, and inform the user on the
spatial resolution and temporal coverage (which is important for long time-series analyses) that are
available in CGLS.

3. Results

3.1. Interpreting the Sankey Diagrams

The main result of the work that we performed is the linking of the vegetation and energy indices
freely available in the CGLS to NWRMs, BPs, ESs, and POs, on the basis of scientific articles that were
found through a deep literature review. Sankey diagrams are useful to visualize the proportional flow
and relationships between the different nodes within a network. They were thus well-suited to the
representation of the above-mentioned links.

The six diagrams designed are meant to quickly show which vegetation and energy indices,
available from the CGLS products, appear as the most suitable (according to previous research works)
for the study and monitoring of NWRMs, ESs, BPs, and POs. Moreover, the diagrams show the quality
that can be expected when employing the various versions of the CGLS products.

All the produced Sankey diagrams are displayed in Appendix A. As an example to interpret
them, Figure 3 shows explicitly the diagram for the agriculture NWRMs. The linking lines between
the nodes of the two leftmost columns (respectively representing the agriculture NWRMs and the
bio-geophysical indices and hence their connection according to the reviewed works) are based on
the matrix shown in Table 5, and hence on the cell values being either 1 or 0, as explained in detail in
Section 2.4.1. The links with the two other columns are instead based on the data displayed in Table 4.

Overall, the diagram reveals, by analyzing each node width and the links between them along the
different columns, the following information:

e Which NWRMs or benefits (Tables 1 and 2) have been successfully connected to the greatest
number of bio-geophysical indices. This information can be ascertained from the widths of the
diagram’s nodes of the leftmost column. In this specific diagram, the agriculture NWRMs that
were suitably highlighted using most of the CGLS indices are meadows and pastures (A1) and
crop rotation (A3), while solely two links and just with vegetation indices were found for strip
cropping along contours (A4) and controlled traffic farming (A11).
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e Which CGLS vegetation indices have been used to identify and monitor the greatest number of
NWRMs and benefits. The width of the green nodes of the second column, which depends on
the number of connections to the nodes of the first column (i.e., how many NWRM or benefits
each bio-geophysical index can actually or potentially study, according to the scientific literature),
communicates this information. In this diagram, the normalized difference vegetation index
(NDVI) and the leaf area index (LAI) are the vegetation indices showing the largest number of
links to agriculture NWRMs and hence the greatest width, which implies they are capable of
studying a wider variety of agriculture NWRMs. They are followed by the fraction of vegetation
cover (FCOVER) and the dry matter productivity (DMP)/gross dry matter productivity (GDMP).
The burned area and soil water index (SWI) are the least used vegetation indices.

e The most used CGLS energy indices. The width of the red nodes of the second column, which
depends again on the number of linking lines leading to them and hence on the indices’ suitability
to monitor the NWRM or benefits in the first column, conveys this information. In this case,
top-of-canopy reflectance (TOCR) is the energy index with the largest width and thus is capable
of monitoring more agriculture NWRMs, closely followed by surface albedo. On the other hand,
land surface temperature (LST) appears as the least used energy index.

e  The available versions (depending on the existing spatial resolutions) and the quality that users
can expect when using the products. This information is shown in the third and fourth columns.
Most of the products show a proper continuity along the globe with a minor amount of lost data,
especially in Southern latitudes and during summertime, and a good temporal consistency for
long-term analysis, with smooth temporal profiles (green lines). As for the spatial consistency, it is
acceptable (yellow lines) for more than half of the products, with discrepancies when comparing
values between homogeneous areas. Accuracy varies widely and has not been assessed for a
significant number of product versions (Table 4). It is worth highlighting that the lines connecting
the third and fourth columns are equivalent in all six Sankey diagrams.

3.2. Understanding the User-Friendly Flowcharts

As previously mentioned, Sankey diagrams display such a large amount of information that we
deemed it necessary to create more easy-to-read flowcharts to show just the most substantial results.
All these charts are held in Appendix B and their aim is to help users in their decision-making tasks
by indicating solely the most appropriate indices (according to the reviewed research works) for the
monitoring of each category of items (NWRMs, BPs, ESs, and POs). The diagrams also show the
temporal coverage of each version (300 m and 1 km) of these indices. This way, users can decide
whether a better spatial resolution or a longer temporal coverage is preferable for their analyses
and choose the most suitable product accordingly. Figure 4 is presented to illustrate how the final
charts look.

Clearly, these flowcharts are easier to comprehend than Sankey diagrams, though it is the latter that
truly hold all the outcomes of our research. This chart was specifically created for NWRM and shows
that NDVI and LAl are both the indices that allow the monitoring of the greatest number of agriculture
NWRMs. NDVI remains the index that lets us study the widest range of forest NWRMSs, while TOCR
is the recommended index for identifying hydro-morphology NWRMs. All the above-mentioned
vegetation indices are available in the CGLS as two different products: 300 m and 1 km spatial
resolutions; while TOCR is currently just offered as a 1 km product.
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1. Natural Water Retention Hydro-
S “ morphOIogy
2. Most used index NDVI and LAI TOCR

3. Provided by CGLS

4. Temporal coverage of
the 300 m version

5. Temporal coverage of
the 1 km version

6. Following most used
index -

Figure 4. Decision flowchart indicating the most suitable indices available in the Copernicus Global
Land Service for the monitoring of natural water retention measures.

4. Discussion

Nowadays, supporting the development of nature-based measures, such as GIs or, more specifically,
NWRMs, is very appreciated by policy makers since it contributes simultaneously to the achievement of
several policy goals from water-related EU directives and climate change policies [10,12,13]. However,
the lack of a well-grounded framework that allows the assessment of the multiple benefits of green
infrastructures, including the improvement of the resilience of ecosystems, the achievement of policy
goals, and cost-effectiveness, makes its implementation not yet truly operational [25,26]. Stakeholders
and decision makers need to properly monitor and evaluate the effectiveness and impacts of the
measures they are implementing [26,29,41]. Thus, aiming to support the successful implementation of
NWRMs by promoting the use of the best available monitoring techniques, we reviewed the use of the
bio-geophysical indices that are obtained from remotely-sensed earth observation data (and that are
freely available in the CGLS [40]). Overall, they have proved to be certainly suitable to monitor most
of the catalogued NWRMs, biophysical impacts, ecosystem services, and policy objectives (Table 2).

Analyzing both the final decision flowcharts (Appendix B) and the Sankey diagrams (Appendix A),
some general trends can be noticed. For instance, NDVI is the most successfully used index, not
only for the monitoring of agriculture and forest NWRMs but also for NWRM-related biophysical
impacts. This is partly to be expected, given that this well-known parameter has actually been
the most widely used vegetation index for decades, especially for monitoring vegetation health and
growth [33,36,72,73], and hence an extensive scientific literature employing NDVI exists, starting from
its first use in 1973 [74]. According to the reviewed articles, LAI also stands out as one of the most
suitable indices for the monitoring of both agriculture NWRMs and “direct” biophysical impacts
(slowing and storing run-off and reducing run-off), while TOCR is the following most used index in
both categories (Figures 4 and A8 in Appendix B).

Turning to the detection of the accomplishment of policy objectives from the Water Framework [22],
Floods [24], Habitats [18], and Birds [19] EU Directives and the 2020 Biodiversity Strategy [16], it would
appear that energy indices are the ones potentially most useful for this purpose. Specifically, TOCR is
recommended for detecting the accomplishment of policy objectives linked to the first four directives,
while DMP is the first choice for assessing the goals of the biodiversity strategy. In both cases, surface
albedo is the following choice. Both TOCR and DMP have a very competitive temporal coverage,
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offering data from 1999 with 1 km spatial resolution globally. The main disadvantage of TOCR is that
it is not available with a spatial resolution of 300 m yet (although we should point out that the TOCR 1
km version has been discontinued in 2018, awaiting the transition to Sentinel-2 data, which will solve
this handicap) [40]. Thus, use of it would depend on the user’s needs: Desired level of detail and range
of temporal coverage. The use of 300 m DMP products, which offer data from 2014, might be a better
approach when analyses require a better spatial resolution (Figure A10 in Appendix B).

Regarding the delivery of ecosystem services, DMP stands out as the most recommended index for
identifying NWRM-related provisioning services. On the other hand, a large set of indices is attested
to be suitable for monitoring regulatory and maintenance services: NDVI, LAI, FCOVER, and TOCR.
Except for TOCR, all indices are available in the CGLS as 300 m global products and data is offered
from 1999 (1998 for NDVI) using 1 km versions [40] (Figure A9 in Appendix B).

It must be recognized that the bio-geophysical indices that appear to be the most recommended
ones to identify and monitor NWRMs and their benefits are also the most consolidated, meaning that
more scientific works employing them exist. FCOVER is an exception to this: It is a relatively new
index, but it is considered as a promising replacement for classical vegetation indices [34,46—48] and
this is visible in the developed diagrams, where its suitable use is frequently almost equivalent to
LAI, NDVI, and DMP. On the other hand, FAPAR, burned area, and SWI seem to be overall the least
used vegetation indices according to the literature review. Only in the Sankey diagram concerning the
policy objectives addressed in the EU directives and the 2020 Biodiversity Strategy [16,18,19,22,24] does
FAPAR show the same potential as FCOVER and LAI, mostly due to its links to biodiversity-related
objectives (Figure A6 in Appendix A).

Let us now consider how suited NWRM and NWRM benefits are at being studied using CGLS
products, which would definitely help in the framework of their truly operational implementation [25,
26]. Agriculture NWRMs stand out as the nature-based measures for water retention that could be
conceivably monitored through a larger set of bio-geophysical indices. This is especially true for
meadows and pastures (Al) and crop rotation patterns (A3) (Figure Al in Appendix A). Also, forest
riparian buffers (F1) and land use conversion (F5) are linked to a high number of indices (Figure A2).
It should be noted that riparian vegetated buffer strips have been widely discussed in the literature
due to their ability to enhance and protect water quality, soil moisture, and river streams [15,75],
more economically than would be possible to achieve through the implementation of traditional grey
defenses [76].

On the other hand, no links were found for some forest-based measures, such as sediment capture
ponds (F9) or overland flow areas in peatland forests (F14). A first hypothesis could be that this happens
because energy and vegetation indices are not particularly suitable for the identification of hydrological
features. However, wetland restoration and management (N2), floodplain restoration and management
(N3), and restoration of natural infiltration to groundwater (N13) are hydro-morphology measures
linked to a relatively large set of vegetation and energy indices (Figure A3). This fact highlights the
potential of CGLS indices for the study of most NWRMs, even the aquatic ones. Thus, these apparently
harder-to-monitor NWRMs might also be the least established in the scientific literature and hence
hotspots to consider in future developments and research as pilot projects to test the hands-on condition
and effectiveness of these NWRMs.

Our results thus show that NDVI and LAI are the indices that allow the monitoring of most
NWRM-related biophysical impacts, as well as most agriculture and forest NWRMs. However, TOCR
and DMP stand out as the most appropriate indices when studying the accomplishment of EU policy
objectives, in line with the result obtained for NWRM-related ecosystem services.

A significant limitation of the present work that must be acknowledged is that our approach was
solely reliant on the review of existing already-published literature. Thus, it could be argued that some
NWRMs or related benefits could be monitored by more indices than those revealed by our review,
even though no one has performed this analysis in the past [25,26,29,40]. It is even more likely that
some of the newly developed bio-geophysical indices may have a great potential not yet assessed
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through scientific experiences. We are also aware that we might not have found articles linking the
study of a given NWRM, ES, BP, or PO with the use of a certain index, in which case the matrices
developed would contain false negatives (zeros).

Finally, users exploiting our results should not neglect to verify, even for highly recommended
indices, that the available spatial and temporal resolutions are adequate to their needs. To this end,
understanding the observation needs by collecting and consolidating GI users’ requirements will lead
to maximization of their fulfilment [77].

In this sense, the temporal resolution of most of the CGLS products is very competitive, offering
new data every 10 days at a global scale, which might fulfil the user requirements for any scale of their
analyses and examined phenomenon. The issue of the spatial resolution is however more complex:
CGLS products are currently available with either 300 m or 1 km spatial resolutions, which might or
might not be acceptable for the users, highly dependent on the required level of detail. Thus, when GI
users might need an analysis to be performed at a local level of detail, these products will almost surely
not accomplish their requirements, which probably call for a spatial resolution of around 10 m (such
a resolution is, for instance, currently provided by the Sentinel-2 MSI satellite sensor). It is for this
reason that we advise that, as we analyzed in this work the suitability of the global Copernicus Land
products for studying GIs/NWRMs and their benefits and policy goals, so should the appropriateness
of the pan-European and local Copernicus products be assessed in future research, even if entailing
different kinds of products [40].

5. Conclusions

From the obtained results, we are able to draw the following main conclusions:

e Remotely-sensed satellite data keeps proving its high potential for monitoring the Earth, easing
spatial planning and land use management tasks in large areas.

e  The examined vegetation and energy bio-geophysical indices, freely provided by the Copernicus
Global Land Service (CGLS) products, are able to monitor most natural water retention measures
(NWRMs) and their benefits, by which we mean NWRM biophysical impacts, delivered ecosystem
services, and the accomplishment of NWRM-related policy objectives. Overall, the most suited
vegetation indices are firstly the normalized difference vegetation index (NDVI) and secondly the
leaf area index (LAI), while the most used energy index is top-of-canopy reflectance (TOCR).

e We can thus see that the apparently most useful indices are the older ones, which can be used in a
wide variety of contexts. NDVI remains the most suitable index based on the literature review.

e  Some newly-developed indices are also promising alternatives: The fraction of green vegetation
cover (FCOVER), in particular, has shown its potential to replace or complement consolidated
indices and we are implementing new research in that direction [78].

e Just8 out of the 80 catalogued NWRMs and related benefits were not linked to any index, which
shows the indices’ potential for testing real NWRM pilot cases, providing a first baseline that,
combined with future multidisciplinary research, eases the successful implementation of the same
or similar measures. This may be due to: (i) No studies having been carried out on that specific
subject or (ii) no indices being actually capable of monitoring the item. Future research could
focus on studying this issue in detail.

e  Potential users should consider that the CGLS was not conceived as a database of complete and final
products but as input data for researchers and institutions to develop new down-streaming services
and evolve more detailed and scalable models, policies, strategies, planning, or management tools,
with the aim of enhancing Earth monitoring and the detection of land changes and land uses, as
well as assessing and encouraging the use of nature-based solutions for climate change adaptation.

e  The developed Sankey diagrams and final user-friendly flowcharts will hence help GI users in
their decision-making tasks, providing information on the most suitable indices (according to
the scientific literature) to monitor both NWRMs and their benefits. Moreover, the diagrams
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indicate the quality and accuracy that the user can expect when downloading and using the
CGLS products.

e  The temporal coverage of the CGLS products is very competitive, particularly considering that
most of them cover the globe every 10 days, surely fulfilling several users’ requirements on this
regard, for any level of detail of their analyses. Also, most of the 1 km versions provide data from
1999, which allow studies using very long-term data series, also taking advantage of a good overall
temporal consistency and data continuity along the globe, especially with almost no gaps during
summertime and in Central and Southern latitudes. When instead analyzing data in Northern
latitudes or wintertime, users should consider double-checking consecutive dates, homogeneous
areas, and temporal profiles. Spatial consistency and accuracy should also be verified by the
users, checking data from different sensors or for the same areas in several locations, since the
reviewed technical documents show overall low, acceptable, or not-yet-assessed results for these
two quality parameters.

e  Since Copernicus aims to meet the needs for ecosystem analyses on a global scale coming from
national and regional public agencies countries and political/economic unions, such as the USA
and the EU, a global and systematic acquisition system (i.e., able to acquire the Earth surface almost
continuously and systematically with very competitive spatial resolutions) is a fundamental
requirement for the Copernicus evolution. Specifically, referring to the spatial resolution, our
study highlights the need for the Copernicus program to develop 300 m versions of all global
indices, as this would make them considerably more useful, at least for intra-national and global
scale analyses of the provided data. A coarse spatial resolution is unfortunately a significant
handicap (e.g., as proven for the TOCR product). Accuracy assessments should also be provided
for all the product versions.

e The findings of this study are also valuable for the performance of a gap analysis between the
available Copernicus products and operational user needs, as we are starting to work on [77].
Indeed, the European Commission has placed increasing interest in the collection of requirements
to support the work of different institutional and private communities among the Member States.
Thus, stakeholder needs, in terms of Copernicus products and services, can be identified through
elicitation techniques and compared to the review hither performed in order to validate the
information collected. This integration would provide the baseline not only for the advancement
in technological provision, but also for the elaboration of policy recommendations in the domain
of agriculture and environmental protection.
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Appendix A. Sankey Diagrams

This appendix contains all the Sankey diagrams derived from the presented review. Section 2.4.1
explained how these diagrams were developed. Each catalogued item was identified with an acronym
(Tables 1 and 2) while the main characteristics and quality assessment of the Copernicus Global Land
Service (CGLS) products are shown in Table 4.
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Figure Al. Sankey diagram linking the agriculture NWRM (A) and the CGLS vegetation and energy
indices that are suitable for their monitoring, according to previous research experiences.
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Figure A2. Sankey diagram linking the forest NWRM (F) and the CGLS vegetation and energy indices
that are suitable for their monitoring, according to previous research experiences.
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Figure A3. Sankey diagram linking the hydromorphology NWRM (N) and the CGLS vegetation and
energy indices that are suitable for their monitoring, according to previous research experiences.
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Figure A4. Sankey diagram linking the vegetation and energy indices that according to previous
experiences are suitable for monitoring the biophysical impacts (BP) resulting from the application of
natural water retention measures (NWRMs).
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Figure A6. Sankey diagram linking the vegetation and energy indices that according to previous
experiences are suitable for monitoring the achievement of policy objectives (PO) through the application

of natural water retention measures (NWRMs).
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Appendix B. Decision Flowcharts

This appendix contains all the final user-friendly flowcharts derived from the presented review.
Section 2.4.2 explained how these diagrams were developed. Each catalogued item was identified with
a short name (Tables 1 and 2) while the main characteristics of the Copernicus Global Land Service
(CGLS) products are shown in Table 3.

1. Natural Water Retention Hydro-

Measures Agriousturs “ morphology

st i
' '

3. Provided by CGLS

4. Temporal coverage of
the 300 m version

5. Temporal coverage of
the 1 km version

6. Following most used

index TOCR LAI

z
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<

Figure A7. Decision flowchart indicating the most suitable indices available in the Copernicus Global
Land Service for the monitoring of natural water retention measures.

. . Slowing and Reducing Reducing Soil Creating Climate
2. Biophysical impacts pollution conservation habitat alteration
3. Most used index LAI “

4. Provided by CGLS

5. Temporal coverage of the
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6. Temporal coverage of the
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e mestssdinees

Figure A8. Decision flowchart indicating the most suitable indices available in the Copernicus Global
Land Service for the monitoring of NWRM biophysical impacts.
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Figure A9. Decision flowchart indicating the most suitable indices available in the Copernicus Global
Land Service for the monitoring of ecosystem services provided by NWRMs.
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Figure A10. Decision flowchart indicating the most suitable indices available in the Copernicus Global
Land Service for the monitoring of the achievement of NWRM-related EU policy objectives.
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PART Il

BRIDGING BIOPHYSICAL PARAMETERS
INTERPRETATION AND LOCAL
STAKEHOLDER NEEDS

AGRICULTURAL FIELDS OF VENETO, ITALY, CAPTURED BY COPERNICUS SENTINEL-2.

VENETO REPRESENTS ONE OF THE MOST PRODUCTIVE AGRICULTURAL LANDS IN ITALY,
PRODUCING MAINLY CEREALS, FRUITS AND WINE. SMALL, HAND-FARMED FIELDS
PRESENT A CONTRAST TO THE GROWING INDUSTRIALIZATION OF THE SECTOR, WHICH
SUFFERS FROM SOIL DEGRADATION AND WATER STRESS CONDITIONS.
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Abstract: Proper control and planning of water resource use, especially in those catchments with
large surface, climatic variability and intensive irrigation activity, is essential for a sustainable
water management. Decision support systems based on useful tools involving main stakeholders
and hydrological planning offices of the river basins play a key role. The free availability of
Earth observation products with high temporal resolution, such as the European Sentinel-2B, has
allowed us to combine remote sensing with cadastral and agronomic data. This paper introduces
HidroMap to the scientific community, an open source tool as a geographic information system (GIS)
organized in two different modules, desktop-GIS and web-GIS, with complementary functions
and based on PostgreSQL/PostGIS database. Through an effective methodology HidroMap
allows monitoring irrigation activity, managing unregulated irrigation, and optimizing available
fluvial surveillance resources using satellite imagery. This is possible thanks to the automatic
download, processing and storage of satellite products within field data provided by the River
Surveillance Agency (RSA) and the Hydrological Planning Office (HPO). The tool was successfully
validated in Duero Hydrographic Basin along the 2017 summer irrigation period. In conclusion,
HidroMap comprised an important support tool for water management tasks and decision making
tackled by Duero Hydrographic Confederation which can be adapted to any additional need and
transferred to other river basin organizations.

Keywords: remote sensing; irrigation; satellite imagery; landsat-8; sentinel-2; NDVI; desktop-GIS;
web-GIS; software development

1. Introduction

Water plays a key role in all natural ecosystems. It is the essential resource for the survival of
all living organisms. Irrigation farming consumes around 70% of the total annual withdrawal of
fresh water [1], which contributes to increasing agricultural productivity, mainly in unproductive arid
lands [2,3]. However, irregular water uses and climate change effects involves the overexploitation
of a large number of aquifers and the degradation of water quality sources [4]. This unsustainable
water balance and the variability of water world cycles turn water to an increasingly scarce and
limited resource [5-7]. Therefore, in order to stop and reverse this process, it is essential to adopt
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several measures focused on controlling runoff water and groundwater uses in the framework of
farming irrigation [8,9]. Many studies and projects were conducted to assess and control agricultural
irrigation activity [10-12]. For example, many efforts have been made by Irrigation Advisory Services
involving not only important water conservation achievements, but also irrigation water management
improvements [13]. This research work presents HidroMap, a new tool to monitor water uses in
agriculture almost in near-real-time. This tool was developed to support Hydrological Planning Offices
(HPOs) as a decision support tool including all actors involved in water management and water
policy-makers at field level.

Within this framework, several political actions, such as European Water Framework Directive
(EWEFD; 2000/60/EC), encourage sustainable use of this resource and ensure the conservation of
biodiversity. Spanish Ministry of Agriculture, Food and Environment have made significant efforts to
improve water management through developing national plans and actions related to water quality,
use and conservation following the guidelines of EWFD. Efforts made by the Spanish HPOs are
also remarkable since they involve different hydrological plans for the different national basins.
These actions represent a challenge for society. It is essential to develop a quality set of data that allows
to monitor irrigation activity. In addition, a proper information management system that allows the
geospatial integration of all data is crucial for preventive actions to be successful.

Aerial and satellital remote sensing have been recognized as excellent tools to acquire a large
amount of spatial information [14]. This is due to their capability to cover large areas and so monitor
crop biophysical parameters and control crop water uses along growing seasons [15-17]. In this regard,
relevant changes related to the policy of National Aeronautics and Space Administration (NASA)
and European Space Agency (ESA) have allowed open access to georeferenced Landsat and Sentinel
images in near real time [18,19]. Images from Landsat-8 and Sentinel-2 satellites have been used in this
research as they offer a high spatial and temporal resolution, thanks to the recent launch of Sentinel-2B
in March 2017.

Regarding data integration in geospatial environments, several decision support systems based
on web-GIS technologies have been developed with different aims [20-22]. However, most of these
applications are not open source and they are only available for private uses [23]. Focusing on remote
sensing applied to agronomic studies, there are previous experiences in crop assessment development.
For example, Pleiades, based on satellite imagery, allows transferring crop water requirements over
the growing season to final users [24]. In the southeast of Spain, different geospatial applications
have been also used in this regard; for example, the SPIDER software that initially used Landsat-5
imagery and now a combination of Landsat-8 and Sentinel-2A to estimate water requirements based
on normalized difference vegetation index (NDVI) [18,25,26].

Improving the management and monitoring of water uses not only requires farmers respect
the legal framework and water consumption limits, but also developing tools that provide accurate
information to water users and managers [27]. This research work was mainly focused on developing a
multifunctional and open source tool. Thus, HidroMap allows us to: (i) automatically detect, prioritize,
quantify and manage illegal irrigation as well as to generate maps and other supporting material
for surveillance and inspection tasks; and (ii) monitor the agricultural irrigation activity in near real
time through multitemporal satellite data. With these aims, PostgreSQL /PostGIS database [28] and
standard Open Geospatial Consortium (OGC) services (both open-source) were created. HidroMap
can be considered a very useful tool for the HPOs as it has been validated as a decision support
system to control the irrigation activity, especially in large areas with high water demand. In brief,
this open source tool offers a shared GIS environment for stakeholders, water policy makers and
water managers.

In order to describe the functionalities offered by HidroMap, the technical note was organized
as follows: after the introduction, Section 2 describes the study area where the tool was validated,
Section 3 describes in detail all data requirements and the methodology proposed, Section 4 shows the
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tool as well as its main results, and finally, Section 5 summarizes all conclusions derived after testing
the tool in the Duero River Basin during the 2017 summer irrigation campaign.

2. Study Area: The Duero River Basin

The study area selected for testing, evaluating and validating HidroMap was the part of the Duero
Hydrographic Basin belonging to Spain (Figure 1). This area covers 78,859 km? including 488,491 ha of
declared irrigation crops [29,30].

% Basin boundaries

Arid index
€3 Semi-arid @8 Semi-humid-semi-arid o6 Wet

Agricultural demand unit = 2000XXX | Graphic scale:
Map code = XXX P - - - - S

Figure 1. Duero Hydrographic Basin. Arid areas and agricultural demands (Source: Spanish National
Hydrological Plan 2015-2021).

The Duero basin has a continental climate and according to the UNESCO's climate classification
(1979), it is divided into 3 regions: a wet area located on the edges of the basin, a semi-arid zone
in the center, and a semi-humid-semi-arid area placed between the two previous ones (Figure 1).
The pluviometric regime is characterized by an average annual rainfall of 612 mm/year with high
spatial and seasonal variability involving different ecosystems with high biological value. The average
rainfall is 350-500 mm/year, 500-700 mm/year and 1400-2000 mm/year respectively in each climate
region. Similarly, large temperature differences could be also found depending on the climate area,
from an average of less than 6 °C, oscillating between 8 °C and 13 °C, and above 17 °C, being 10.7 °C
the average of the whole basin. That is why it represents a handicap for managing and monitoring
water sources and crops [31,32]. The hydrological year of 2016-2017, defined from 1 October 2016 to
30 September 2017, was classified as an extremely dry year by the National Hydrological Plan [30].
It was during this year that HidroMap was tested and validateed. It is important to highlight that
this hydroclimatic variability involves a high vulnerability to environmental problems related to
agricultural productivity, aquifer recharge, fires and soil degradation [33]. This is mainly due to
the water deficit in summer, a pronounced irregularity in the rainfall regime (both temporally and
spatially) and a noteworthy frequency of dry periods without appreciable rainfall. This hydrological
variability takes place mainly in the Southern part of the basin [34-36]. In this context, it is important
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to develop a tool for sustainable water planning since the agriculture sector generates more than 80%
of the water demand [32].

Therefore, testing and validating HidroMap in this area is a challenge, not only due to the large
area covered by the basin but also due to its agroclimatic and hydrological variability. HidroMap was
tested on the whole irrigated area of the basin, but also in those irrigated areas without irrigation rights
(from here “cases”).

3. Materials and Methods

3.1. Data Description

HidroMap requires different kind of inputs, that is, raster, vector and alphanumeric, to be managed
by a shared desktop-GIS and web-GIS environment. Mainly, the tool combines data from: satellite
platforms, field agronomic inspections, cadastre and information about irrigation rights, among others.

3.1.1. Satellite Earth Observation Data

Landsat-8 (L8), fom the United States Geological Survey (USGS), and Sentinel-2 (S2), from the
European Space Agency (ESA), were chosen as satellite image data sources to analyse the agricultural
lands. An area of 170 x 185 km and 100 x 100 km was covered by every L8 and S2 scene respectively.
Thus, 11 scenes from L8 (Path/Row: 200/31, 201/30, 201/31, 201/32, 202/30, 202/31, 202/32, 203/30,
203/31,203/32 and 204/31) and 18 granules (belonging to orbits 37, 94 and 137) from S2 were required.
S2 products were a compilation of elementary granules of fixed size along with a single orbit. A granule
was the minimum indivisible portion of a product (containing all possible spatial brands). For Level
1C and Level 2A products, the granules, were 10,000 km? ortho-images in ETRS89 UTM zone 30 N
projection. With respect to the degree of data processing, Level 1T images were used from L8 and Level
1C from S2, both projected at EPSG 25830 (ETRS89 UTM zone 30 N). The spatial reference system was
established by the Duero HPO since any official cartography product must be georeferenced under
this coordinate reference system (CRS) in Spain [37].

This satellite data was downloaded and preprocessed automatically, as explained in the following
point 3.2.1, under the CRS and time zone mentioned above, being the Duero HPO who selected the
date range of interest for the analysis.

Since NDVI is the most widely used vegetation index to remotely monitor large areas and assess
agricultural irrigation activity [38], it was integrated into HidroMap desktop tool. NDVI has been used
to perform crop classification in many areas around the world with high accuracy in the discrimination
between different types of crops with values of overall accuracy that could reach up to 90% [39].
After identifying irrigated plots, the final user should analyse the multitemporal variation of the
NDVI through the Web-GIS module to determine the type of crop established and make decisions in
this regard. In this study values of NDVI at the top of the atmosphere (NDVItp,) instead of at the
bottom of the atmosphere (NDVIgps) were analysed to avoid atmospheric corrections optimizing
processing times as both indexes indicate, in a relative way, the health/vigour of vegetation. Both
indexes, whether or not corrected for atmospheric effect, are ratios between the reflectivity values in
the near infrared (NIR) and the red wavelenghths of th spectrum (1).

_ PNIR — PRED
NDVlroa = PNIR + PRED W
Being pnir and prep the TOA reflectivities at the near infrared and red wavelengths corrected
from solar angle.
In addition of NDVIrpa images, false color images were created to visualize irrigated crops
and water areas. The combination of bands for the false color imagery which represented crop areas
were 6/5/4 for L8 and 11/8/4 for S2 (Table 1). For visualizing water areas, 7/5/3 and 12/8/3 band
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combination was used for L8 and S2 respectively. Table 1 detailed the main characteristics of the bands
selected for each satellite platform.

Table 1. Main characteristics of satellites and band set used by HidroMap.

Landsat-8 Sentinel-2 (A & B)
Sensor: Operational Land Imager (OLI) Multispectral Instrument (MSI)
The spatial resolution of the bands used: 30 m 10m?,20m?
Temporal resolution: 16 days 5 days 3
Radiometric resolution: 12 bits 12 bits
Band 3 (Green: 0.525-0.600 um) Band 3 (Green: 0.560 pum)
Band 4 (Red: 0.630-0.680 um) Band 4 (Red: 0.665 pm)
Band set used: Band 5 (Near Infrared: 0.845-0.885 um)  Band 8 (Near Infrared: 0.842 um)
Band 6 (SWIR;: 1.560-1.660 jm) Band 11 (SWIR;: 1.610 pm)
Band 7 (SWIRy: 2.100-2.300 ytm) Band 12 (SWIRy: 2.190 um)

! Visible and Near Infrared, 2 Short-wave Infrared (SWIR), > 5 days due to Sentinel-2B images availability (launched
in March 2017) [40], 10 days before.

3.1.2. Agronomic Data

Field inspections were performed to detect irrigated plots, validate the results obtained by
HidroMap but also to calibrate the model to ensure accuracy results. These inspections also allowed
to collect info regarding crops. This task was performed by the River Surveillance Agency (RSA),
which belongs to river basin authority. Through a customized CartoDruid application [41], the RSA
collected agronomic data the type of crop inspected, its phenological stage (emergence, jointing,
heading, soft dough and ripe) and the irrigation system used.

All this data was stored in a SpatialLite database [42] through the CartoDruid app. The incorporation
of this data into the HidroMap system was automatic since an analogous model to the one implemented
in the PostgreSQL/PostGIS database was designed with that aim. Therefore, HidroMap desktop-GIS
environment allowed an automatic generation of reports including agronomic information and
cartographic maps to assist the RSA inspections during the 2017 irrigation campaing.

Regarding roles, only HPO users currently have autority to view and either change or add any
relevant agronomic data.

3.1.3. Water Rights for Irrigation

The Duero Hydrographic Confederation had its own web-GIS system, named Mirame-Duero [43].
It included, among many other products, vector reference layers with information about water rights
for irrigation. This information was constantly updated. HidroMap used not only the most recent and
current copy of that information but also the most recent available satellite data to perform the analysis.

3.1.4. Cadastral Parcel Information

The Geographic Information System of Spanish Agricultural Plots (SIGPAC) [44] allowed us
to identify all declared plots for cultivation and their cadastral information. This information was
necessary to identify and register all irrigated plots, with or without rights for irrigation, within the
same GIS environment. Thus, SIGPAC (Geographic Information System of Spanish Agricultural Plots)
was considered as a reference cartographic information for the digitization of the HidroMap cases.

3.1.5. Complementary Data Sources

There were many other complementary data sources that helped interpret, locate and visualize
results. Especially, several vector layers with information about the basin demarcation, urban centers,
and divisions of the basin to be inspected by the RSA, areas with particular irrigation features and areas
with specific limitations were used. In addition, the most recent orthophotos from the National Plan
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for Aerial Orthophotography (PNOA) [45], offered by the Spanish Geographic Institute, were used as
a cartographic base for visualizing and printing reports.

3.2. Methodology

A proper methodology was required to process all data in an efficient and accurate manner
(Figure 2). HidroMap engine is a PostgreSQL/PostGIS database and the methodology implemented
(Supplementary Materials) converges in a dual GIS environment with the goal of: (i) managing all
required information to perform the analyses; and (ii) visualizing and monitoring results in this regard.

Inputs
Desktop-GIS outputs
Raster data ! . Q p Desktop GIS
Satellite Earth observation data Automatic generation and prioritization
Landsat-8 and Sentinel-2 (A & B) data HidroMap plugin of irrigated plots without rights
-NDVI;p, images
- False color multispectral images y l I Calculation of the total irrigated area

Alphanumeric data
Agronomic data ) PostgreSQL/PostGIS Access to OGC services
- Field control by the fluvial guards Database
(CartoDruid) J
Vector, raster and
Vector data alphanumeric

~ data Web-GIS outputs

Water rights and cadastral parcels

- Geographic information system of Visualization of all geospatial

agricultural plots l l information available along the basin
- Mirame-Duero cartographic
\_information system p. Revela Multitemporal variation of NDVI o,
Duer Web GIS per pixel

C 1 tary data

P

HidroMap SDI Monitoring of the irrigated plots and

- Aerial ortophbtography }

- Cartographic maps

area

Figure 2. Flowchart of the HidroMap tool functionalities and main engines: PostgreSQL/PostGIS
database, desktop-GIS, and web-GIS modules.

3.2.1. Data Acquisition and Pre-Processing

The first step of the methodology is the acquisition and pre-processing of all the data required to
be analysed together. Three processes are involved:

1.  Automatic download and preprocessing of Earth observation images

A specific script was developed to report the available Earth observation data along the basin
regarding the temporal resolution of each platform (L8 and S2). This script also allows to pre-process
raw downloaded images to obtain (i) NDVItoa images and (ii) false color images to highlight crop
and water areas for both platforms. NDVIrga ranges from —1 to 1 (see Equation (1)), being values
close to 1 those that correspond to dense and healthy vegetation. This behaviour is due to the
radiation absorption/reflection by the photosynthetic pigments of plants at the different spectral
ranges. Less dense vegetation areas are described by close to zero NDVIroa values, and negative
values occur when free water surfaces and clouds are represented. These NDVIpoa images are the
basis of both HidroMap modules, desktop-GIS and web-GIS, thanks to which agricultural plots with a
high probability of being irrigated can be detected and analysed.

Both USGS and ESA provide services for querying and downloading L8 Level 1T and S2 Level
1C products. In both cases, these services could be used through application programming interfaces
(API), so the developed approach made use of these interfaces.
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First, a query is made in order to obtain the list of L8 Level 1T and S2 Level 1C available products
for both the area of interest and the time range. This time range includes the 20 days prior to the exact
date of the query. For the S2 products, the query is made to the “Copernicus Data Hub” using the
OpenSearch protocol [46]. As for L8 products, the query is made to the USGS search and download
service [47].

Afterwards, the following actions were automatically carried out to obtain the pre-processed
products and publish them in the web-GIS tool viewer:

e Download S2 Level 1C and L8 Level 1T products using the previously provided URLs by the query.

e  Registration of downloaded products in the system catalog.

e  Calculation of RGB (Red, Green and Blue) false colour images through the combination of the
specific bands for each sensor: 6/5/4and 7/5/3 for L8, 11/8/4 and 12/8/3 for S2, for highlighting
crops and water areas respectively.

e  Calculation of NDVItoa images (1).

e  Registration of the previous pre-processed products in the system catalog.

e  Publication of the pre-processed products in the web-GIS tool viewer through the map
server (geoserver).

2. Division of SIGPAC information by municipalities

The SIGPAC information originally consisted of more than 11 million agricultural plots within
the 9 provinces of the study area. Thus, a hierarchical structuring of this information was required and
performed. A division of the municipalities was made by creating a PostgreSQL scheme with 2067
spatial tables, deleting the original information and hence avoiding data duplications and overlapping.
This process guaranteed both an optimal management and visualization of the cadastral divisions and
the geospatial intersection of layers.

3. Integration of all initial information in the PostgreSQL /PostGIS spatial database

All inputs required the design of an adequate spatial database. Specifically, a PostgreSQL
alphanumeric database with a PostGIS spatial extension was designed to optimize users’ management
and transfer all the information between both tool modules as thick and thin clients. The design
also included the management of user accounts and roles, controlling the access to the resources
depending on the user in each case, personnel from the HPO or RSA. Desktop-GIS and web-GIS
modules consumed and stored information in this database

3.2.2. Desktop-GIS Module

The main functionality of the HidroMap desktop-GIS environment was to support HPO
managing the irrigation activity from a quantitative point of view. In addition, it facilitated
communication between HPO and RSA. The tool was developed with Python programming language
for QGIS (PyQGIS).

Specifically, it allowed us to automatically perform three different processes through an intuitive
user interface (Figure 3): (i) detecting those agricultural plots with non-regulated irrigation activity;
(ii) prioritizing them based on different parameters; and (iii) estimating the total irrigated area and
agricultural plots involved for an area of interest. Thanks to the prioritization, it was possible to detect
the most relevant cases by establishing more or less restrictive criteria based on different parameters,
prevailing the larger areas. Apart from these three main functionalities, it also allowed:

e  To access and manage the PostgreSQL/PostGIS database with permission for such purpose
by users.

e To visualize products derived from Earth observation data for different dates.

e  Toautomatically generate reports, maps and support material.
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e To incorporate information about cases and relevant data from field inspections in the database
through forms designed for that purpose.
e To consult and visualize results from different dates to carry out temporary controls.

@ NEERE

P Visualization of Earth observation products

' Irrigation activity estimate

Automatic processing tools

Workspace root | f:\hidromap ‘

A |pr g type ® Cases automatic generation
Total irrigated surface

® Shapefile f:\hidromap \input\shapes\southern_lower_duero.shp {\/‘0

B  Study area definition Province --- Seleccione provinda --- v
icipality |
<RI il <) | Nead
Municipality | M|
NDVI reference image f:\hidromap\input\ndvibs\20170711_s2a_mosaic_r 137_ndvi. tif ‘ w
C X Filtering forest areas and others
D Parameters setting
NDVI threshold 0,70 5 Prioritization 5I5
Area threshold 0,5ha. ‘o Artifices area threshold 0,1ha. '

#

Figure 3. HidroMap desktop-GIS module interface. (A) Processing type; (B) Study area definition;
(C) Filtering forest areas and others; and (D) Parameters setting.

The algorithms implemented in this tool module took advantage of all the available geo-processing
tools in QGIS (gdal and the System for Automated Geoscientific Analyses, SAGA) since they allow
effective spatial intersections between several layers as well as different calculation operations. Figure 4
shows the inputs required, processes implemented and the outputs of the HidroMap desktop-GIS
module. A specific area of interest defined by a shapefile or by establishing a municipality from the
database was part of the inputs required together with the NDVIo, image of the date of interest.

First, the total irrigated surface and number of plots involved could be obtained. The next step is
the SAGA spatial difference algorithm, intersecting initial results with several layers provided by the
Duero Hydrographic Basin. Moreover, this process was enhanced in order to take out all the invalid
and incorrect geometries generated per intersection. After the geometric validation, a final shapefile
with all cases is generated. These cases hold all the information about SIGPAC cartography and fluvial
guard sectors involved and the hierarchization according to the established priority. Outputs from
every sub-process may be added to QGIS map canvas with a settled style so the user was able to
analyse all of them.
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Inputs Process Outputs
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Figure 4. Main flowchart of the proposed methodology for estimating agricultural plots with
non-regulated irrigation activity and irrigated surface and plots involved in an area of interest (yellow
background: inputs; blue background: flux or process; green background: outputs).

The three main functionalities offered by the HidroMap desktop-GIS environment are
described hereafter:

1.  Detecting those agricultural plots with non-regulated irrigation activity

As already mentioned, thanks to the algorithm implemented in this module, it was possible to
detect, with a single mouse click, the non-regulated irrigation activity that was being carried out in a
specific area of interest (defined by the user) and for a given date. In addition, thanks to the availability
of cadastral information integrated into the database, it was possible to extract all this information for
each individual agricultural plot and observe temporal evolution of irrigation activity. This process
can be performed for each NDVItpp image, free of clouds and every 5 days (thanks to the temporal
resolution offered by the Sentinel-2B platform).

The tool allowed final users from HPO, who were previously formed in this matter, to define the
NDVItoa and the minimum surface area (ha) as thresholds, determining if a plot can be identified
as a case or not. However, by default, 0.7 was established as the NDVItpy threshold and 0.5 ha as a
minimum surface. In addition, the tool allowed filtering those SIGPAC plots whose use was assigned
as forestry or non-agricultural lands.

All cases detected were stored in a vector layer with the following linked information per case:
province and municipality belonging, SIGPAC identification, geographical coordinates, surface (ha),
defined NDVItop threshold, date of generation, NDVItoa image identification, satellite sensor and
the priority of the case within all those detected (Figure 5). HPO users can finally consult and either
change or add any additional data.
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Figure 5. Crops resulted from spatial intersections of an irrigated normalized difference vegetation
index (NDVI) response and layers with information of the existence of irrigation concession, SIGPAC
parceling and river inspection sectors. Detection and definition of HidroMap cases and temporally
monitoring of the information stored in forms.

2. Prioritization of cases

Regarding the prioritization of cases, HidroMap desktop-GIS module allowed to hierarchize all
cases detected according to different criteria. For those cases detected during summer irrigation period
in 2017, the Duero Hydrographic Confederation established the severity of cases based on the total
irrigated area (cases type A) and the distance to the nearest regulated well (cases type B). In addition,
agricultural plots with both a concession lower than 7000 m®/ha/year and a surface larger than 9 ha
were also classified as cases to be investigated with more priority (Article 54.2 of the Spanish National
Water Law; cases type C).

Thanks to the tool versatility, it was possible to detect the most severe cases for different areas
of interest, that is, the entire basin, a municipality, a river or any other area defined by a shapefile.
HidroMap also stored the story of all detected cases. Then recurrence of illegal irrigation controlling
can be performed. The number of cases to be prioritized (set as 5 by default) was adaptive and may be
defined by the user.

3. Estimating total irrigated area and agricultural plots involved in an area of interest during a
period of time

It was possible to estimate the irrigation activity that was being carried out in a specific area of
interest and for a given range of dates. It did not require crossing results with layers about irrigation
rights or SIGPAC information controlling temporal patterns of irrigation activity in an area of interest.
The estimation result was displayed in a pop-up window.
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The interface not only allowed to select the area and period of interest but also adapting the
irrigation activity indicator, the NDVIrgp threshold.

3.2.3. Web-GIS Module

The HidroMap web-GIS environment supports RSA tasks by visually monitoring in near-real-time
not only the irrigation activity but also type of crops and crop growth. It was implemented through
Open Geospatial Consortium (OGC) services and all the information produced by the desktop-GIS
module was stored in the database. Both WMS (Web Map Service) and WCS (Web Coverage Service)
services were implemented so derived products from both satellite platforms (RGB false colour images
and NDVIrpa images) could be visualized from the desktop and web-GIS tools. WMS temporal
dimension (WMS-T) was also consumed so the user could request the specific date range of interest
for which the products will be displayed.

As shown in Figure 6, the user could quickly visualize all available Earth Observation products
(NDVItoa and false colour images for L8, S2 or both) for any area of the basin fettered by the bounding
box of the viewer and the period of time selected on the timeline provided. Also, the user could see a
multi-temporal evolution of the NDVItp, of different crops through a graph just by clicking a pixel.
In addition, some cartographic layers such as the plots with irrigation rights and declared crops to the
Common Agricultural Policy (CAP) [48] can be displayed in order to analyse different information
sources. In this way, this tool module contained very useful information and served as a consulting
and complementary environment to the desktop-GIS module.

Specifically, the web-GIS tool was developed with the aim of being used by agronomic specialists
of the river basin organization. Since variations of NDVIroa values through time were related to the
different phenological stages [38,39,49-51], they were analysed (as later shown in Figure 9) and used
as support to the decision-making process. Thus, experts can determine with high accuracy the type of
crop grown in each plot. In this way, resources of the river surveillance service could be optimized,
avoiding late field inspections of already harvested crops.

ey

g
o

Figure 6. Screenshot of the web-GIS module. (A) web-GIS viewer; (B) Several layers to visualize, i.e.
S2 and L8 grids, 2017 crop classification (source: Agrarian Technological Institute of Castilla y Le6n,
ITACYL), crop declarations to the Common Agricultural Policy (CAP) and field inspections; (C) Usual
NDVI variation graphic for an irrigated summer crop: user could choose to visualize NDVI values
from L8, S2 or both satellite platforms; (D) Timeline and images availability depending on the area
shown by the viewer; (E) Selection of derived products to visualize: RGB (Red, Green and Blue) false
colour and NDVI images from both L8 and S2.
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4. Results

The main results derived from the use of HidroMap in the Duero Hydrographic Basin in 2017
summer irrigation period (June-September) are presented, detailing results derived from the use of
desktop-GIS tool for managing irrigation activity and from the use of the web-GIS environment for
visualization, interpretation and multi-temporal crop monitoring.

4.1. Derived Products from the Desktop-GIS Environment

Selected thresholds were: 0.7 for NDVIpoa value and 0.5 ha as minimum plot area to detect. 4097
cases were detected, 1110 of them located in an area with limited irrigation activity due to drought.
The total irrigated surface without water concession was 7120 ha. The largest case occupied 39.26 ha
and the largest distance to the nearest regulated well was 4.7 km. Finally, the largest plot that infringed
the Article 54.2 of the Spanish National Water Law had 3.49 ha.

The prioritization of those cases was established by the HPO and consisted of detecting the 10
most severe cases in terms of surface and the 4 most severe cases per municipality involving two
of lager surface, one of longer distance to the nearest regulated well and one of larger surface that
did not fulfil the article 54.2 of the National Water Law. Once hierarchized, the cases were printed
and distributed according to the river surveillance agency to carry out the subsequent inspections.
The largest number of cases detected was located in the province of Avila. Regarding the 10 most
flagrant cases at basin level, 4 were located in Valladolid, 3 in Salamanca, 2 in Avila and 1 in Zamora.

Figure 7 shows those cases detected in the Southern-lower Duero agrarian area (province of
Valladolid) corresponding to the area of greatest irrigation restrictions of the entire Duero basin due to
drought and overexploitation of the aquifers. These cases were obtained with Sentinel-2 NDVItoa
images on 11 July 2017.

N

A

Legend

Duero basin boundaries
Areas with specific restrictions for water use
0 10 20 30 40 km [ Southern lower Duero
) [ HidroMap cases

Figure 7. HidroMap cases in the Southern-lower Duero agrarian area in 2017. Plots detected
with irrigation activity for an NDVItpa threshold of 0.70, a minimum area of 0.5 ha and filtering
forest surfaces.

67



Satellite imagery in water management and land use

ISPRS Int. ]. Geo-Inf. 2018, 7, 220 13 of 19

Regarding field inspections, 320 of the 4097 cases detected were examined during August and
September by the Duero RSA. They were intended to control illegal irrigations and simultaneously
validate HidroMap. They were scarce, but they revealed the main limitations and errors derived from
the automated system implemented in HidroMap.

The main errors found in the field inspections of 2017 were: 9.4% due to late inspections (already
harvested crops) and 18.7% caused by false positives (non-irrigated sunflowers).

To avoid the first incidence, it was recommended to carry out a continuous follow-up of the
inspections to guarantee that they were carried out regularly and prioritizing the date in which the
cases were generated.

Regarding the second error, it was verified that the defined parameters (mainly the NDVItoa
threshold) were not suitable because some rainfed crops were classified as irrigated crops (false
positives). This error was a direct consequence of providing maximum automation to the process.
It should be highlighted that the sunflower crop has an almost identical spectral response under
irrigation and rainfed conditions so non-irrigated sunflower crops are commonly confused with other
irrigated summer crops [49,50]. To avoid such errors, an examination of the cases generated prior to
their delivery to the RSA office was recommended. This process can be carried out by agronomists or by
any user thanks to the crop phenological information offered by the HidroMap web-GIS environment.

Finally, regarding total irrigated area estimation, an analysis was performed in the province of
Leon, including an area of special interest for the Duero River Basin Organization due to its extension
and water demand for the agricultural activity. This area was known as Payuelos and it had a total
surface of 37,000 ha where 62% was irrigated (23,000 ha). This area corresponded around the 80% to
spring irrigation and 20% to summer irrigation according to the National Hydrological Plan [32,43].

Total irrigated area estimation using HidroMap for the range of dates between the end of June
and August 2017 was 4824 ha of summer irrigated crops (Figure 8, Table 2). This value was a bit higher
than the mentioned above due to some HidroMap cases detected in this area. In addition, according to
the informative notes from water users, assigned allocations in operation were 4800 m3/ha. Therefore,
water consumption values of 23.25 hm? could be estimated during the summer period considering
summer crops detected, which represented around 20% of the total demand during the hydrological
year 2016/2017 according to the annual inform [30].

Table 2. Irrigated area estimation results in Payuelos during the summer irrigation period (Ledn, Spain).

Analysis of the Irrigated Area in Payuelos (Leon, Spain)

Total extension 36,990.57 ha
Extension declared for irrigation activity 23,005.68 ha
Extension for spring and summer irrigation assigned in the HP15 ! 20,334 ha
Extension declared for spring and summer during the hydrological year 2016/2017 18,468 ha
Summer irrigation extension estimate by HidroMap 4824.10 ha

! Spanish National Hydrological Plan 2015-2021.
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Figure 8. Comparison between the estimation of the irrigated area offered by HidroMap and extension
declared for that purpose by the water users of Payuelos for the summer of 2017.

4.2. Derived Products from the Web-GIS Environment

It was possible to quickly visualize and optimally monitor the agricultural plots with positive
irrigation response for the entire basin thanks to the available Earth observation data set. Especially,
spectral responses of those crops detected by the desktop-GIS tool can be analysed here.

All this information was significant for the Duero HPO as its personnel can perform
multi-temporal controls, in near-real-time, for lands under irrigation and crops grown in each
agricultural plot. Multi-temporal analysis of crops (comparison of different NDVItoa profiles) allowed
agronomic specialists to control the irrigation activity, quickly verifying the type and phenological
stage of each crop. Therefore, the web-GIS module allowed, among other things, to control the veracity
of the declarations made by farmers to CAP in 2017. This process was complemented by the RSA field
inspections. A continuous monitoring of the agricultural plots by means of this tool can minimize,
by a high percentage, the late inspections in which the crop could already be harvested.

Figure 9 illustrates the detection of a sugar beet crop using HidroMap web-GIS tool, which showed
a distinctive spectral signature with an especially long vegetated period in comparison to other summer
crops, normally harvested in September (as previously shown in Figure 6) [51].
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Figure 9. False color images from Sentinel-2 (combination of bands 11, 8 and 4) and a graph of the
variation of NDVItop values for different dates. This graph represents the growing season profile,
including phenological stages, of a sugar beet crop.

5. Conclusions

This paper presents HidroMap, a powerful and versatile open source tool with great interest and
utility for the HPOs and RSAs for water resources planning and control. The tool offers a combined
GIS solution: a desktop-GIS plugin that allowed carrying out tasks of management, control and
surveillance of irrigated areas and illegal irrigation; and a web-GIS system that allowed carrying
out quickly inspections and irrigated area monitoring, as well as visualizing crops and phenological
patterns in a simple and intuitive way.

HPO was the manager and main user of the HidroMap while RSA was the validator and betta
tester of its results. In addition, RSA personnel have the important task of providing feedback about
agronomic data in order to improve the tool’s algorithm. Therefore, desktop-GIS module mainly
supported HPO tasks of detecting and controlling water resources while the web-GIS helped RSA
so inspections were made in a reliable and accurate way. All this results in a greater and better
communication between the personnel involved, and therefore better water control and planning.

From a conceptual and application point of view, HidroMap achieved a fourfold objective:

e Immediate and automatic detection of incidents

The free disposition of the Earth observation data used, the script developed for downloading
and processing the mentioned data as well as the desktop-GIS tool for the automatic detection of cases
and estimation of the irrigated surface, allowed obtaining results by a single-Mouse-click on an area of
interest defined by users. This tool, available for the River Inspection Office (RIO), allowed to inspect
possible incidents in near real time.

e  Management of illegal irrigation

Combining information about plots with water rights for irrigation (assigned by the Duero
HPO) with the results provided by the developed tool allowed to detect anomalies related to possible
unregulated irrigations and agricultural plots with water rights that were not irrigated. A proper
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quality control of these cases based on field inspections by the RIO provided feedback for the
developed methodology.

e  Optimization of resources of the RIO

It was possible to adapt the results obtained to the requirements of RIO by defining more or less
restrictive input criteria. For example, increasing NDVIrp and surface thresholds, determining the
priority of plots based on the importance in those areas with higher irrigation demands. In addition,
the web-GIS environment allowed real-time visualization of NDVIto patterns for each crop. This can
be considered very useful since analysing NDVItpa patterns allow an accurate monitoring of crop
growth and development behaviour, involving the improvement of irrigation schedules and farm
operation management plans.

e  Temporal monitoring of the irrigated area

Web-GIS environment also allowed monitoring irrigated plots patterns for the whole basin in
a flexible way. This tool will allow to: (i) identify almost in real time those irrigated crops without
irrigation rights and/or those not declared by farmers to CAP and (ii) optimize field inspections,
minimizing late visits; all through a friendly interface.

The dual GIS environment offered by HidroMap was an important challenge for any river basin
organization for management and planning of available water resources. In addition, it can be adapted
to any type of further requirement.

Future Developments

As future developments, both tools will be improved every year, especially by taking challenges
from RSA's feedback in order to merge information coming from field inspections and satellite imagery.
An increase and optimisation of field inspections in both their material and human resources, as well
as a reduction of its randomization, will provide very valuable information to calibrate HidroMap
desktop-GIS tool so its outputs have a greater reliability.

e In-depth analysis of the corresponding NDVI value for each crop and growing period in order to
detect the current crop in each field and rigorously deduce its phenological stage and irrigation
needs. Increasing field inspections will be required in order to ensure reliable results.

e  Cross-validation of “false positives” in order to both minimize them and increase the tool
operability. Again, field inspections must be increased.

e Increasing the use of the web-GIS module to support crops irrigation management by a deeper
analysis of NDVI patterns and continuously monitoring the growth stage of each crop.

Supplementary Materials: Developed tool is available online at https:/ /github.com/TIDOP /hidromap.
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Abstract: Satellite imagery is the foremost source of information to analyze and monitor land covers in several
time ranges, especially over large areas. However, it is not always either freely available or easily compatible for
the final users due to the different resolutions offered by sensors onboard the satellite platforms. Crop classifi-
cation is an important task to control and make decisions related to the agricultural practice and its regulation.
However, it is not trivial, especially for extensive areas. Thus, this paper proposes a new approach for crop
classification in large areas by a combined use of multi-temporal open-source remote sensing data from Sentinel-
2 (S2) and Landsat-8 (L8) satellite platforms. Having to deal with different spatial and temporal resolutions,
special spatial regions (called Tuplekeys) were created within a local nested grid to allow a proper integration
between the data of both sensors. Temporal variation of the Normalized Difference Vegetation Index (NDVI) was
the chosen input to classify crops. Moreover, due to the massive quantity of data collected, filters considering
some agronomic and edaphic criteria were applied with the dual goal of decreasing redundancies and increasing
the process efficiency. Out of three different hine learning cl analyzed, a plot-based approach was
considered for the algorithms calibration while a pixel-based approach was used for the final classification
process. The methodology was both tested and validated in the Duero river basin (Spain), 78,859 km?, for the
2017 spring and summer seasons. Finally, classification outputs were analyzed throughout their overall accuracy
(OA), not only for the whole basin but also for each of the Tuplekeys so that the OA spatial distribution was

I d as well. The E ble Bagged Trees (EBT) algorithm showed the maximum OA, 87% and 92%, when
classifying crops individually (15 classes) and grouped (7 classes), respectively, proving both the accuracy and
efficiency of the developed approach.

1. Introduction demand can be accurately estimated using alternative technologies

(Burke and Lobell, 2017; Cai et al., 2018; Durgun et al., 2016; Murmu

The current increase in the demand for agricultural products due to
the rising worldwide population requires the proper management and
planning of the available resources. A well-grounded and detailed
knowledge of agricultural areas and crop types is essential to perform
economical, ecological and sustainable strategies (Cai et al., 2018;
Davis et al., 2016; Zaks and Kucharik, 2011). Given the dynamic
character of agriculture, crop monitoring turned out to be crucial to
control both its evolution and trend. Among other parameters, culti-
vated surface, crops production and distribution and their water

* Corresponding author.

and Biswas, 2015).

Satellite remote sensing (RS) has been proven as a very valuable
technique to provide large scale multi-temporal data. Thus, both land
cover and natural resources maps are currently performed using this
technique (Hasmadi et al., 2017; Piedelobo et al., 2018; Shelestov et al.,
2017). However, for crop monitoring, proper spatial and temporal re-
solutions are required to assess crops at their different phenological
stages (Ballesteros et al., 2014).

Nowadays, several open-source satellite platforms improve Earth
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Observation (EO) capabilities for both agricultural management and
crop monitoring. Specifically, Copernicus Open Access Hub and Earth
Explorer are open data providers offering Sentinel-2 (S2) A and B and
Landsat-8 (L8) images, respectively (Colkesen and Kavzoglu, 2017).
Both satellite platforms have been successfully used in the agriculture
field (Azar et al., 2017; Hansen and Loveland, 2012; Immitzer et al.,
2016; Kussul et al., 2016, 2017; Piedelobo et al., 2018; Sexton et al.,
2013; Skakun et al., 2016; Townshend et al., 2012). However, its in-
dividual use may entail significant limitations: (i) lack of spatial, tem-
poral or spectral resolutions and (ii) clouds contaminating the images
(Cai et al., 2018; Kussul et al., 2017; Skakun et al., 2017). Overcoming
these limitations is conceivable using several platforms jointly, so that
denser temporal, spatial and spectral input data can be collected (Hao
et al., 2014; Roy et al., 2014).

Integrating RS data from several sources is not a trivial issue. Firstly,
a proper interoperability between the satellite-based data is required,
which entails efficient information management (Shelestov et al.,
2017). As this fact has been proven for the freely available L8 and S2
images (Mandanici and Bitelli, 2016), authors decided to use both re-
motely-sensed data jointly for crop classification.

Specifically, multi-temporal series of the Normalized Difference
Vegetation Index (NDVI), which has been the most widely used vege-
tation index for decades, were analyzed in this study. NDVI is highly
sensitive to vegetation cover variations (Rouse et al., 1973) and hence
can estimate crop productivity and monitor vegetation health and
growth (Immitzer et al., 2016; Inglada et al., 2015; Pefia et al., 2014;
Piedelobo et al., 2018; Schultz et al., 2015; Sesnie et al., 2008; Wardlow
and Egbert, 2008). However, using jointly multi-temporal NDVI data
from both satellite platforms led to an extremely large amount of input
information. This requires a proper data management, especially for a
large agricultural area, which cannot be achieved by a single calibrated
classification model.

This paper proposes a new accurate and efficient classification ap-
proach for crop mapping. Its development has considered: (i) a well-
organized management of input data through special spatial regions,
(ii) image pre-processing and feature extraction using NDVI statistics
and considering special filters based on agronomic and edaphic criteria,
(iii) the selection of proper ground-truth samples, (iv) the use of the
most accurate classifiers and (v) accuracy assessment (Lu and Weng,
2007). A deep review has been made along several experiences re-
garding crop classification results worldwide, checking different algo-
rithms, sensors, number of crops classified, ground-truth samples and
study areas, among other parameters (Table 1).

As shown in Table 1, crop type mapping at very large scales and
with high resolution imagery does not exist in the literature. The main
challenge when performing a crop classification in large study areas
remain in the heterogeneous climates, landscapes and phenology.
Therefore, testing and validating the developed crop classification ap-
proach in the Spanish part of the Duero basin (78,859 km?) required
zoning the study area. Thanks to the creation of special spatial regions
(called Tuplekeys) and filters based on agronomic and edaphic criteria,
input data was efficiently organized and preprocessed to take the
classification process. All this management of the input data improved
the efficiency of the classification process without decreasing its accu-
racy.

Concerning the reference data, both field inspections made by the
fluvial guards of the river basin and farmers' statements to the Common
Agricultural Policy (n.d.) (CAP) were used, so enough samples cali-
brated the model and assessed its accuracy. 2017 crop classification in
Duero basin was performed using three machine learning classifiers: (i)
Decision Trees (DT), (ii) Ensemble Bagged Trees (EBT) and (iii)
Weighted Nearest Neighbor (WNN). These algorithms were selected
because of their proved accuracy and efficiency (Table 1).

Regarding the number of crop types classified, 15 individual classes
and 7 grouped classes were labeled and hence classification algorithms
were applied twice. Finally, both salt and pepper algorithm and masks
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for filtering artificial raw elements and forest areas were applied.

Finally, overall accuracy (OA) was calculated for both the whole
basin and each of the Tuplekeys. Thereby, areas with worse classifica-
tion accuracy, either due to less availability of satellite data or ground-
truth data, were also evaluated. Among the three classifiers, EBT
showed the best OA, 87% and 92%, when classifying crops individually
and grouped, respectively. In addition, very competitive processing
times were obtained considering the huge amount of satellite-based
data for such a long time and large area analyzed. 16 h were enough for
analyzing the whole basin using a commercial computer.

To describe the developed crop classification approach, the paper is
organized as follows: after the Introduction, Section 2 describes input
data requirements, proposed methodology and the study area where it
has been tested and validated. Section 3 shows the results and ac-
curacies obtained for each of the classifiers; Section 4 discusses the
results and, finally, Section 5 summarizes all conclusions derived after
testing the proposed crop classification methodology in the Duero river
basin.

2. Materials and methods
2.1. Case study: the Duero river basin

The study area selected for testing, evaluating and validating the
developed classification approach was the Spanish part of the Duero
Hydrographic Basin (Fig. 1). This case study was chosen not only due to
its large area and significant agricultural activity, but also to its note-
worthy spatial and temporal hydroclimatic variability, which also de-
fines its wide diversity of crops, landscapes and phenologies (ITACyL
and AEMET, 2013; Fernandez Pereira et al., 2015; Herrero Lizano,
2017). Thus, the crop classification approach could be entirely eval-
uated, including its efficiency, accuracy and required processing time
when applied to large areas.

The Spanish part of the Duero river basin is mainly located in the
Community of Castile-Leon, in the central-North area of the Iberian
Peninsula (Ministry of Environment, 2007), covers 78,859 km? and has
a continental climate, mostly considered semi-humid-semi-arid.
Average annual rainfall is 612 mm/year with a high spatial and sea-
sonal variability ranging from 350 to 2000 mm/year (ITACyL and
AEMET, 2013; Ceballos et al., 2004; Ferndndez Pereira et al., 2015;
Herrero Lizano, 2017).

According to the last hydrological plan of the basin, 3.7 million
(Fernandez Pereira et al., 2015) and 488,491 ha (2017 CAP statements)
corresponded to rain-fed and irrigated crops in 2017, respectively. Most
crops were wheat (21%), corn (19%) and barley (15%), with almost
200,000 declared plots. Other representative crops were sunflower
(7%), fallow (6%), alfalfa (6%), beet (4%) and potato (3%).

2.2. Materials

2.2.1. S2 and L8 multispectral imagery

The presented work used jointly Landsat-8 (L8) and Sentinel-2 (S2)
satellite data for the following reasons: (i) they are freely available, (ii)
the interoperability between both platforms has been proven
(Mandanici and Bitelli, 2016) and (iii) they are able to monitor large
surfaces with high spatial, temporal and radiometric resolutions. This
may explain their worldwide use as input data for land cover / land use
monitoring and decision-making applications (Azar et al., 2017; Cai
et al., 2018; Hansen and Loveland, 2012; Immitzer et al., 2016; Kussul
et al., 2017; Piedelobo et al., 2018; Schultz et al., 2015; Sexton et al.,
2013; Skakun et al., 2016; Townshend et al., 2012).

Specifically, multi-temporal variation of the well-known
Normalized Difference Vegetation Index (NDVI) (Rouse et al., 1973)
was used to perform the crop classification in the study area. NDVI
profiles have a specific shape depending on the crop type and describe
the three most important phenological stages: onset of greenness,
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Fig. 1. The Duero Hydrographic Basin located in Spain.

flowering and onset of yellowing. To exploit this information, crop
features extracted from multi-temporal NDVI metrics have been ex-
tensively used for crop mapping, achieving up to 90% OA values
(Bontemps et al., 2015; Inglada et al., 2015; Lu and Weng, 2007;
Matton et al., 2015; Pena et al., 2014; Pittman et al., 2010; Schultz
et al., 2015; Valero et al., 2016; Wardlow and Egbert, 2008). However,
the study of a very large area implies high spatial and temporal
variability regarding climate and phenology, so crop characteristics
occur in different time periods. In such cases, both zoning the analysis
along the study area and gathering enough and representative ground-
truth samples are needed.

In this work, 20,836 scenes from L8 (Level-1T) and S2 (Level-1C)
were automatically downloaded and preprocessed (Section 2.3.1.) for
the period between March 1st and October 31st 2017 with the aim of
classifying the crops of the Duero river basin in 2017 attending multi-
temporal variation of NDVItoa values. To obtain the same spatial co-
herence between L8 and S2 NDVI values, input data was divided in 278
spatial regions (Tuplekeys) created within a local nested grid. 192 out
of the 278 Tuplekeys covered the river basin in the storage Level Of
Detail (LOD). As further explained in Section 2.3.2, this step was im-
plemented due to L8 and S2 different spatial, temporal and radiometric
resolutions (Table 2). Thus, completely integrating all input data in
Tuplekeys solved the issue of pixels misalignment. Furthermore, several
filtering criteria was applied so just the most representative NDVI
scenes (8,671 out of 20,836) were used to perform the final un-
calibrated pixel-based crop classification.

Also, as it is not the specific NDVI value in a pixel but the variation
of this value through time and its comparison with several crop patterns
in a study area what defines a crop classification, NDVI at the top of the
atmosphere (NDVIyoa) was analyzed, instead of at the bottom of the
atmosphere (NDVIgoa), avoiding atmospheric corrections and
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optimizing processing times (Eq. (1)).

NDVIroa = (NIRroa — Rroa)/(NIRtoa + Rroa) @

Ranging NDVIrox from —1 to +1, with higher values being re-
presentative of healthier crops (Rouse et al., 1973), and NIRtos and
Rroa the near-infrared and red reflectances at the top of the atmo-
sphere, respectively.

2.2.2. Ground-truth reference samples

To ensure an accurate crop classification using remotely-sensed (RS)
satellite data, a proper amount of reference samples must be provided
for calibrating the algorithms and assessing their accuracy (Congalton,
1991). The quality and representativeness of ground-truth data can
significantly influence the performance of the algorithms used and,
consequently, the classification results (Chen et al., 2002). Field sur-
veys, farmer's statements, aerial photographs, satellite images or land
cover / land use (LCLU) maps are widely-used suppliers of ground-truth
samples (Azar et al., 2017; Immitzer et al., 2016; Inglada et al., 2015;
Lu and Weng, 2007; Ok et al., 2017; Pefia et al., 2014; Schultz et al.,
2015; Tatsumi et al., 2015; Ustuner et al., 2017).

The two main uses of the reference samples are: (i) calibrating the
classifiers and (ii) evaluating the classification accuracy. Therefore, the
calibration dataset supports the RS data and the classification algo-
rithms to perform the final crop map (Delincé, 2017).

In this study, both summer field visits provided by fluvial guards of
the river basin (from June to September 2017) and farmers' statements
to the Common Agricultural Policy (n.d.) (CAP) of such year were used
as reference data. 249 field visits determined the crop type, phenolo-
gical stage and irrigation system established in the visit date. CAP in-
formation represented only irrigated plots and provided all farmers'
declarations regarding crop type, surface and plot delimitation.
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Table 2
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Main characteristics of satellites and bands used. Adapted from Landsat Science Portal (n.d.) and The European Space Agency portal (n.d.).

Satellite platform Landsat-8

Sentinel-2 (A & B)

Sensor

Area covered by each scene 170 x 185km
Spatial resolution of the bands used 30m
Temporal resolution 16 days
Radiometric resolution 12 bits

Operational Land Imager (OLI)

Multispectral Instrument (MSI)
100 % 100 km

10m

5days

12 bits

Bands used Band 4 (Red: 630-680 nm) Band 4 (Red: 645-683 nm)
Band 5 (Near Infrared: 845-885nm) Band 8 (Near Infrared: 762-907 nm)
Table 3 Geological Survey (USGS) and European Space Agency (ESA) provide

Number of reference samples used for the 2017 crop classification in the Duero
river basin, both from field surveys made by the fluvial guards and from the
farmer's statements to the Common Agricultural Policy (CAP).

Aggregated crop Individual crop Number of CAP Number of
class class statements plots visited
Spring crops Wheat 8,141 3
Barley 6,109 8
Rye 275 -
Rapeseed 791 2
Green peas 802 1
Oat 1,008 -
Summer crops Sugar beet 2,055 54
Potato 1,142 60
Corn 7,567 57
Alfalfa and ray- Alfalfa 2,821 38
grass Ray-grass 279 -
Sunflower Sunflower 2,730 22
Fallow Fallow 2,780 1
Vineyard Vineyard 249 3
Pastures Pasture 94 -
Total 36,843 249

352,403 irrigated plots had been declared to the CAP in 2017 but, after
a spatial analysis, those with an area of < 1ha were deleted to avoid
the border effect in small plots. Lastly, considering the labeled classified
crop types, 36,843 CAP statements were used (Table 3).

As a novelty, the accuracy of the final crop classification was eval-
uated per each of the algorithms not only for the whole basin but also
per each of the Tuplekeys. Thus, the spatial distribution of the overall
accuracy (OA) along the basin was analyzed. Therefore, all available
ground-truth data was exploited by using different reference samples
for either calibration or validation. All field visits were used for de-
termining the classification OA at the level of the whole basin due to
their higher accuracy stating the type and stage of the crops in the visit
date. On the other hand, 70% of the CAP statements were used for
calibrating the algorithms while the other 30% were used for assessing
OA per Tuplekey, compensating the low number of field surveys.

Regarding the crop types classified, 15 individual and 7 grouped
classes were labeled, applying the classification algorithms twice.
Table 3 shows the number of agricultural plots visited and the CAP
statements for the selected individual and gathered crop classes.

2.3. Classification methodology

Obtaining a proper crop classification through the proposed meth-
odology requires to follow 4 main consecutive steps to use jointly multi-
temporal RS data from S2 and L8, as outlined in Fig. 2.

2.3.1. Data collection and pre-processing

This step involves the execution of two different processes: (i)
downloading and pre-processing RS satellite data and (ii) gathering
ground-truth data from the fluvial guards of the river basin and the
farmers' statements to the CAP. After downloading L8 and S2 data,
NDVIoa images were generated for both RS sensors. Both United States
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services for querying and downloading L8 Level 1T and S2 Level 1C
products. These services could be wused through Application
Programming Interfaces (API). Thus, the developed approach made use
of these interfaces, automatically querying the available products
(NIRtoa and Ryoa images) for the study area and time range of interest
(March 1st — October 31st 2017), downloading and keeping them in a
system catalogue and calculating NDVI;o, images using Eq. (1)
(Piedelobo et al., 2018).

2.3.2. Satellite data integration

Once NDVIyo, images were generated from both satellite sensors, a
proper data integration was required to perform a precise crop classi-
fication. Therefore, special spatial regions were automatically created
for the study area. These spatial regions, called Tuplekeys, had a grid
structure compatible with both L8 and S2 data (ANZLIC, 2012; Purss
et al.,, 2015; Stumpf et al., 2018; Villa et al., 2016). The goal was
processing multiple NDVItoa layers from both satellite platforms opti-
mizing the spatial coherence between them. Thus, the following issues
regarding Earth Observation (EO) multi-temporality and multi-resolu-
tion are solved:

® Pixel misalignment between L8 and S2 images since pixel sizes of
both imagery sets are not multiples. This leads to the impossibility of
directly comparing radiometric values from different dates.

® Pixel non-alignment in the upper Level of Detail (LOD) of the re-
solution pyramid. This issue is due to the different spatial resolution
of L8 (30 m) and S2 (10 m) images. The size of a given image was N
by N where N = 3", giving the image pyramid a hierarchical struc-
ture composed of n levels of the same image of different resolutions.
The bottom of the pyramid corresponded to the full resolution of the
given image. Each set of 3 x 3 neighbor pixels was replaced by their
average as the pixel value of the image at the next level. This pro-
cess, that divided the image size by 3 on each dimension, was re-
peated n times until finally an image of only 1 pixel (average of the
entire image) was generated as the top of the pyramid with a di-
mension of 10 x 10 m (finest spatial resolution of S2). Thus, ap-
propriate alignment of the pixels in all LODs was mandatory to
perform multi-resolution analysis.

The unique local nested grid solves the storing, processing and
comparison between the raster input data from both satellite platforms.
This methodology was applied to generate the Tuplekey regions, or-
ganizing different footprints, pixel sizes and pixel positions at all pyr-
amid levels (ANZLIC, 2012; Purss et al., 2015; Stumpf et al., 2018; Villa
et al., 2016).

To obtain a local nested grid for the Duero river basin, the first step
was the creation of a nested grid that covered all the Iberian Peninsula
and had the coarsest spatial resolution. The method consisted of placing
a fine grid inside the coarse grid. Thus, the coarse grid covered the
entire Iberian Peninsula while the fine grid preserved the detailed
features of the plots of the study area. The following parameters defined
the Tuplekey generation process:
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Acquisition of ground-truth

Landsat-8 e
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NDVI;p, calculation

1

Integration of L8 and S2 data
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per Tuplekey

Extraction of plot-based
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1 |

Calibrated classification model
DT, EBT, WNN

|

Optimization of results: salt and pepper and mask filtering

4

Pixel-based crop classification

Fig. 2. Flowchart of the proposed methodology for crop classification.

e The coordinate reference system (CRS). In this case, UTM 30
WGS84.

e The coordinates of the upper left corner of the grid: Initial NW
(North West) Origin longitude (DEG) and Initial NW (North West)
Origin latitude (DEG). Coordinates of the grid cells at all pyramid
levels remained as whole integer numbers, not decimal numbers.

® Region of Interest (ROI): the area of interest that covered the entire
Iberian Peninsula was equal to 1,500,000.0 m in width.

e Ground Sample Distance (GSD) for the maximum LOD. It was de-
fined as 10 m, which corresponded to the spatial resolution of S2.

e Interval of LODs. LOD 0 corresponded to the coarsest spatial re-

solution, which was defined as 7,290 m while LOD 6 corresponded

to the finest spatial resolution, defined as 10 m. LOD 4 was chosen as
the storage level to keep appropriate sized files.

Recursive ratio factor in tiles. It was defined as 3 because L8 spatial

resolution was 30 m and S2 was 10 m, so there was a direct pro-

portion equal to 3 between them. Consequently, the nested grid in
each higher resolution level must be divisible in 3 X 3 sequentially.

The maximum raster file size. It corresponded to a L8 scene of

183,000.0 m of width.

The final ROG (Region Of Grid). It was obtained by resizing the

initial ROI, defined to cover the maximum initial distance entered

(1,500,000.0 m), considering the inclusion of a scene of maximum

size corresponding to a L8 scene (183,000.0 m).

Fig. 3 shows the developed local nested grid and Tuplekeys from
LOD 0 (coarsest nested grid), which covered the entire Iberian Pe-
ninsula to LOD 4 (storage level), displaying just the 192 Tuplekeys that
covered the river basin.

2.3.3. Preparation of training data

A plot-based approach was used to train the classification algo-
rithms using NDVIroa metrics (Azar et al., 2017; Immitzer et al., 2016;
Inglada et al., 2015; Ok et al., 2017; Pefia et al., 2014; Schultz et al.,
2015; Tatsumi et al., 2015; Ustuner et al., 2017). Thus, both NDVIroa
average and standard deviation were calculated at the level of each plot
of the reference samples. 25,790 CAP statements (70%) were used for
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this purpose. Since the approach generated a massive volume of in-
formation, several filters were applied to use just the most re-
presentative training data. This step ensured both a precise and efficient
classification model.

1. Extraction of plot-based NDVIyo, statistics.
Using both CAP data (plots geographic delimitation) and NDVItoa
images organized in the Tuplekey regions, the mean and standard
deviation of NDVIpon at a plot-based level was calculated.
Considering the border effect when using RS data at this level, a
30m buffer was applied inwardly before performing the metrics.
Results were kept in two different files, one for L8 and one for S2
with the following information: identification of each plot, crop type
and NDVIyo, statistics.

. Agronomic and edaphic filters.
The training dataset was filtered by agronomic and edaphic criteria
so that only the most useful and representative data trained the
classification algorithms. Therefore, when multiple images were
available for the same region and week, just the maximum NDVItoa
value remained per plot since no significant change in the pheno-
logical stage of a crop occurs in less than a week. This filter's goal is
decreasing the high volume of input data in the process. Moreover,
picking the maximum NDVIpos value ensured a less presence of
clouds in the image since clouds have very low NDVIyoa values.
In addition, to ensure both the agro-climatic and edaphic coherence
of the training data, just 200 plots of each crop were selected for
taking part in the calibration process. Selected plots were the closest
to the centroid of each Tuplekey. Nevertheless, if there was a crop
class represented by < 200 plots, the total amount would be con-
sidered. In this way, both the quantity and representativeness of the
training data were assured throughout the basin.

N

2.3.4. Classification process

During this step, the training data prepared was used to calibrate
the classification algorithms by a plot-based approach and per
Tuplekey. The fact of both filtering the training dataset and calibrating
the model per Tuplekey instead of for the entire basin made it possible
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Fig. 3. Local nested grid in several LODs. (a) Local nested grid in LOD 2: each tile of the previous grid in LOD 1 was divided in 3 x 3. (b) Local nested grid in LOD 1:
coarsest grid in LOD 0 with tiles divided in 3 x 3. (c) The coarsest nested grid that had LOD 0 and covered the entire Iberian Peninsula (in grey), the ROI (in green)
and LOD 4 (little tiles in grey). (d) Zoom to the Duero basin to show the Tuplekeys in LOD 4 that cover the study area.

to differentiate the unique edaphic and agro-climate conditions of each
region.

The classifiers chosen to be evaluated were Decision Trees (DT),
Ensemble Bagged Trees (EBT) and Weighted Nearest Neighbor (WNN)
since they show major guarantees in terms of speed and accuracy ac-
cording to literature (Table 1). Table 4 describes the main character-
istics of each method. The ClassificationLearner application of Matbal®
was used with the aim of calibrating and validating the different al-
gorithms.

The classification methodology goes through the following steps:

1 Selection of NDVI;o, scenes

Table 4
Algorithms evaluated for crop classification.

To simplify the final classification process, S2 over L8 NDVIgoa
scenes were selected when both were available for the same Tuplekey
and date due to its better resolution.

2 Cloud cover filter

As clouds show very low NDVIyoa, only scenes with an average
value > 0.20 were used.

3 Classifiers calibration

The selected classifiers must learn from the prepared training data
(70% of CAP plots). The plot-based calibration process was performed

Method

Main characteristics

Decision Trees (DT)
Ensemble Bagged Trees (EBT)
‘Weighted Nearest Neighbor (WNN)

Different number of leaves and maximum number of splits, up to 100
Random forest ensemble method with decision trees
Distance weight. The number of neighbors was set to 10
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per Tuplekey and classification algorithms learnt from the NDVIyoa
signatures of the training data, considering all the plot-based statistics
extracted during the previous step (Section 2.3.3).

4 Crops classified

Regarding the number of crops classified, 15 individual classes
(alfalfa, corn, sugar beet, potato, sunflower, barley, wheat, fallow, ra-
peseed, green peas, vineyard, ray-grass, rye, oats and pastures) and 7
grouped classes (spring crop, summer crop, alfalfa and ray-grass, sun-
flower, fallow, vineyard and pastures) were labeled. Gathered classes
were grouped attending the seasonality of the individual crops and
their growing stages as their NDVI signatures are quite similar.
Therefore, classification algorithms were applied two times: one con-
sidering all individual crop classes and the second one considering just
the gathered classes.

5 Optimization of results

Finally, both the salt and pepper denoising approach and masks
filtering artificial raw elements and forest areas were applied.
Regarding the filtering masks, SIGPAC (Geographic Information System
for Agricultural Plots, n.d.) land uses per cadastral parcel were the
source of information. Finally, the salt and pepper denoising was ap-
plied to avoid the mixed-crop classification of plots (Basukala et al.,
2017; Belgiu and Csillik, 2018).

2.3.5. Final crop classification: accuracy assessment

In this case study, classification accuracy was determined per clas-
sifier: (i) globally for the whole basin and (ii) per Tuplekey, so a spatial
analysis of the OA could also be performed. Thus, an evaluation on how
the number of images used per Tuplekey affects the final pixel-based
classification was also carried out. Moreover, OA was determined
considering: (i) individualized crop classes and (ii) gathered crop
classes.

The confusion matrix allowed the comparison between reference
data and final crop classes. Field surveys performed by the Duero fluvial
guards in 2017 summer period were considered for assessing the OA for
the whole basin. However, due to the lack of field samples, 30% of CAP
statements were considered for assessing the classification accuracy per
Tuplekey.

Overall, user's and producer's accuracies (OA, UA and PA) were
calculated to assess the accuracy per classifier. In addition, per-class
accuracy was evaluated regarding misclassified crops, both for in-
dividual and gathered crop classes, calculating omission and commis-
sion errors (OE and CE) (Congalton, 1991).

3. Results
3.1. Classification map for individual crop classes

This classification map offered a high overall accuracy (OA) when
considering the 15 individual crop classes (alfalfa, corn, sugar beet,
potato, sunflower, barley, wheat, fallow, rapeseed, green peas, vine-
yard, ray-grass, rye, oats and pastures) for all three classifiers and
considering the whole basin. Ensemble Bagged Trees (EBT) classifier
provided the best result with and OA of 87%, being Decision Trees (DT)
and Weighted Nearest Neighbor (WNN) classifiers very close with OAs
of 81% and 80%, respectively. Fig. 4 shows the final pixel-based crop
classification map in the Duero river basin for individual crop classes
using EBT and Table 5 its confusion matrix, as this classifier obtained
the highest accuracy.

The following significant misclassified cases were obtained with
WNN: (i) potato as corn 6 times and as sunflower 4 times, (ii) alfalfa as
sugar beet 4 times and (iii) sugar beet as corn 4 times. On the other
hand, with DT (i) corn was confused with potato 4 times, (ii) sugar beet
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with alfalfa 3 times, (iii) alfalfa with pasture 3 times and (iv) sunflower
with corn 4 times. However, other 25 misclassified crops were obtained
when using DT, even not exceeding 2 times. As for EBT, only one sig-
nificant misclassification occurred, potato confused with corn 4 times,
among other 20 confusion cases, but not exceeding 2 times. Thus, EBT
got less significantly confused crops than WNN and DT, which explains
its better OA. These confusion cases are explained by the high similarity
between their growing cycles. As Table 6 shows, potato and corn were
the majorly confused classes due to their likeliness initial and late
growing stages.

As for OAs per Tuplekey, WNN ranged 54-58% to 74-78% while
global OA was 80% and DT presented the lowest values, ranging
42-46% to 62-66%, while global OA was 81%. The highest OAs per
Tuplekey were again obtained when using EBT classifier, ranging
mainly 70-74% and 74-78%, but still not reaching its global OA of
87%. Lower OAs were obtained per Tuplekey than for the whole basin
due to using different validation data in each case. 30% of CAP state-
ments were considered for estimating OA per Tuplekey instead of the
field surveys due to the lack of these ones.

In addition, similar OAs were observed between adjacent Tuplekeys,
remaining three spatial regions in the center of the basin as the lowest
OA for all three classifiers (Fig. 5). The total number of NDVI1o, images
used for the final crop classification was also calculated per Tuplekey,
finding out that the lower number of images used, the lower OA was
obtained.

Regarding the execution time needed for the classification process,
EBT had the longest processing time, lasting 16 h and 8 min. On the
other hand, DT classifier, slightly more accurate than WNN, needed
only 2 h and a half, while WNN lasted almost twice that time, 5h and
22min. The developed approach was performed in a commercial
computer with an Intel®CoreTM i9 7900 x CPU (3.30 GHz), 64 bits and
64 Mb of RAM.

3.1.1. Per-class accuracy

Table 7 shows commission and omission errors (CE and OE) per
class and classifier considering individual crop classes. Ray-grass, rye,
oat and pasture showed both a CE and OE equal to 100% due to the lack
of field surveys representing these crop classes. Moreover, other crops,
i.e. alfalfa and barley, were misclassified as ray-grass and rye. Apart
from them, the worst classified crop class was wheat, with a CE of 67%
and OE ranging 75-86% for all three classifiers.

On the other hand, green pea was the only individual crop class with
both a CE and OE equal to 0% for the three classifiers. Fallow also
showed a CE of 0% for all the classifiers, but OE was just 0% when using
DT while significantly high, 50 and 67% when using EBT and WNN,
respectively.

EBT showed the lowest CE and OE among all three classifiers for
alfalfa, corn, sugar beet and potato. Regarding DT, sunflower presented
the lowest CE and OE when compared to the other classifiers. On the
other hand, WNN showed higher CE and OE per crop class than the
other algorithms. Therefore, it could be concluded that EBT performed
a better classification for alfalfa, corn, sugar beet and potato and DT for
fallow and sunflower while green pea is well classified using either of
the classifiers.

3.2. Classification map for grouped crop classes

This classification map also offered high OAs when considering 7
grouped crop classes (spring crop, summer crop, alfalfa and ray-grass,
sunflower, fallow, vineyard and pastures) for all three classifiers. EBT
provided again the highest OA for the whole basin, 92%, followed in
this case by WNN and DT, with OAs of 89% and 88%, respectively.
Thus, an improvement of the OAs could be noticed for all three clas-
sifiers when considering gathered instead of individual crop classes
(92% instead of 87% for EBT, 89% instead of 80% for WNN and 88%
instead of 81% for DT). This fact was due to gather some individual
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Fig. 4. 2017 final per-pixel crop classification performed with EBT classifier in the Duero river basin considering individual crop classes.

crop classes with similar growing cycles in the same class, decreasing
the amount of misclassification cases. Final pixel-based crop classifi-
cation in the Duero river basin and confusion matrix when using EBT
and considering grouped crop classes are shown in Fig. 6 and Table 8,
as the most accurate results.

WNN confusion matrix showed the following misclassified crops: (i)
alfalfa and ray-grass classified as summer crop 6 times and as spring
crop 3 times, (ii) summer crop confused with spring crop 4 times and
with sunflower 3 times and (iii) sunflower misclassified as summer crop
3 times. Regarding DT classifier, the most significant confusion classes
were: (i) sunflower classified as vineyard 8 times and as summer crop 4
times, (ii) summer crop classified as alfalfa and ray-grass 6 times and
(iii) alfalfa and ray-grass confused with spring crop 3 times. Finally, the
most noteworthy misclassification classes obtained with EBT were: (i)
sunflower classified as summer crop 4 times and (ii) summer crop
confused with spring crop 3 times and with alfalfa and ray-grass other 3
times. The growing stages showed again a high likeliness between the
confused grouped classes (Table 9). Nevertheless, the most important
remark was the decreased number of misclassified crops when classi-
fying grouped instead of individual crop classes.

When getting OA per Tuplekey and hence its spatial distribution
along the basin, higher and more homogeneous OA values could be
noticed when crops were gathered instead of individualized. However,
the three Tuplekeys with the lowest OA remained in the middle of the
basin whether considering grouped or separated crop classes and it was
directly related with the number of NDVIro, images used. Spatial dis-
tribution of OAs per Tuplekey showed a significance likeliness between
EBT and WNN classifiers, ranging mainly 86-90% to 90-94%, like their
global OAs of 92 and 89% when assessing the accuracy for the whole
basin. DT showed again the lowest values, ranging 42-46% to 62-66%,
while its global OA was 88% (Fig. 7).
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As for processing times when considering gathered crop classes,
EBT, the most accurate classifier, showed again the longest processing
time, lasting 16 h. On the other hand, DT needed only 2h and a half,
while WNN lasted 5h. Therefore, executing processes were slightly
quicker when crop classes were grouped instead of separated, but quite
similar.

3.2.1. Per-class accuracy

Table 10 shows commission and omission errors (CE and OE) per
class and classifier considering grouped crop classes. Pasture was the
only class showing both a CE and OE equal to 100% due to the lack of
field surveys representing it. As for the other crop classes, errors varied
significantly, reaching 73%.

Comparing CE per classifier, fallow was the best classified crop,
with a CE of 0% using either of the algorithms. EBT showed better
results classifying summer crop and alfalfa and ray-grass (4 and 11%)
and DT for vineyard (0%). As for OE, EBT generally presented the
lowest values, especially for both fallow and vineyard, with an OE of
0%.

Therefore, for grouped crop classification, EBT showed the best
results for classifying sunflower, summer crop and alfalfa and ray-grass;
both EBT and DT classified perfectly fallow; while WNN showed the
worst results.

3.3. Mixed pixel-based classification in the same plot

Mixed pixels' issue consisted in pixels that, even belonged to the
same plot, were classified as different crop types. This problem took
place even after applying the salt and pepper denoising approach and
for either of the three classifiers. However, it significance depended on
the classification algorithm used.
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Confusion matrix obtained with EBT classifier for the 2017 crop classification in the Duero river basin considering individual crop classes and field surveys performed

by fluvial guards in 2017 summer period. Both UA and PA are shown in %.

A" c’ SB¢ PO’ s° B' wE B RA! GP' Ve RG' R” o" P Total UA?
A 35 0 1 0 0 0 0 0 0 0 0 0 0 0 0 36 97
c 0 53 2 4 2 0 0 0 0 0 0 0 0 0 0 61 87
SB* 0 0 48 2 0 0 0 0 0 0 0 0 0 0 0 50 96
PO’ 0 2 2 53 1 1 0 0 0 0 0 0 0 0 0 59 90
s° 1 2 0 0 18 0 1 0 0 0 0 0 0 0 0 22 82
B' 0 0 1 1 0 5 1 0 0 0 0 0 0 0 0 8 63
we 1 0 0 0 0 2 1 0 1 0 0 0 0 0 0 5 20
P 0 0 0 0 0 0 0 1 0 0 1 0 0 0 0 2 50
RA' 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 2 50
Gp! 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 100
v 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 2 100
RG' 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
R" 0 0 0 0 0 0 0 0 0 0 0 0 o 0 0 0 0
o" 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
P° 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0
Total 38 57 54 60 22 8 3 1 2 1 3 0 0 0 0 249
PA” 92 93 89 88 82 63 33 100 50 100 67 0 0 0 0

Bold indicates (1) the main diagonal, (2) total number of parcels identified with the same crop type as for each line and column, (3) individual crop classes in the first

column and in the first line.
@ Alfalfa.
b Corn.

Sugar beet.

Potato.

¢ Sunflower.

! Barley.

& Wheat.

" Fallow.

' Rapeseed.

J Green peas.

¥ Vineyard.

! Ray-grass.

™ Rye.

" Oat.

© Pasture.

Producer's accuracy.

User's accuracy.

o

d

P
q

Table 6

Misclassified individual crop classes with similar phenological cycles. Numbers 1-12 mean the month of the year, light green
“Initial and development stage” and darker green “Mid and late stage”. Growing stages of the different crop classes were
adapted from FAO (Food and Agriculture Organization of the United Nations). Alfalfa and pasture are not shown as they have

pluriannual cycles.

10 11 12

Sunflower

Corn |

Potato |

Beet |

DT showed the quickest execution time but also the most note-
worthy appearance of mixed pixels, followed by WNN. On the other
hand, EBT, which presented the highest OA for both individual and
grouped crop classes and for the whole basin or per Tuplekey, showed
the lowest rate of mixed pixels at a plot level.

Fig. 8 shows the mixed pixels' issue per classifier for the 210th plot
of the field visits performed by the Duero basin fluvial guards. Ac-
cording to the field survey, the crop was a sugar beet. However, it was
labeled as sugar beet and potato, both as majoritarian classes, using
WNN, and as sugar beet, potato, wheat and pasture using DT classifier.
Thus, DT did not only classify two extra classes but also obtained
scattered pixels, which made it difficult to distinguish the majoritarian
crop class in the plot.

On the other hand, EBT classifier labeled the plot as sugar beet and
alfalfa, but it was easier to distinct the majoritarian crop class.
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Therefore, a plot-based estimation of the majoritarian crop class must
be done to solve this issue.

4. Discussion

The developed pixel-based classification approach was tested for
performing the 2017 crop classification at the large area occupied by
the Duero river basin in Spain, 78,859 km? Crop mapping at this kind
of scale and using high resolution imagery does not exist in the litera-
ture, finding 17,000 km? as the largest area studied in previous research
experiences (Inglada et al., 2015). The main challenge when per-
forming a crop classification in large study areas remain in the highly
heterogeneous climates, landscapes and phenology, so just one cali-
brated classification model was not enough (Eggen et al., 2016).

The presented methodology achieved almost perfect classification
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Fig. 5. Overall accuracy (OA) per each of the Tuplekeys when classifying individual crop classes and considering 30% of 2017 farmers' statements to the CAP as
validation data. (a) Using Decision Trees (DT). (b) Using Weighted Nearest Neighbor (WNN). (¢) Using Ensemble Bagged Trees (EBT).

Table 7

Commission and omission errors per class and classifier for the 2017 crop
classification in the Duero river basin considering individual crop classes.
Results are organized from the lowest to the highest CE obtained by EBT as the
most accurate classifier. Both CE and OE are shown in % for each of the clas-
sifiers.

Individual crop classes ~ Commission error Omission error

DT WNN EBT DT WNN EBT
Green peas 0 0 0 0 0 0
Fallow 0 0 0 0 67 50
Corn 16 9 7 11 20 13
Alfalfa 18 18 8 11 6 3
Sugar beet 19 20 11 8 14 4
Potato 14 20 12 32 11 10
Sunflower 15 18 18 12 31 18
Vineyard 0 67 33 25 o o
Barley 63 63 38 50 25 38
Rapeseed 50 50 50 0 67 50
Wheat 67 67 67 75 86 80
Ray-grass 100 100 100 100 100 100
Rye 100 100 100 100 100 100
Oat 100 100 100 100 100 100
Pasture 100 100 100 100 100 100

results by the effective integration of remotely-sensed data from two
different open-source satellite platforms, Landsat-8 (L8) and Sentinel-2
(S2) A and B. These satellites offered two datasets with different spatial
and temporal resolutions (30 and 10 m and 16 and 5 days, respectively)
and hence its combined use increased both the amount and quality of
the input data.

20,836 images from L8 (Level-1T) and S2 (Level-1C) were auto-
matically downloaded and preprocessed in the period of March 1st —
October 31st 2017 with the aim of obtaining a set of multi-temporal
NDVIroa images. The developed approach was based on integrating S2
and L8 NDVIyo, raster layers in special spatial regions (Tuplekeys)
within a local nested grid that covered the whole basin. This novelty
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allowed to feed the classification process with a completely coherent
and consistent database, organizing image footprints, pixel sizes and
pixel positions at all pyramid levels (ANZLIC, 2012; Purss et al., 2015;
Stumpf et al., 2018; Villa et al., 2016). Therefore, input data was di-
vided in 278 Tuplekeys and 192 covered the river basin in the storage
Level Of Detail (LOD).

However, the main goal was creating not only an accurate but ef-
ficient approach for crop classification of large areas. Thus, several
filters based on agronomic and edaphic criteria were applied so just the
most representative NDVIroa images (8,671 out of 20,836) were used
to perform the final calibrated pixel-based crop classification.

The three most accurate and efficient machine learning classifiers
according to the literature (Table 1) were both tested and evaluated.
According to the results, Ensemble Bagged Trees (EBT) showed the best
performance, both when considering individual and gathered crop
classes, reaching overall accuracies (OAs) of 87% and 92%, respec-
tively, which reaffirm previous experiences. However, it also showed
the longest executing time, 16 h.

Decision Trees (DT) was slightly more accurate than Weighted
Nearest Neighbor (WNN), 81% and 80%, classifying individual crop
classes, but less, 88% and 89%, considering aggregated crop classes.
Nevertheless, DT has been widely used for crop classification, even not
being the most accurate classifier since it is easily trainable and hence
provides the quickest processing (Choodarathnakara et al., 2012).

OA was also assessed per Tuplekey using 30% of 2017 farmers'
statements to the CAP, as well as the total number of NDVI;o, images
used, finding out that low OA values were directly related with the
quantity of worth classifying images filtered per Tuplekey. Generally,
OA rates per Tuplekey were lower than the generic OA calculated for
the whole basin for either of the classifiers due to the quantity of re-
ference data, CAP declarations instead of field surveys.

Regarding per-class commission and omission errors (CE and OE),
high rates were mainly associated with a lack of reference data from the
field surveys. Thus, ray-grass, rye, oat and pasture for individual crop
classification and just pasture for aggregated crop classification
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Fig. 6. 2017 final per-pixel crop classification performed with EBT classifier in the Duero river basin considering grouped crop classes.
Table 8
G matrix ob d with EBT classifier for the 2017 crop classification in the Duero river basin considering grouped crop classes and field surveys performed
by fluvial guards in 2017 summer period. Both UA and PA are shown in %.
Spring crop Summer crop Alfalfa and ray-grass Sunflower Fallow Vineyard Pastures Total UA"
Spring crop 12 3 2 1 0 0 0 18 67
Summer crop 2 164 2 4 o 0 0 172 95
Alfalfa and ray-grass 0 3 34 0 0 0 0 37 92
Sunflower 0 1 0 17 0 2 0 20 85
Fallow 0 0 0 0 1 0 0 1 100
Vineyard 0 0 0 0 0 1 0 1 100
Pasture 0 o 0 o o 0 0 o o
Total 14 171 38 22 1 3 o 249
PA" 86 9 89 77 100 33 0

Bold indicates (1) the main diagonal, (2) total number of parcels identified with the same crop type as for each line and column, (3) gathered crop classes in the first
column and first line.
# Producer’s accuracy.

b User's accuracy.

Table 9

Misclassified grouped crop classes with similar phenological cycles. Numbers 1-12 mean the month of the year, light green
“Initial and development stage” and darker green “Mid and late stage”. Growing stages of the different crop classes were
adapted from FAO (Food and Agriculture Organization of the United Nations).
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Fig. 7. Overall accuracy (OA) per each of the Tuplekeys when classifying grouped crop classes and considering 30% of 2017 farmers' statements to the CAP as
validation data. (a) Using Decision Trees (DT). (b) Using Weighted Nearest Neighbor (WNN). (c) Using Ensemble Bagged Trees (EBT).

Table 10

Commission and omission errors per class and classifier for the 2017 crop
classification in the Duero river basin considering grouped crop classes. Results
are organized from the lowest to the highest CE obtained by EBT as the most
accurate classifier. Both CE and OE are shown in % for each of the classifiers.

Grouped crop classes Commission error Omission error

DT WNN EBT DT WNN EBT
Fallow 0 o 0 0 50 0
Summer crop 6 5 4 4 6 5
Alfalfa and ray-grass 16 24 11 16 6 8
Spring crop 14 14 14 29 43 33
Sunflower 55 23 23 17 23 15
Vineyard 0 67 67 73 0 0
Pasture 100 100 100 100 100 100

obtained both CE and OE of 100%, followed by wheat and vineyard,
respectively. Therefore, using a larger and representative ground-truth
dataset would allow to improve the crop classification (Lu and Weng,
2007). Defining several monitoring plots that represent the most

I

significant crop types in the basin, as well as developing a methodology
for assessing the crop type and stage, could be the solution to this issue.
The presence of mixed pixels was also recognized as an issue that
affected the discrimination of the majoritarian crop class in a plot and
hence OA per classifier. This problem was most significant using DT
classifier, which also showed lower OAs, but the fastest processing.
Mixed pixels are a very common issue when performing crop mapping,
regardless the sensor resolution and the processing time needed
(Basukala et al., 2017; Belgiu and Csillik, 2018; Choodarathnakara
et al., 2012; Hsieh et al., 2012). Different approaches have been de-
veloped in this matter, i.e. using higher spatial resolution images to
enhance the input datasets (Lu and Weng, 2007), but depending on
non-freely available data. Another solution could be using soft classi-
fication methods based on fuzzy logic, so each pixel would belong to
more than one crop class, having membership grades for each class
(Choodarathnakara et al., 2012; Murmu and Biswas, 2015).

5. Conclusions

The main purposes of the presented study were: (i) to assess the

Leyend
Wheat
Il Alfalfa
B Pasture
Bl Sugarbeet

B C | Bl Potato

Fig. 8. Pixel-based crop classification for the 210th plot of the field visits performed by the Duero basin fluvial guards in 2017 summer period from the quickest to the
slowest classifier. (a) Using Decision Trees (DT). (b) Using Weighted Nearest Neighbor (WNN). (c¢) Using Ensemble Bagged Trees (EBT).
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accuracy when performing a cropland map in the Duero river basin
using the three most accurate supervised classification algorithms ac-
cording to the literature, (ii) to evaluate the integrate use of freely
available multi-temporal remote sensing data from S2 and L8 satellite
platforms since they have different spatial and temporal resolutions and
(iii) to evaluate the approach outputs and efficiency considering both a
long period of time and a large study area, and hence a huge quantity of
information to be processed. Therefore, the developed classification
methodology was capable to:

® Filter the available NDVI dataset attending both agronomic and
edaphic criteria, improving the efficiency and therefore computa-
tion timing of the classification process since it did not consider
redundant input data.

Integrate the use of L8 and S2 NDVI data in a large study area by
automatically creating special spatial regions called Tuplekeys that
permitted its jointly used on a coherent way, organizing footprints
and pixel sizes and positions at all levels of detail (LOD), increasing
the available spatial and temporal resolution of the input data per
Tuplekey.

Test and evaluate the three most accurate supervised classification
algorithms: Ensemble Bagged Trees (EBT), Decision Trees (DT) and
Weighted Nearest Neighbor (WNN) both for individual and gathered
crop classes.

Obtain not only a generic OA value for the whole basin, but also its
spatial distribution along the basin, calculating the accuracy per
Tuplekey. Field surveys taken by the fluvial guards of the river basin
during the summer of 2017 were used when calculating the classi-
fication accuracy for the whole basin. On the other hand, 30% of
2017 CAP statements were used when performing OA per Tuplekey
due to the lack of field visits.

Conclude that EBT classifier provided the best classification results
both when considering individual and grouped crop classes,
achieving the highest OA both globally and spatially distributed
along the basin.

Obtain 2017 crop classification in the Duero basin, covering almost
80,000 ha, with an OA of 87% and 92% with EBT classifier for in-
dividual and grouped crop classes, respectively, in just 16 h of
computing time with a commercial computer, which proved the
high efficiency and accuracy of the proposed methodology.
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Abstract: This article presents an approach to identify Green Infrastructure (GI), its benefits and
condition. This information enables environmental agencies to prioritise conservation, management
and restoration strategies accordingly. The study focuses on riparian areas due to their potential
to supply Ecosystem Services (ES), such as water quality, biodiversity, soil protection and flood
or drought risk reduction. Natural Water Retention Measures (NWRM) related to agriculture and
forestry are the type of GI considered specifically within these riparian areas. The approach is based
on ES condition indicators, defined by the European Environment Agency (EEA) to support the
policy targets of the 2020 Biodiversity Strategy. Indicators that can be assessed through remote
sensing techniques are used, namely: capacity to provide ecosystem services, proximity to protected
areas, greening response and water stress. Specifically, the approach uses and evaluates the potential
of freely available products from the Copernicus Land Monitoring Service (CLMS) to monitor GI.
Moreover, vegetation and water indices are calculated using data from the Sentinel-2 MSI Level-2A
scenes and integrated in the analysis. The approach has been tested in the Italian Po river basin in
2018. Firstly, agriculture and forest NWRM were identified in the riparian areas of the river network.
Secondly, the Riparian Zones products from the CLMS local component and the satellite-based
indices were linked to the aforementioned ES condition indicators. This led to the development of a
pixel-based model that evaluates the identified GI according to: (i) its disposition to provide riparian
regulative ES and (ii) its condition in the analysed year. Finally, the model was used to prioritise GI
for conservation or restoration initiatives, based on its potential to deliver ES and current condition.

Keywords: green infrastructure; riparian zone; natural water retention measure; ecosystem service;
Copernicus; Sentinel-2; vegetation index; water index; downstream service

1. Introduction

In the view of human-induced climate change, ecosystem-based measures for disaster risk
reduction (Eco-DRR) and climate change adaptation (CCA) have gained increasing attention [1].
Eco-DRR has been defined as “the sustainable management, conservation and restoration of ecosystems
to reduce disaster risk, with the aim to achieve sustainable and resilient development” [2]. Eco-DRR is
based on the concept that healthy, diverse and well-managed ecosystems increase the resilience of
human societies and the environment to climate change impacts [3].
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Taking into account ecosystem management in DRR, as well as within CCA strategies and policies,
helps to convert the feedback loop existing between climate change impacts, ecosystem degradation
and increased disaster risk [4]. In this context, the possible impacts of climate change on water quantity
and quality, agriculture productivity, food security or greenhouse gas emissions have been a major
concern [5].

The European Environment Agency (EEA) has the main role in analysing trends and vulnerabilities
to assess the progress towards agreed targets and future actions against possible scenarios, both for
each Member State of the European Union (MS) and the whole EU [6,7]. Therefore, the EEA has
required systematic knowledge that links policy actions to economic, environmental and social trends.
This can support the development of relevant, timely, robust and accessible information that helps
policy makers and public users to act accordingly [8]. Thus, connecting existing knowledge to wider
and deeper analyses, taking advantage of the latest freely available technologies, is a key step for
getting efficient, accurate and near-real-time information that can support decisions regarding Eco-DRR
and CCA [9].

Consequently, Green Infrastructure (GI) has been appearing more frequently as an effective
nature-based spatial planning tool [7]. However, the concept of Gl is still under discussion and hence
has such a wide range of applications [10]. Thus, despite its increasing relevance in several policy
areas, no universally accepted definition exists yet [11]. Ata European scale, Gl is defined as a concept
addressing the connectivity of bionetworks, their protection and provision of ecosystem services (ES),
while also contributing to climate change mitigation and adaptation [12-14].

GI operates at different scales and can support several ES. ES are classified as (i) provisioning
services, supplying natural resources (e.g., fresh water); (ii) regulatory and maintenance (e.g., climate
or flood regulation) or (iii) cultural (e.g., educational or recreational) [15]. In contrast with grey
infrastructure (GrlI), which usually has a single objective, GI is multifunctional and can thus promote
win-win solutions to deliver benefits to several users and stakeholders [16,17]. For instance, floodplains
are an important element of river systems to filter and store water, assure natural flood and drought
protection [18], sustain biological diversity and provide recreational opportunities [19]. However,
around 70-90% of Europe’s floodplain area is ecologically degraded [20].

On the contrary, Grl is typically a component of a centralized approach to manage natural related
hazards, specifically in the water management sector. It is thus a human-engineered infrastructure,
such as levees, reservoirs and water or wastewater treatment plants [17].

However, GI and Grl shall not always be considered as fully replacing the other (e.g., they can
complement each other in hybrid approaches) and GI cost-effectiveness is still under discussion: e.g.,
the US Centre for Sustainable Economy developed the standard Green vs. Gray Analysis (GCA)
methodology [21] and the UK Natural Economy Northwest Programme developed the GI Valuation
Toolkit [22]; but the published benchmark approach at global scale still needs to be refined at different
local scales [23,24].

GI can be divided in several categories: (i) protected areas included in the Natura 2000 network,
as defined by the Habitats [25] and Birds Directives [26] and by the 2020 Biodiversity Strategy [27];
(ii) restoration zones; (iii) sustainable use areas (e.g., biosphere reserves); (iv) green urban features;
(v) natural and artificial connectivity features (e.g., hedgerows or riparian river vegetation) or
(vi) multifunctional zones providing several services, such as access, recreation and biodiversity [14].

Furthermore, GI can include both natural and anthropogenic features, exist both in urban and rural
settings and include “blue” spaces, like ponds and stream networks [17]. However, to be considered as
a GI component, all its elements need to be part of a larger habitat, green area or network that serves a
wider function and that, ideally, has been developed, maintained and enhanced through coordinated
interventions [11,12].

Adequately mapping and assessing GI has become a significant task, especially due to its
contribution to the management of extreme events, such as floods, droughts or water stress [28-30].
Developing suitable tools to perform this task would ease the mitigation of current and future
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risks related to climate change, land cover/land use changes and fluctuations of socio-economic
conditions [31].

As pointed out by the European Commission (EC) [13], public authorities have used Grl as a
substitute of natural solutions to prevent the degradation of key ecosystem services. Gl is instead a
successfully tested measure to also provide economic, social and ecological benefits to humans [17].

Therefore, GIs potential as a policy measure to improve the resilience of ecosystems and, as a
consequence, of the anthropic structures and activities depending on them and on the ES they deliver,
has been increasingly acknowledged by policymakers over the past decades [12,32]. In 2011, the 2020
Biodiversity Strategy [27] explicitly stated the importance of incorporating GI into spatial planning
in order to achieve its Target 2 of maintaining and enhancing ES and recovering at least 15% of the
degraded ecosystems across Europe.

Later on, the EC formulated a specific strategy on GI [13], aiming to promote it among stakeholders,
encouraging investments in, and the development of, trans-European GI networks. The strategy
recognized the need to incorporate GI into key policies, such as: (i) the EU Strategy on Adaptation
to Climate Change [33]; (ii) upgrading the Natura 2000 Network [25-27]; (iii) the European Forests
Strategy [34]; (iv) the Common Agricultural Policy (CAP) objectives [35] or (v) water-related policies,
such as the Water Framework [36] or the Floods Directives [37], among others.

Developing new GI and restoring damaged ecosystems that connect natural core areas, reducing
bionetwork fragmentation, can tackle both ecosystems’ condition and human well-being [38]. Action 5
of the 2020 Biodiversity Strategy [27] called MS to map and assess the condition and pressures on
ecosystems and their services in their national territory with the assistance of the EC. The technical
report of the 2018 Mapping and Assessment of Ecosystems and their Services (MAES) Initiative [39]
presented indeed a core set of suitable ES condition indicators. The set of indicators can act as a basis
tool for identifying and prioritising areas for ecosystem restoration and deployment of GI (Target 2 of
the 2020 Biodiversity Strategy) [17,19,20,27].

The overall objective of the presented initiatives and strategies is hence to promote GI in Europe
to improve the connectivity of Natura 2000 sites [25-27] within and across national borders, linking
biodiversity-rich areas where investments for ecosystem protection and restoration are prioritised,
so as to enhance the delivery of essential ES throughout the EU territory [27,39]. Specifically, 2018
MAES report [39] states that “the condition indicators for ecosystem attributes are based on the spatial
coverage, the configuration and the state of the green space and vegetation. Special attention goes to
the share of protected area inside the boundaries. This can be measured by intersecting the area of
Natura 2000 sites or of other protected areas”. The proximity to protected areas constitutes indeed
a significant indicator to assess GI due to its structural continuity and functional connectivity of
semi-natural vegetation, providing favourable corridors for species dispersal and for the improvement
of fragmented landscapes [13].

The aim of the presented research is to find a way to: (i) identify GI using Copernicus and Earth
Observation, (ii) assess its capacity to deliver benefits to humans, (iii) analyse its condition and (iv) rank
its conservation priority accordingly. The case study selected to test the approach is the Po river
basin, located in Northern Italy. It is the largest water catchment and a focal point for the economy of
the country, with more than 40% of national gross domestic product (GDP) and 35% of agricultural
production, which makes climate change effects a major concern [40,41].

The study focuses on riparian areas, which represent transitional areas occurring between land and
freshwater ecosystems, characterised by distinctive hydrology, soil and biotic conditions and strongly
influenced by the watercourse [42]. Thus, these areas can efficiently serve a wide range of functions
related to water quality, flow moderation, soil erosion and biodiversity conservation [16,18-20,28,30,42].
The protection of riparian areas is therefore significant for ES conservation [43,44].

Within these areas, the study focuses on Natural Water Retention Measures (NWRM), which are
defined as “multi-functional measures that aim to protect and manage water resources and address
water-related challenges by restoring or maintaining ecosystems as well as natural features and
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characteristics of water bodies using natural means and processes” [42]. Specifically, the analysis focuses
on agriculture and forestry types of NWRM and on regulative ES due to the role of NWRM in regulating
extreme events, such as floods or droughts, by storing or slowing runoff, increasing evapotranspiration,
increasing groundwater recharge or increasing soil water retention [19,42,43].

Lack of recent field data and current availability of open-source satellite-based reliable data with
high spatial, temporal and radiometric resolutions makes remote sensing a suitable tool to monitor GI
in the case study. Especially due to the full, open and free European Copernicus Land Monitoring
Service (CLMS) [45] and after the launch of Sentinel-2 (S2) B in March 2017, increasing its revisit time to
just five days [46]. Specifically, the Riparian Zones products from the CLMS local component were used
since they provide detailed data on these areas’ land cover/land use class and disposition to deliver
riparian ES [47,48]. Moreover, S2 data has been used due to its high spatial resolution to overcome
this weakness of the bio-geophysical indices offered in the CLMS [49]. The goal was to determine and
evaluate ES condition indicators specified in the reviewed frameworks, such as the greening response
and water stress [39], using indices that can be related to vegetation biophysical characteristics, like the
Normalized Difference Vegetation Index (NDVI) [50-53].

The approach is an improvement of the current Riparian Zones products [47]. The integration
with other datasets (Natura 2000), high-resolution satellite data (52) and previous research that outlines
user requirements [54-56] and sets ES condition indicators [39,57-65], allows the identification of
NWRM within the riparian system of a river network and the assessment of their current condition.
Furthermore, it overcomes specific limitations mentioned by decision-makers, such as data availability,
scalability and possibility to monitor over time [55]. Specifically, it can ease MS tasks [27] by quickly
identifying and assessing GI condition and supporting the corresponding management or restoration
plans [31].

The article is organized as follows: after introducing the concept of GI and presenting the current
policies and initiatives on its deployment and appropriate conservation, Section 2 describes the case
study, the input data used and the steps followed for the integration and analysis of the Copernicus
products. Section 3 shows illustrations of the identified and assessed GI in the modelled area. Section 4
discusses the results of the analysis, data gaps and future challenges, especially regarding CLMS
potential to map and assess GI and, finally, Section 5 summarizes the conclusions derived.

2. Materials and Methods

2.1. Case Study: Po River Basin

Po is the largest Italian basin, covering an area of 74,000 km?; 70,000 km? in Italy and 4000 km? in
Switzerland and France. The related river network has a total length of about 6750 km, corresponding
650 km to the main river. The area consists of two regions: Upper Po (75%), characterised by
mountainous streams from the Alps [66], and Po Valley (25%) with flat and wide plains [67] (Figure 1).

The hydrological network is therefore characterised by a mixed discharge regime: part Alpine
with spring and summer floods and winter droughts and part Apennine with spring and autumn
floods and summer droughts [68,69]. The highest streamflow peaks can be observed both in spring
and autumn due to precipitation and snow melting, while the Maritime and Liguria Alpine areas are
characterised by lower specific discharge and higher evapotranspiration that limits river flow [70,71].

The basin is a strategic area for the Italian economy, produces 40% of gross domestic product
(GDP) and has a population of over 16 million [40]. Despite high urbanization, agriculture plays a
dominant role in the basin [40,72]. Water uses concern industrial activities, agricultural productions,
livestock and inland navigation and, consequently, water extreme events can provoke serious economic
damages [41,68].
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Figure 1. Po hydrographic basin location in Italy: basin boundaries, hydro-ecoregions [73], flood risk
area [74] and Natura 2000 sites [75].

Previous scientific research analysed the difference in precipitation, temperature and daily flux
of Po river by comparing forecast data (2021-2050) and recorded data (1982-2011). The comparison
showed a significant decrease in annual average water availability and a higher frequency and intensity
of extreme events [40,41,72]. This makes the region interesting to study GI as a nature-based solution
for mitigating water stress effects [70].

Floods and droughts affect the river basin more intensely in its delta area due to higher pressure
on water resources [68,72] (Figure 1). Also, Po delta is the largest wetland in Italy and over a third of
its surface is protected under the Birds Directive [26] (Figure 1). Therefore, it was selected as the study
area to analyse GI condition using data from the Sentinel-2 satellite platform [46].

2.2. Materials

2.2.1. Copernicus Land Monitoring Service: Riparian Zones and Corine Land Cover

CLMS local component focuses on different hotspots, i.e., areas that are prone to specific
environmental challenges [49]. The Riparian Zones (RZ) is a local CLMS product that supports the
objectives of European legal acts and policy initiatives, such as the Biodiversity Strategy to 2020 [27],
the Habitats [25] and Birds Directives [26], the Water Framework [36] and the Floods Directives [37].

RZ consists of three products: Delineation of Riparian Zones (DRZ), Land Cover/Land Use
(RZ LC/LU) and Green Linear Elements (GLE) [47]. Moreover, the DRZ product consists of three
components [48] of which the Delineation of Potential Riparian Zones (DRZP) was used. DRZP is
derived from weighing hydrological and geomorphological parameters, among other input data
(Table 1), to express the likelihood of an area to host riparian features and hence to provide
riparian-related benefits.

RZ LC/LU and DRZP (Figure 2) are the main input data used in the approach to identify GI and
its potential to provide riparian-related ES respectively, since they provide very detailed information
of the riparian environment (LC/LU classes and its characteristics) along large and medium-sized river
streams (Table 1).
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Table 1. Main characteristics of the Riparian Zones” (RZ) products from the Copernicus Land Monitoring
Service (CLMS) local component used in the approach [47].

Product Delineation of Potential Riparian Zones Riparian Zones Land Cover/Land Use
Product short name DRZP RZ LC/LU
Product definition Spatial model which indicates the Detailed LC/LU dataset for areas along a buffer zone
capacity to host riparian features. of selected rivers (Strahler level 3 to 8).
(1) DRZA®
(2) Satellite Imagery ©
(1) EU-DEM1! (3) Corine Land Cover 2006/2012
(2)  Water masks 2 (4)  Urban Atlas 2006/2012
Input data () JRCFHRM3 (5) Imperviousness degree and tree cover density 7
@ HwsD* (6) National orthophoto web map services, Google

Earth Pro and Bing Maps
(7)  Numerous additional references and in-situ
data sources

Geometric resolution or Raster: 25 m 1:10.000
equivalent scale Vector: 1:50.000 o
Minimum Mapping Raster: 625 m? pixel-based 05 ha
Unit Vector: 50 ha ’
Minimum Mapping
Width 10m
Coordinate Reference ETRS89/LAEA Europe ETRS89/LAEA Europe
System EPSG: 3035 EPSG: 3035
Temporal reference 2010-2014 2010-2014
Accuracy Not-yet-assessed (just by experts) >85%
Responsible European Environment Agency (EEA) European Environment Agency (EEA)

! European Digital Elevation Model, 25 m spatial resolution. 2 Water masks from the Riparian Zones Land
Cover/Land Use, EU-Hydro 2006, Open Street Map and mask from CORE_03 data for riparian zones gap filling.
3 Flood Hazard Risk Maps by the Joint Research Centre at 20, 50, 100, 200 and 500 years of returned period, 100 m
spatial resolution. * Harmonized World Soil Database. ® Delineation of Actual Riparian Zones. ® Remote sensing
satellite data from 1.5 m SPOT-6, 2.0 m Pleiades and 2.5 m SPOT-5. 7 Pan-European high-resolution layers from
Copernicus initial operations.
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Figure 2. Disposition to provide regulative ecosystem services (ES) in the Po river basin area, obtained
using the Delineation of Potential Riparian Zones (DRZP) product from the CLMS local component [48].
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Corine Land Cover (CLC) consists of an inventory of land covers classified in 44 overall classes.
It is a pan-European product initiated in 1985 (reference year 1990) and updated every 6 years. The RZ
LC/LU product was performed using CLC 2006/2012, among other inputs (Table 1). Thus, CLC 2018
and Corine Land Cover Change (CLCC) 2012/2018 [76] (Table 2) were used for an internal cross-check
validation approach of the main input data. The goal was updating the LC/LU classes, avoiding false
positives in Gl identification due to LC/LU changes between 2012 and 2018, before performing the
subsequent spatial and temporal analyses on the vegetation condition. Afterwards, the misclassified
GI was photo-interpreted using recent Sentinel-2 satellite images.

Table 2. Main characteristics of the Corine Land Cover (CLC) 2018 and Corine Land Cover Change
(CLCC) 2012/2018 [76].

Product CLC 2018 and CLCC 2012/2018
Satellite data Sentinel-2 (S2) (and Landsat-8 for gap filling)
Time consistency 2017-2018 (CLC) and 2012-2018 (CLCC)
Geometric accuracy <10 m (S2)
Minimum Mapping Unit/Width 25 ha/100 m
. ETRS89/LAEA Europe
Coordinate Reference System EPSG: 3035

Boundary displacement min. 100 m
All changes >5 ha are mapped
Thematic accuracy >85%

Change mapping (CLCC)

2.2.2. Ancillary Data: Hydro-Ecoregions, Flood Hazard Risk Maps and Natura 2000 Network

The DRZP layer is not validated yet (by September 2019) due to lack of reference data and
characteristics of riparian zones in sufficient detail [48]. To assure that the layer was suitably
characterizing riparian areas in the case study area, it was cross-checked with available local
ancillary data, i.e., products offered by the Emilia-Romagna region in an open-source catalogue:
the hydro-ecoregions (HERs) [73] and the 2013 Flood Hazard Risk Maps (FHRM) [74].

Po HERs have been defined according to the implementation of the Water Framework Directive [36].
Each area is characterized based on: (i) the lithological structure and properties of the rocks (hardness,
permeability and influence of water chemistry); (ii) relief (altitude and slope) and (iii) climate, depending
on the precipitation and temperature (yearly average and seasonal variation) [73]. On the other hand,
the FHRM are defined according to the Floods Directive [37] and delimitate hazard risk areas depending
on: (i) scenarios of low, medium or high probability of flood; (ii) return period and (iii) information
associated to all the exposed elements [74].

Firstly, these vector and alpha-numeric datasets were interpreted with respect to the aquatic
ecosystem functioning and its benefits for the water balance. Subsequently, the outcome was compared
with the DRZP buffers and percentage ranges. The correlation is visible in Figures 1 and 2.

The Natura 2000 network, obtained from the same catalogue, defines rich habitats that play a
significant role as natural corridors within the wider landscape [75]. It was used to determine its
distance to the identified GI. The goal was increasing the conservation priority accordingly [39].

2.2.3. Sentinel-2 Multispectral Imagery

The presented work used also Sentinel-2 (S2) satellite data because it can monitor large surfaces
with high spatial, temporal and radiometric resolutions. This may explain its worldwide use as input
data for land cover/land use monitoring and decision-making applications [50,51]. Table 3 shows the
main characteristics of the optical sensor on-board S2 (the Multispectral Instrument-MSI) and the band
set used.
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Table 3. Main characteristics of the Sentinel-2 (S2) Multispectral Instrument (MSI) sensor and bands

used [77].
Satellite Platform Sentinel-2 (A & B)
Spatial resolution 10m ! and 20 m 2
Temporal resolution 5 days 3
Time consistency 2015-to date

Radiometric resolution 12 bits

Band 2 (Blue): 0.490 pm
Band 4 (Red): 0.665 pm
Band 8 (NIR): 0.842 um
Band 11 (SWIR;): 1.610 pm

! Visible and Near-Infrared bands. ? Short-Wave Infra-Red bands. > 10 days using one satellite, 5 days using two.

Band set used

Just 4 bands were needed to calculate the biophysical variables applied to assess GI condition
in terms of its vegetative health stage and water content [52]. Vegetation indices are calculated
using the spectral bands that capture the Red and Near-Infrared (NIR) reflectance, as this part of the
electromagnetic spectrum shows a higher sensitiveness to the leaf chlorophyll content [78,79]. On the
other hand, leaf water content largely controls the spectral reflectance in the Short-Wave Infrared
(SWIR) interval of the electromagnetic spectrum [80].

2.3. Methodology

The proposed steps to identify the existing NWRM and estimate its disposition and condition for
delivering riparian regulative ES (Figure 3) are based on the benchmarks developed for mapping and
assessing ecosystems and their services [39,57-65]. This is mainly required by the EEA to fulfil the
targets of the 2020 Biodiversity Strategy in this regard [27].

2.3.1. Input Data Acquisition

Specifically, the Delimitation Units DU0OI18A and DUO0O05A, that catch the study area,
were downloaded from the Delineation of Potential Riparian Zones (DRZP) and the Riparian Zones
Land Cover/Land Use (RZ LC/LU) products in the local CLMS. Then, they were clipped using the
basin boundaries.

As for the satellite data used, Sentinel-2 Level 1C (S2 L1C) scenes of the tile T32TQQ that covers
Po delta were acquired from the French Sentinel collaborative ground segment PEPS-CNES [81],
an operating platform mirroring all Sentinel products provided by the European Space Agency (ESA).
Just one S2 tile was analysed in order to observe an area in which the climate conditions, phenology
types and development trends could be considered almost the same [51]. 36 scenes for the period of
1st January-30th October 2018, with a cloud cover below 50%, were downloaded and pre-processed.
This year was selected to perform an intra-annual assessment of the variability in the phenological
trend of the selected GI. Also, it was selected since the scenes were less affected by atmospheric effects
and cloud cover.

2.3.2. Pre-Processing

To assure that the main input Copernicus products were suitably characterizing the riparian areas
in the case study area in the analysed year, they were cross-checked with auxiliary data, i.e., available
local ancillary data and the updated version of CLC 2018. This way, the analysis was based on LC/LU
datasets and satellite images of the same period.
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Figure 3. Flowchart of the proposed methodology to identify Natural Water Retention Measures
(NWRM) in riparian areas of a river network, its disposition to provide regulative ES and its condition
(input data explained in Section 2.2). 1 Comparison between the land cover/land use classes assigned
to the identified GI due to the launch of an updated version of Corine Land Cover in 2018. 2 Due to
lack of reference data on riparian characteristics in a sufficient level of detail, the authors checked the
correlation between the DRZP layer’s modelled area in the case study and regional products.

The Maccs-Atcor Joint Algorithm (MAJA) [82] was used right after acquiring the S2 L1C scenes
from the PEPS-CNES segment [81]. The selection of this atmospheric correction algorithm was based
on its unique method for detecting clouds and shadows using multi-temporal series of data input
instead of a single image [82]. This improves the correction of atmospheric, shadows and even slope
effects in comparison with SNAP or Sen2Cor-derived S2 L2A [83], which could affect the vegetation
and water indices that are calculated afterwards. Thus, time series of the T32TQQ tile were processed

together since it did not represent a massive quantity of data.

Afterwards, 7 scenes were selected, one per month from March to September 2018 (Table 4).
This selection was made due to their lower cloud cover and hence fewer missing values. Also,
since this period of the year catches the most prominent stage of the vegetation development cycle
(according to the growing stages specified by the Food and Agriculture Organization of the United
Nations, FAO [50,51]). Thus, this period catches the highest values of the analysed bio-geophysical

indices if the detected GI is being adequately maintained [78-80].
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Table 4. Scenes used of the T32TQQ tile, caught by the S2 MSI sensor, to test the approach; downloaded
and pre-processed on the PEPS-CNES collaborative ground segment [81].

Satellite Platform Date Cloud Coverage (%)
S2A 30 March 2018 45
S2A 19 April 2018 5
S2A 19 May 2018 31
S2A 28 June 2018 18
S2A 18 July 2018 0
S2A 17 August 2018 2
S2A 26 September 2018 5

Lastly, band 11 (SWIR;) was resampled from 20 to 10 m using the Semi-Automatic Classification
Plugin 6.2.5 [84] in QGIS 3.2.1 in order to calculate the indices with the finest spatial resolution.

2.3.3. Processing and Outputs

A significant phase of the research was finding attributes that allowed to: (i) spatially identify GI
sites that serve for water retention (1st output), (ii) recognize their role in the river riparian system (2nd
output) and (iii) assign them an importance based on their conservation condition (3rd output) (Table 5).
With this aim, assumptions were made by: (i) selecting the common criteria used by the consulted
approaches on indicators to detect ecosystems’ condition [39,57-65] (1st column) and (ii) linking it
to the suitable Copernicus products [47], available ancillary data [75] or the most successfully used
bio-geophysical indices to monitor vegetative surfaces [52,78-80] (2nd column).

Table 5. Criteria selected and indicators used to identify riparian NWRM and assess their disposition
to deliver regulative ES and their current condition.

Criteria [39,57-65] Indicators Used Output Delivered

Riparian Zones products [47] from
the Copernicus local component:

- Identification of agriculture

and forest riparian GI ! 1. Identification of agriculture and
Capacity to provide ecosystem according to MAES level 4 forest NWRM in riparian areas
services LC/LU classes 2. ) ) -
- Disposition to deliver 2. Spatial model of GI disposition
riparian ES according to the  to deliver regulative ES
DRZP 3 product.

Natural Water Retention Measures
catalogue from DG-ENV [42].

Buffers of Natura 2000 areas [75]
to calculate the distance to

Membership in Natura 2000

network detected GL.

Bio-geophysical indices calculated

using Sentinel-2 (S2) 4:

- NDVI: vegetation 3. Pixel-based assessment of GI
Indicators of the ecosystem’s vigorousness [78]. condition ®
functional attributes: greening - EVI: more sensitive than
response and water stress NDVI in heavily vegetated

sites [79].

- NDWI: vegetation water
stress [80].

! Green Infrastructure. 2 Mapping and Assessment of Ecosystems and their Services (MAES) level 4 of Land
Cover/Land Use classes, consulted in the RZ LC/LU Copernicus local product. * Delineation of Potential Riparian
Zones product from the Copernicus local component [48]. * Being NDVI, the Normalized Difference Vegetation
Index; EVI, the Enhanced Vegetation Index and NDWI, the Normalized Difference Water Index.  Using the
indicators stated together with output 2.
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Identification of Agriculture and Forest NWRM in Riparian Areas

The proposed approach focused first on detecting vegetation and forestry GI sites in the riparian
areas of Po river basin. More specifically, nature-based measures for water retention (NWRM). The RZ
LC/LU product is the main input used [47]. As it follows the MAES nomenclature (levels 1 to 4) for
defining the LC/LU classes, level 4 was consulted due to its higher level of detail.

These LC/LU classes were linked to the type of agriculture and forest NWRM using the catalogues
developed by the European Commission Directorate-General Department for Environment Policies
(DG-ENV) [42] (Table 6). An area of 4040 km? of agriculture and forest NWRM was detected in
the riparian areas of Po river basin, finding a significant appearance of forest riparian buffers (66%),
followed by meadows and pastures (20%).

Table 6. Types of agriculture and forest GI for natural water retention (NWRM) identified in the
riparian areas of Po river basin and corresponding area extent.

MAES Level 4 LC/LU Classes ! [47] Green Infrastructure [42] Area (km?)

Pastures

Managed grasslands without trees and scrubs with a Tree Cover Density
(TCD) of less than 30% and over or equal 30%

Dry, mesic and alpine and subalpine grasslands without trees with a TCD
of less than 30%

Herbaceous vegetation

Heathlands and moorlands

Sparsely vegetated areas

Meadows and pastures 775.68

Transitional woodland and scrub

Lines of trees and scrub Buffer strips and hedges 94.10

Crop rotation
Annual crops associated with permanent crops Strip cropping along
Complex cultivation patterns contours

Intercropping

91.46
2

Land principally occupied by agriculture with significant areas of natural

vegetation

Agro-forestry with a TCD over 30% and less than 30% Green cover 224.07
Dry, mesic and alpine and subalpine grasslands with trees with a TCD over

or equal 30%

Riparian and fluvial broadleaved, coniferous and mixed forest with a TCD
over 80%, 50-80%, 30-50% and 10-30%

Broadleaved, coniferous and mixed forest swamp with a TCD over 80%,
50-80%, 30-50% and 10-30%

Riverbanks Riverbanks 133.92

Forest riparian buffers 2688.64

Forest

Other natural and semi-natural broadleaved, coniferous and mixed forest

with a TCD over 80%, 50-80%, 30-50% and 10-30%

Broadleaved evergreen forest with a TCD over 80%, 50-80%, 30-50% and

10-30% Continuous cover forestry 3226
Highly artificial broadleaved, coniferous and mixed plantations with a TCD

over 80%, 50-80%, 30-50% and 10-30%

Other scrub land

Sclerophyllous vegetation

1 Mapping and Assessment of Ecosystems and their Services (MAES) level 4 of Land Cover/Land Use classes,
consulted in the RZ LC/LU Copernicus local product. 2 These GI types have been gathered in the delivered spatial
models as crop rotation.

After that, spatial operations were carried out in a model using ArcGIS 10.2 raster calculator
algorithms (Figure 3).

Spatial Model of GI Disposition to Deliver Regulative ES

Clipping the identified NWRM (1st output) by the DRZP model [47] allows to detect the disposition
of each site to deliver the associated regulative ES in the riparian system [42]. This disposition can
be expressed by weighing different hydrological and geomorphological parameters that affect the
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appropriate functioning of riparian ecosystems, especially during extreme events, such as floods or
droughts [28,30,42,72-74], and that the DRZP product takes into account (Table 1): (i) distance to water
bodies, (ii) slope, (iii) flood hazard risk areas and their return period and (iv) soil type (i.e., erosion and
permeability features) [47,48].

As a result, a spatial model of the identified agriculture and forest GI shows its disposition to
deliver NWRM-related regulative ES (2nd output), measured from 0% to 100% and with a spatial
resolution (SR) of 100 m due to the SR of the Copernicus product [47].

Pixel-based Assessment of GI Condition
e  Buffering of the Natura 2000 network

The Natura 2000 areas of the river basin [75] were buffered every 10 m until 100 m [39,85]. Then,
the identified GI was classified according to 10 distance ranges. This parameter was used to prioritise
adequate management and conservation of those GI sites that belong or are close to Natura 2000
areas due to their contribution to the ecosystem’s appropriate functioning, being hence significantly
vulnerable items to changing climate consequences [39,57-65].

e  Calculation and multitemporal analysis of biophysical variables

Vegetation and water indices were calculated for the period of March-September 2018 using the
spectral bands from the 7 selected S2 images, once corrected from the atmospheric effect and resampled.
Also, a filter of GI with a surface of less than 0.1 ha was applied due to S2 spatial resolution.

Several indices were analysed complementarily to obtain a more accurate and reliable
characterization of the environment [52]. These spectral indices (Table 5) were selected for being the
most significantly used in vegetation and forestry studies, achieving representative and accurate results
in previous experiences [52,86,87].

The Normalized Difference Vegetation Index (NDVI), as well as the Enhanced Vegetation Index
(EVI), have been the most successful in studying the development stage, healthiness and vigorousness
of vegetation [50,51,86]. On the other hand, the Normalized Difference Water Index (NDWI), also called
Normalized Difference Moisture Index (NDMI) in some studies, has been used to detect wetness and
water content in vegetation [87].

NDVTI is calculated using the reflectance from the Red channel (R) and the Near-Infrared (NIR)
(Equation (1)) [78]. EVI was selected since it complements the information derived from NDVI,
being more sensitive to differences in heavily vegetated areas and less affected by atmospheric
noise [79,86]. It is calculated similarly to NDVI, but also considering the reflectance in the Blue channel
(B) (Equation (2)) [79].

NDVI = ———, (1

NIR - R
EVI = 2'5N1R+(6 R-75B)+1’ @
However, vegetation indices have a limited capability for retrieving vegetation water content due
to uniquely providing information on vegetation greenness (chlorophyll), which is not directly nor
uniformly related to the quantity of water in vegetation [80,87]. Thus, NDWI was also calculated.
This index is defined using NIR and SWIR reflectance (Equation (3)) and, as NDVI and EVI,
shows values in the range of —1 to +1, with higher values corresponding to higher leaf water content and
vegetation cover [80]. The main reason for choosing this index was the easier observable monitoring
of vegetative and forestry stages when observing their reflectance in the SWIR bands, as well as to
identify water stress [52,87].

NIR — SWIR;

NDWI = — > 1
NIR + SWIR;’

(©)
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Finally, a statistical analysis was performed to evaluate the yearly maximum value (and hence the
healthiest and most vigorous vegetation stage) per index, pixel and GI type. This is since each vegetation
surface displays its specific multitemporal variation of biophysical characteristics. Thus, each surface
is defined according to a specific variation pattern during its annual development cycle [50,51].

e  Rating of the ES condition indicators

The value of the indicators selected to assess GI condition (3rd output) was weighed using the
following expressions as assumptions based on the existing theoretical approaches (Table 5) to allow
their interpretation through a remote-sensing based approach:

Capacity to provide ecosystem services D; = D/10; [0,10], (4)
Membership in Natura 2000 network N; = N/10; [0, 10], (5)

V; = NDVI(BOA),,..,i10; [0, 10], (6)
Greenness response and water stress E; = EVI(BOA),,,.,i-10; [0, 10], 7)

W; = NDWI(BOA) ..-10; [0, 10], ®)

Representing i, the data extracted per pixel (10 X 10 m); D, the disposition to deliver the associated
regulative ES, resampled to 10 m SR and expressed in percentages; N, the distance range from a GI
to the Natura 2000 network; NDVI(BOA)..i EVI(BOA) ..., and NDWI(BOA) ..., the maximum
value per pixel for the analysed period (March-September 2018) of the bio-geophysical indices. All the
indicators were analysed as integers and expressed in values from 0 to 10. Moreover, if in a pixel no
data existed for a parameter, a null value was assigned to that indicator.

The conservation condition, C, (Equation (9)) was obtained per-pixel and per type of NWRM
(Vj). Then, it was dissolved to obtain one single modelled area indicating GI condition in the case
study. The condition index was obtained summing the selected indicators, equally scaled, to allow
the easy integration of new condition indicators in future assessments. All the evaluated parameters
were considered equally significant since the consulted literature did not mention any distinction of
priorities in that regard.

Conservation condition, C; = D; + N; + V; + E; + W;; Vj, [0, 50], 9)

Finally, the integer values obtained with Equation (9), from 0 to 50, with higher values representing
a better condition, were translated into a ramp colour legend. This eases the interpretation of the spatial
model, quickly locating GI playing a major role in the delivery of ES but that, given their compromised
condition, would require management interventions.

The developed model assesses GI actual status based on the maximum value of the vegetation and
water indices achieved per type of Gl in its intra-annual development trend, among other condition
indicators. Neither intra-seasonal nor inter-annual changes are assessed.

3. Results

Appropriately assessing ecosystems’ condition must concern individual ecosystems, but also
their territorial context [12,27,39]. Thus, the assumptions made and indicators used in the approach,
based on the frameworks developed to map and assess ecosystems’ conditions and their services
(Table 5), include: (i) disposition of the identified NWRM to provide regulative ES in the riparian
system, (ii) proximity to protected areas included in Natura 2000 and (iii) remotely-sensed greenness
and water stress response as means of the ecosystem'’s functional attributes.

Figure 4 shows the inputs used (1st and 2nd columns) and outputs delivered (3rd column) for
the same area extent. The area is part of the Po delta. It mainly consists of lines of trees and scrub,
natural and semi-natural broadleaved forests and alpine and sub-alpine natural grassland (Figure 4a).
According to the NWRM catalogue [42], these LC/LU classes were translated into “green cover”, “forest
riparian buffers” and “buffer strips and hedges” (Table 6) (Figure 4g). Those NWRM located closer to
the river streams present a higher disposition to deliver regulative ES (Figure 4h), based on the DRZP
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dataset (Figure 4b), and a higher proximity to protected areas in Natura 2000 (Figure 4c). These two
condition indicators and the analysis of biophysical variables (2nd column of Figure 4) allowed to
detect GI in moderate condition (Figure 4i).

Inputs Outputs

Datasets S2-based indices

4496400 4498200€ 4500000€ 4501800E

2428200N

2426400N

Legend
MAES level 4 LC/LU classes. % Inland marshes N 0-10m Meadows, pastures and grasslands
W Continuous urban fabric Coastal salt marshes Maximum NDVI [ Continuous cover forestry
W Dense urban fabric [5 Interconnected water courses <0 [J Riverbanks
B Industrial, commercial and military units Highly modified water courses g 1 Disposition to deliver regulative ES
155 Low density fabric Natural water bodies Maximum EVI Very low (0-20%)
10 Road networks Distance to protected areas <0 [ Low (21-40%)
I Land without current use 91-100 m -1 B Medium (41-60%)
Green urban, sport and leisure facilities [81-90m i W High (61-80%)
Arable irrigated and non-irrigated land 17180 m Maximum NOWY B Very high (81-100%)
W Vineyards, fruit trees and berry plantations 1 61-70 m <0 Gl condition
|2 Olive groves 1 51-60m — B Good
I Natural and semi-natural broadleaved forest Il 41-50 m Gl types Acceptable
Lines of trees and scrub I 31-40m (7] Crop rotation Moderate
Alpine and sub-alpine natural grassland W 21-30 m Green cover B Severe
Beaches and dunes BN 11-20m [ Forest riparian buffers
Buffer strips and hedges

Figure 4. Riparian NWRM in an area of Po delta: (a) MAES level 4 LC/LU classes (from RZ LC/LU).
(b) Disposition to deliver riparian ES (from DRZP). (c) Distance to protected areas in Natura 2000.
(d) Maximum NDVT in 2018. (e) Maximum EVI in 2018. (f) Maximum NDWTI in 2018. (g) 1st output:
Identification of agriculture and forest NWRM in riparian areas. (h) 2nd output: Spatial model of GI
disposition to deliver regulative ES. (i) 3rd output: Pixel-based assessment of GI condition.

3.1. Spatial Model of GI Disposition to Deliver Regulative ES

A spatial model weighing the capacity of the identified GI to deliver NWRM-related ES, such as
protection against flood events, was obtained for the entire river basin. This disposition is measured in
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percentages from 0% to 100% and translated into a colour ramp from light to dark blue, following the
labels of very low, low, medium, high and very high capacity to ease its interpretation (Figure 5).

0000E 4240000E 4495000E 4500000€ 45050006
e |

2490000N

2480000N

2470000N

2460000N ¥

2467800N ‘

2466000 '

= >
4233600E 4235400E 4237200E
Legend
3 Po basin boundaries [ Forest riparian buffers [ Riverbanks B Medium (41-60%)
Gl types Buffer strips and hedges Gl disposition to deliver regulative £s Il High (61-80%)
[_] crop rotation Meadows and pastures [ Very low (0-20%) W Very high (81-100%)
Green cover [ continuous cover forestry 7] Low (21-40%)

Figure 5. Spatial model representing the disposition of the identified agriculture and forest NWRM for
providing the associated regulative ES in the river network of Po basin: Po hills in the central part of
the basin (left) and Po delta (right).

The highest capacity to deliver the related regulative ES was found in NWRM located closer to the
river flows (dark blue). Moreover, the riparian buffers located closer to the river courses were wider in
the central part of the basin than in the delta area (Figure 5).

3.2. Pixel-Based Assessment of GI Condition

A model representing riparian GI condition in 2018 was obtained in Po delta (Figure 6).
GI condition is illustrated according to a colour ramp from green to red, following the labels of
good, acceptable, moderate, severe or critical, depending on the indicators’ values (Table 5), assessed
through Equations (4)—(9).

The assessment model delivered might serve as an early warning tool for that GI holding a major
ecological role (highly weighed capacity to deliver regulative ES and proximity to Natura 2000 sites),
but not suitably conserved (showing low vegetation healthiness and exposure to water pressures
according to the bio-geophysical indices’ values).

Figure 6 shows the identified riparian GI condition in two different areas of Po delta: (i) GI buffers
closer to the river flow (left), mainly identified as “forest riparian buffers” and “green cover” (Table 6),
and (ii) fields located between river flows (right), identified as “forest riparian buffers” and “crop
rotation” (Table 6), whose disposition to deliver regulative ES is shown in Figure 5 (right).
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2435000N

4459000€

Legend

[ Pobasin boundaries [ Forest riparian buffers ] Riverbanks [] Moderate

Gl types Buffer strips and hedges G| condition Severe

[__] crop rotation Meadows and pastures [l Good M Critical
Green cover [ continuous cover forestry[li Acceptable

Figure 6. Assessment of the condition of the identified GI sites in the riparian areas of Po delta in 2018:
GI buffers next to a river flow (left) and complex agricultural patterns (right).

The developed model allows to find GI in severe and critical conditions (orange to red colours) in
both locations. In the first case, it corresponds to areas that suffer from water stress events (floods and
droughts) due to influence of the river flow and, in the second, to stressed vegetation. These results are
estimated from very low values of the bio-geophysical indices (which characterise bare soil and water
masses) combined with a high capacity of the NWRM to deliver regulative ES and the proximity to,
or inclusion in, protected habitats.

3.3. Results Per GI Class

3.3.1. Disposition to Deliver Regulative ES

The capacity to provide regulative ES (Figure 5) was evaluated in an area of 3077 km? of the
detected NWRM in Po basin, of which over 40% presented high or very high ranges (Figure 7).

“Forest riparian buffers” represented the greater GI area showing a very high disposition to
deliver regulative ES, followed by “meadows and pastures” (Figure 8). This outcome could be expected
since these classes represent the major riparian GI surface in the basin. However, it seems remarkable
that nearly all the surface occupied by natural “riverbanks” presented a very high disposition to
deliver regulative ES. This fact might be related to their proximity to the river streams and hence their
important role in flood scenarios.
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Figure 7. Percentage of GI per disposition to deliver regulative ES.
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Figure 8. Assessment of GI disposition to deliver regulative ES in Po basin: (a) Area extent of each GI
type that could be assessed using the DRZP Copernicus product. (b) Distribution of GI capacity to

provide regulative ES depending on the type.

3.3.2. Condition Assessment in 2018 in Po Delta

The current condition was assessed (Figure 6) in an area of 102.5 km?, which represents the
agriculture and forest riparian NWRM in the Po delta. Over 80% was evaluated as presenting either
an acceptable or moderate condition in 2018 following the presented approach, 5% showed a good

condition and about 12% presented a severe or critical status (Figure 9).

“Crop rotation” stood out as the riparian NWRM most affected by a critical condition, followed
by “forest riparian buffers” and natural “riverbanks” (Figure 10). This might be due to high exposure
to vegetation stress and water pressures, but it must be considered that natural “riverbanks” also
represented a very high capacity to deliver regulative ES (Figure 8). Therefore, this GI should be
managed accordingly. Also, “green cover” was the main GI facing a severe condition (Figure 10).
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Figure 9. Percentage of GI per condition in 2018 in Po delta.
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Figure 10. Assessment of GI condition in Po delta: (a) Area extent of each GI type. (b) Distribution of
GI condition in 2018 depending on the type.

Condition

On the other hand, a high percentage of agricultural fields holding crop rotation, intercropping or
other complex crop patterns (gathered as a sole GI class named “crop rotation”) (Table 6) showed a
good or acceptable condition (Figure 10). As for the GI class “continuous cover forestry”, it was the
only one not found in Po delta, which could be assumed since it did not represent a significant area in
the basin.

4. Discussion

Decision-makers have mentioned the need for a practical tool that shows values or thresholds
characterizing ES supply and condition, facilitating the accomplishment of policy objectives [88,89].
The presented approach can serve as a baseline, helping in understanding the indicator frameworks [55].
It specifically focuses on easing the tasks of Member States (MS) on the Mapping and Assessment of
Ecosystems and their Services (MAES) (Action 5 of the 2020 Biodiversity Strategy [27]).

With the aim to overcome previous tools’ weaknesses on scalability, data availability and possibility
to monitor over time [55,58,89,90], the theoretical indicator frameworks [39,57-65] are linked to the
freely-available sources of remotely-sensed data that are suitable to monitor them (Table 5): (i) products
offered in the Copernicus Land Monitoring Service (CLMS) [49] and (ii) satellite-based bio-geophysical
indices to monitor vegetated surfaces [52,78-80].

The approach focuses on riparian zones since the potential to positively contribute to the
socio-economic and environmental resilience of their area of influence has been proven [19,20,28,30,42]
based on the following effects: improved water quality, positive trend of new natural riparian
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functionalities, enhanced environmental and morphological quality and increased awareness of
stakeholders and citizens.

Specifically, the Riparian Zones dataset was used as the main input of the approach. Very few
scientific experiences exist that refer to it [48,91]. In fact, the main product used, DRZP, is not validated
by September 2019 due to lack of appropriate validation data comparable to it [48]. Thus, the developed
approach contributes to increase the applicability of this dataset, not generally to riparian areas,
but specifically to map and assess NWRM, which are important elements for the water sector, especially
for regulating extreme events, such as floods or droughts. The method identifies NWRM in riparian
regions, evaluates its capacity to deliver regulative ES and assesses its current preservation condition.
The approach considered innovative elements to assess GI and allowed to find weaknesses that should
be solved in existing datasets.

GI condition was assessed according to the following criteria (selected from the aforementioned
indicator frameworks): (i) capacity to provide ES, (ii) membership or proximity to the Natura 2000
network and (iii) indicators of the ecosystem’s functional attributes: greening response and water stress
(Table 5). Obtaining the condition index by summing the indicators’ values, equally scaled, allows
its scalability in terms of integrating indicators from future frameworks. Considering the distance
of GI to protected areas included in Natura 2000 is a significant and novel element of the approach.
These areas play a distinct role in the natural ecosystem’s functioning [27]. Therefore, the appropriate
conservation of GI connected to these areas must be prioritised accordingly [39].

Firstly, the NWRM catalogue developed by DG-ENV [42] was used to identify GI as to ensure
consistency with already existing and validated definitions. However, it shows weaknesses in the
NWRM class definition (e.g., not including wetland riparian vegetation in the hydro-morphological
sector). Also, itis challenging to translate some classes into specific LC/LU (e.g., green cover). Therefore,
the process for identifying GI should remain more autonomous to increase the usability of the approach.

The analysis focused on vegetation riparian GI. Hydro-morphological types of GI (e.g., wetlands,
saltmarshes or reeds) are also important for flood and drought regulation [42], but the interpretation of
biophysical variables differ for “green” and “blue” GI, i.e., the reflectance values, annual developing
trends and hence the meaning of the indices [50,51,78-80]. Therefore, appropriate indices to monitor
this GI must be thoroughly selected and understood before this GI's assessment could be integrated in
the approach. Annual trends also vary between different vegetation GI. Thus, the indices’ values were
rated per type of GIL.

The approach used S2 data to calculate the biophysical variables with a high spatial resolution
(10 m) [46] and thereby overcome the weakness of the CLMS [49]. Just Copernicus’ global component
provides bio-geophysical indices products, by September 2019. These products present 300 m/1 km
spatial resolutions, not fulfilling the needs at local scales [52,54].

However, clouds and shadows remain a major inconvenience when processing and interpreting
bio-geophysical indices, even after correcting the images from the atmospheric effect [51,92]. Therefore,
the indices can sometimes show low or even negative values that do not correspond to the
vegetation features.

This was solved by analysing the maximum values of the indices in the period of March-September
2018. Thus, the analysis considers the most vigorous, healthiest and highest leaf water content response
of each GI development cycle in the analysed year [50,51]. However, the possibility of having evaluated
values that represent a cloud or shadow instead of the natural surface condition must be considered.

Analysing the outcomes, the representativeness of each NWRM, as well as the capacity to provide
regulative ES, can be quickly interpreted in the modelled area. In Po river basin, “forest riparian
buffers”, followed by “meadows and pastures”, popped up as the greater Gl areas (Table 6). Moreover,
most of this surface presented a high or very high capacity to deliver regulative ES (Figure 8). Instead,
“continuous cover forestry” was the less presented GI (Table 6).

Also, the delivered model shows GI condition. 12% of the riparian GI area in Po delta presented a
high conservation priority (severe or critical condition) in the analysed year (Figure 9). Most of this GI
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was also closer to river streams (Figure 6). Thus, the condition index may result due to stressed or
saturated vegetation conditions (i.e., very low values of the bio-geophysical indices) merged with a
high capacity to supply regulative ES (Figure 5) and proximity to protected areas.

“Riverbanks” represent a frequently used nature-based measure for flood protection. This NWRM
face severe and critical conditions in Po delta (Figure 10), while having a very high capacity for
delivering regulative ES (Figure 8). However, it must be considered that riverbanks sometimes
represent fully functional sparsely vegetated areas [42].

Alongside the regulation of water stress events, such as floods or droughts, riparian areas can
provide other significant benefits to the environment and society [19,20,28,42]. Therefore, having open
access to a tool that quickly highlights GI facing severe or critical conditions, hence not appropriately
conserved, should raise awareness, help and motivate decision-makers to take action, supporting
restoration and management strategies that improve the environmental quality of that area (e.g.,
revegetation measures) [23,31,43].

To this end, the interpretation of the model shall be supported by degradation assessments and
analyses of the impact of GI presence or absence [93]. Also, inter-annual analyses would allow to
interpret the GI condition index depending on previous trends (i.e., considering each GI likelihood
to achieve different indices” maximum values). However, the required datasets do not perfectly fit
inter-annual analyses, with the consequent impact on the results of using LC/LU datasets from other
periods. In this regard, the upcoming Copernicus product CLC+ will ease a more analytic mapping of
the Earth’s surface and a more flexible combination with other datasets [94].

Finally, the decision of motivating either conservation initiatives on Gl in a good condition or
recovering strategies on damaged GI will depend on regional policy objectives and cost-effectiveness
of the measures [93]. This decision could be further substantiated by applying an ES valuation exercise,
supplementing the information derived from the condition indicators. However, this approach remains
challenging due to the complexity of standardising ES values, which are strongly dependent on context
specific circumstances that would require detailed local datasets [95].

5. Conclusions

There is a growing demand for Gl and ES assessments due to their significant role in natural hazards
mitigation and climate change adaptation. However, information on the condition of, and changes in,
Europe’s ecosystems dominated by vegetation is still limited. The presented approach represents a
new method to overcome the current lack of data on riparian characteristics. The integration of highly
detailed products from the CLMS (Riparian Zones) with other datasets (protected areas in Natura 2000)
and high-resolution satellite data (S2) demonstrates, through the followed approach, their potential to:
(i) identify Gl in the riparian areas of a river network, specifically agriculture and forestry measures
that serve for natural water retention; (ii) assess its disposition to deliver the related regulative ES;
(iii) analyse its condition according to the existing indicator frameworks, such as the 2018 MAES report
and (iv) rank its conservation priority. Policy-related factors, such as the latest initiatives of each region
to either conserve GI in good condition or recover degraded GI, should be taken into account in the
latter case.

GI sites are currently subjected to many pressures caused by both natural and anthropogenic
actions, which decrease its capacity for delivering ES. Thus, Copernicus evolution depends on meeting
the needs for ecosystems’ monitoring and management coming from environmental and socio-economic
policies and strategies at global, European and local scales. In this regard, the presented research
highlights once more [52] the products’ spatial resolution as a significant handicap, by September 2019.
On one hand, having full access to bio-geophysical indices based on already processed data from S2
would ease the tasks of downloading and processing this data, as well as dealing with missing values.
On the other hand, it would highly increase the spatial resolution of the products to 10 m, fulfilling
users’ needs for studies at local scales [54]. Then, these indices could be used to develop new products
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or improve the existing ones in the frame of mapping and assessing green areas. The upcoming CLMS
High Resolution Vegetation Phenology and Productivity will help in this sense [96].
In conclusion, the approach allows to:

e  Provideascalable tool based on open-source data, mainly from the CLMS, to support environmental
and sustainability policies and strategies in the field of mapping GI and monitoring its condition
and pressures in riparian areas.

e Provide a design to account for the constitutive elements of nature-based solutions, such as GI,
including its multifunctionality and a simultaneous delivery of environmental and social benefits,
based on a multi-stakeholder engagement.

Finally, it can be concluded that it is possible to conjugate environmental protection and territorial
development though the coordination of monitoring activities. Prioritising GI's need of restoration
depending on its role in the river system, proximity to protected areas and current condition can help
raising awareness and implementing actual needs in regional coordination actions. This determines the
need of communication with the public and decision-makers to highlight the potential of Copernicus
as an upstream service to collect, share, organize and elaborate data on natural resources management,
both in real time and historical studies. In the future, a closer collaboration with policy and
decision-makers could help in Copernicus uptake at local scale, creating services that suit their
needs and requirements and making it a more real-world tool that facilitates the use of remotely-sensed
information in policy.

Author Contributions: Conceptualization, L.P,, A.T. and E.V.; methodology, L.P., E.V. and A.T.; software, L.P.;
validation, L.P, E.V. and A.T.; formal analysis, L.P,; investigation, L.P,, E.V,, A.T. and A.N.X,; resources, L.P, E.V.
and A.T.; data curation, L.P; all authors contributed to write, review and edit the original manuscript; visualization,
L.P,ES., EV.and A.T; supervision, LP, ES,, E.V,, AN.X,, J-LM,, D.G.-A. and A.T; project administration, A.T.;
funding acquisition, A.T.

Funding: This research was funded by the European Commission, Directorate-General for European Civil
Protection and Humanitarian Aid Operations (DG-ECHO), G.A. ECHO/SUB/2016/740172/PREV18. GREEN-Green
infrastructure for disaster risk reduction protection: Evidence, policy instruments and marketability.

Acknowledgments: The authors want to thank the Spanish Ministry of Education, Culture and Sports for
providing an FPU grant (Training Program for Academic Staff) to the corresponding author of this paper.
The authors also want to acknowledge the Institute for Advanced Study of Pavia (IUSS), the European Centre for
Training and Research in Earthquake Engineering (Eucentre) and the Italian Institute for Environmental Protection
and Research (ISPRA) for their help in achieving the goals of this project. Finally, the authors want to acknowledge
the three anonymous reviewers for their comments and helpful suggestions.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Calliari, E.; Staccione, A.; Mysiak, J. An assessment framework for climate-proof nature-based solutions.
Sci. Total Environ. 2019, 656, 691-700. [CrossRef]

2. Renaud, EG.; Sudmeier-Rieux, K.; Estrella, M. The relevance of ecosystems for disaster risk reduction.
In The Role of Ecosystems in Disaster Risk Reduction; Renaud, F.G., Sudmeier-Rieux, K., Estrella, M., Eds.;
United Nations University Press: Tokyo, Japan, 2013; pp. 3-25.

3. Monty, E; Murti, R.; Furuta, N. Helping Nature Help Us: Transforming Disaster Risk Reduction through Ecosystem
Management; International Union for Conservation of Nature: Gland, Switzerland, 2016; p. 82. [CrossRef]

4. Munang, R; Thiaw, I; Alverson, K.; Liu, J.; Han, Z. The role of ecosystem services in climate change
adaptation and disaster risk reduction. Curr. Opin. Environ. Sustain. 2013, 5, 47-52. [CrossRef]

5. Bommarco, R.; Vico, G.; Hallin, S. Exploiting ecosystem services in agriculture for increased food security.
Glob. Food Sec. 2018, 17, 57-63. [CrossRef]

6. Schoenefeld, ].J.; Jordan, A.J. Environmental policy evaluation in the EU: Between learning, accountability,
and political opportunities? Environ. Politics 2019, 28, 365-384. [CrossRef]

7.  Lafortezza, R.; Davies, C.; Sanesi, G.; Konijnendijk, C.C. Green Infrastructure as a tool to support spatial
planning in European urban regions. IFOREST 2013, 6, 102-108. [CrossRef]

112



Part III - Bridging biophysical parameters interpretation and local stakeholders needs

Remote Sens. 2019, 11, 2967 22 of 26

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Moldan, B.; Janouskova, S.; Hak, T. How to understand and measure environmental sustainability: Indicators
and targets. Ecol. Indic. 2012, 17, 4-13. [CrossRef]

Tresca, G.; Taramelli, A.; De Lauretis, R.; Vigni, R. La nuova politica spaziale europea: La missione operativa
CO2. EAI 2018, 2, 114-119. [CrossRef]

Artmann, M.; Kohler, M.; Meinel, G.; Gan, J.; Ioja, I.-C. How smart growth and green infrastructure can
mutually support each other—A conceptual framework for compact and green cities. Ecol. Indic. 2019, 96,
10-22. [CrossRef]

Lindholm, G. The Implementation of Green Infrastructure: Relating a General Concept to Context and Site.
Sustainability 2017, 9, 610. [CrossRef]

European Environment Agency. Green Infrastructure and Territorial Cohesion—The Concept of Green Infrastructure
and Its Integration into Policies Using Monitoring Systems; EEA Technical Report no. 18/2011; European Union:
Brussels, Belgium, 2011. [CrossRef]

European Commission. Communication from the Commission to the European Parliament, the Council, the European
Economic and Social Committee and the Committee of the Regions; Green Infrastructure (GI)—Enhancing Europe’s
Natural Capital. COM/2013/0249; European Commission: Brussels, Belgium, 2013.

Naumann, S.; Davis, M.; Kaphengst, T.; Pieterse, M.; Rayment, M. Design, Implementation and Cost Elements
of Green Infrastructure Projects; Final Report to the European Commission, DG Environment, Contract no.
070307/2010/577182/ETU/E.1; Ecologic Institute and GHK Consulting, European Commission: Brussels,
Belgium, 2011.

Cardoso da Silva, ].M.; Wheeler, E. Ecosystems as infrastructure. Perspect. Ecol. Conserv. 2017, 15, 32-35.
[CrossRef]

Hansen, R.; Olafsson, A.S.; van der Jagt, APN.; Rall, E; Pauleit, S. Planning multifunctional green
infrastructure for compact cities: What is the state of practice? Ecol. Indic. 2019, 96, 99-110. [CrossRef]
European Commission. Building a Green Infrastructure for Europe; Publications Office of the European Union:
Brussels, Belgium, 2014. [CrossRef]

Farrugia, S.; Hudson, M.D.; McCulloch, L. An evaluation of flood control and urban cooling ecosystem
services delivered by urban green infrastructure. Int. J. Biodivers. Sci. Ecosyst. Serv. Manag. 2013, 9, 136-145.
[CrossRef]

Schindler, S.; Sebesvari, Z.; Damm, C.; Euller, K.; Mauerhofer, V.; Schneidergruber, A.; Bir6, M.; Essl, E;
Kanka, R.; Lauwaars, S.G.; et al. Multifunctionality of floodplain landscapes: Relating management options
to ecosystem services. Landsc. Ecol. 2014, 29, 229-244. [CrossRef]

European Commission Directorate-General Environment. The Multifunctionality of Green Infrastructure; Science
for Environment Policy—DG Environment News Alert Service, In-Depth Report; European Commission:
Brussels, Belgium, 2012.

Talberth, J.; Gray, E.; Yonavjak, L.; Gartner, T. Green versus Gray: Nature’s Solutions to Infrastructure
Demands. Solut. J. 2013, 4, 40-47.

The Mersey Forest; Natural Economy Northwest; CABE; Natural England; Yorkshire Forward; The Northern
Way; Design for London; Defra; Tees Valley Unlimited; Pleasington Consulting Ltd.; et al. GI-Val: The Green
Infrastructure Valuation Toolkit. Version 1.6 (Updated in 2018); URBAN GreenUP—H2020 Project GA No. 730426;
European Commission: Brussels, Belgium, 2010. Available online: https://bit.ly/givaluationtoolkit
(accessed on 17 July 2019).

de Groot, R.S.; Alkemade, R.; Braat, L.; Hein, L.; Willemen, L. Challenges in integrating the concept of
ecosystem services and values in landscape planning, management and decision making. Ecol. Complex.
2010, 7, 260-272. [CrossRef]

Costanza, R.; de Groot, R.; Sutton, P; van der Ploeg, S.; Anderson, S.J.; Kubiszewski, I.; Farber, S.; Turner, R.K.
Changes in the global value of ecosystem services. Glob. Environ. Chang. 2014, 26, 152-158. [CrossRef]
Council Directive 92/43/EEC of 21 May 1992 on the conservation of natural habitats and of wild fauna and
flora. Official Journal L, 22 July 1992, pp. 7-50.

Directive 2009/147/EC of the European Parliament and of the Council of 30 November 2009 on the conservation
of wild birds. Official Journal L, 26 January 2010, pp. 7-25.

European Commission. Communication from the Commission to the European Parliament, the Council,
the Economic and Social Committee and the Committee of the Regions. In Our Life Insurance, Our Natural
Capital: An EU Biodiversity Strategy to 2020; COM/2011/0244; European Commission: Brussels, Belgium, 2011.

113



Satellite imagery in water management and land use

Remote Sens. 2019, 11, 2967 23 of 26

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

European Environment Agency. Flood Risk and Environmental Vulnerability—Exploring the Synergies between
Floodplain Restoration, Water Policies and Thematic Policies; EEA Reportno 1/2016; European Union: Luxembourg,
2016. [CrossRef]

Taramelli, A.; Valentini, E.; Cornacchia, L.; Monbaliu, J.; Sabbe, K. Indications of dynamic effects on scaling
relationships between channel sinuosity and vegetation patch size across a salt marsh platform. J. Geophys.
Res. Earth Surf. 2018, 123,2714-2731. [CrossRef]

Regione Lombardia—DG Agricoltora. LIFE HelpSoil—Helping Enhanced Soil Functions and Adaptation to Climate
Change by Sustainable Conservation Agriculture Techniques; LIFE12 ENV/IT/000578; Veneto Agricoltura—Agenzia
Veneta per L'innovazione nel Settore Primario: Padova, Italy, 2017.

European Commission. Tools to Support Green Infrastructure Planning and Ecosystem Restoration; Publications
Office of the European Union: Brussels, Belgium, 2019. [CrossRef]

Lennon, M. Green infrastructure and planning policy: A critical assessment. Local Environ. 2015, 20, 957-980.
[CrossRef]

European Commission. Communication from the Commission to the European Parliament, the Council, the European
Economic and Social Committee and the Committee of the Regions. An EU Strategy on Adaptation to Climate Change;
COM/2013/0216; European Commission: Brussels, Belgium, 2013.

European Commission. Communication from the Commission to the European Parliament, the Council, the European
Economic and Social Committee and the Committee of the Regions; A New EU Forest Strategy: For Forests and the
Forest-Based Sector; COM/2013/0659; European Commission: Brussels, Belgium, 2013.

Common Agricultural Policy. Available online: https://ec.europa.eu/info/food-farming-fisheries/key-policies/
common-agricultural-policy_en (accessed on 28 June 2018).

Directive 2000/60/EC of the European Parliament and of the Council of 23 October 2000 establishing a
framework for Community action in the field of water policy. Official Journal L, 22 December 2000, pp. 1-73.
Directive 2007/60/EC of the European Parliament and of the Council of 23 October 2007 on the assessment
and management of flood risks. Official Journal L, 6 November 2007, pp. 27-34.

Tzoulas, K.; Korpela, K.; Venn, S.; Yli-Pelkonen, V.; Kazmierczak, A.; Niemela, J.; James, P. Promoting
Ecosystem and Human Health in Urban Areas using Green Infrastructure: A Literature Review.
Landsc. Urban Plan. 2007, 81, 167-178. [CrossRef]

Maes, J.; Teller, A.; Erhard, M.; Grizzetti, B.; Barredo, ].I; Paracchini, M.L.; Condé, S.; Somma, E; Orgiazzi, A.;
Jones, A; et al. Mapping and Assessment of Ecosystems and Their Services—An Analytical Framework for Mapping
and Assessment of Ecosystem Condition in EU: Discussion Paper; European Commission: Brussels, Belgium,
2018. [CrossRef]

Autorita di bacino del fiume Po (ADBPO). Piano del Bilancio Idrico del Bacino del Fiume Po. Piano di Gestione del
Distretto Idrografico del Fiume Po—Art. 14 dell’Allegato “Misure Urgenti e Indirizzi Attuativi Generali del Piano
di Gestione” alla Deliberazione del Comitato Istituzionale n. 1/2010 di Adozione del Piano di Gestione—Relazione
Generale; ADBPO: Parma, Italy, 2016.

De Michele, C.; Salvadori, G.; Vezzoli, R.; Pecora, S. Multivariate assessment of droughts: Frequency analysis
and dynamic return period. Water Resour. Res. 2013, 49, 6985-6994. [CrossRef]

Pilot Project—Atmospheric Precipitation—Protection and Efficient Use of Fresh Water, Integration of
Natural Water Retention Measures in River Basin Management. European Commission Directorate-General
Environment. DG 07.0330/2013/659147/SER/ENV.C1, 05/09/2013 to 05/11/2014. Available online: http:
//nwrm.eu/ (accessed on 16 July 2018).

Burt, T,; Pinay, G.; Grimm, N.; Harms, T. Between the land and the river: River conservation and the riparian
zone. In River Conservation: Challenges and Opportunities; Sabater, S., Elosegi, A., Eds.; Fundacién BBVA:
Madrid, Spain, 2013; pp. 217-241, ISBN 978-84-92937-47-9.

Ewel, K.C; Cressa, C.; Kneib, R.T; Lake, P.S.; Levin, L.A.; Palmer, M.A_; Snelgrove, P.; Wall, D.H. Managing
Critical Transition Zones. Ecosystems 2001, 4, 452-460. [CrossRef]

European Commission. Regulation (EU) No 377/2014 of the European Parliament and of the Council of
3 April 2014 Establishing the Copernicus Programme and Repealing Regulation (EU) No 911/2010 (Text with
EEA Relevance). Official Journal L, 24 April 2014, pp. 44-46.

Sentinel-2 Mission Details. Available online: https://earth.esa.int/web/guest/missions/esa-operational-eo-
missions/sentinel-2 (accessed on 28 July 2018).

114



Part III - Bridging biophysical parameters interpretation and local stakeholders needs

Remote Sens. 2019, 11, 2967 24 of 26

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Copernicus Land Monitoring Service. Europe’s Eyes on Earth. Riparian Zones. Available online: https:
//land.copernicus.eu/local/riparian-zones (accessed on 12 June 2018).

Weissteiner, C.J.; Ickerott, M.; Ott, H.; Probeck, M.; Ramminger, G.; Clerici, N.; Dufourmont, H.;
De Sousa, AM.R. Europe’s Green Arteries—A Continental Dataset of Riparian Zones. Remote Sens.
2016, 8, 925. [CrossRef]

Copernicus Land Monitoring Service. Europe’s Eyes on Earth. Available online: https://land.copernicus.eu/
(accessed on 12 June 2018).

Piedelobo, L.; Ortega-Terol, D.; del Pozo, S.; Hernandez-Lépez, D.; Ballesteros, R.; Moreno, M.A.; Molina, J.-L.;
Gonzalez-Aguilera, D. HidroMap: A New Tool for Irrigation Monitoring and Management Using Free
Satellite Imagery. ISPRS Int. ]. Geo-Inf. 2018, 7, 220. [CrossRef]

Piedelobo, L.; Hernandez-Lopez, D.; Ballesteros, R.; Chakhar, A.; Del Pozo, S.; Gonzélez-Aguilera, D.;
Moreno, M.A. Scalable pixel-based crop classification combining Sentinel-2 and Landsat-8 data time series:
Case study of the Duero river basin. Agric. Syst. 2019, 171, 36-50. [CrossRef]

Taramelli, A.; Lissoni, M.; Piedelobo, L.; Schiavon, E.; Valentini, E.; Nguyen Xuan, A.; Gonzalez-Aguilera, D.
Monitoring Green Infrastructure for Natural Water Retention Using Copernicus Global Land Products.
Remote Sens. 2019, 11, 1583. [CrossRef]

Filipponi, F; Valentini, E.; Nguyen Xuan, A.; Guerra, C.A.; Wolf, E; Andrzejak, M.; Taramelli, A. Global MODIS
Fraction of Green Vegetation Cover for Monitoring Abrupt and Gradual Vegetation Changes. Remote Sens.
2018, 10, 653. [CrossRef]

Tornato, A.; Valentini, E.; Nguyen Xuan, A.; Taramelli, A.; Schiavon, E. Assessment of User-Driven
Requirements in term of Earth Observation Products and Applications for Institutional Operational Services.
In AGU Fall Meeting Abstracts, Proceedings of the AGU Fall Meeting, Washington, DC, USA, 10-14 December
2018; American Geophysical Union: Washington, DC, USA, 2018.

van Oudenhoven, A.P.E.; Schréter, M.; Drakou, E.G.; Geijzendorffer, LR.; Jacobs, S.; van Bodegom, PM.;
Chazee, L.; Cziicz, B.; Grunewald, K; Lillebe, A.L; et al. Key criteria for developing ecosystem service
indicators to inform decision making. Ecol. Ind. 2018, 95, 417-426. [CrossRef]

Alves, A ; Patifio Gémez, J.; Vojinovic, Z.; Sanchez, A.; Weesakul, S. Combining Co-Benefits and Stakeholders
Perceptions into Green Infrastructure Selection for Flood Risk Reduction. Environments 2018, 5,29. [CrossRef]
Maes, J.; Liquete, C.; Teller, A.; Erhard, M.; Paracchini, M.L.; Barredo, J.I.; Grizzetti, B.; Cardoso, A.;
Somma, F; Petersen, J.-E.; et al. An indicator framework for assessing ecosystem services in support of the
EU Biodiversity Strategy to 2020. Ecosyst. Serv. 2016, 17, 14-23. [CrossRef]

Weiers, S.; Bock, M.; Wissen, M.; Rossner, G. Mapping and indicator approaches for the assessment of habitats
at different scales using remote sensing and GIS methods. Landsc. Urban Plan. 2004, 67, 43-65. [CrossRef]
Raymond, C.M.; Frantzeskaki, N.; Kabisch, N.; Berry, P; Breil, M.; Nita, M.R.; Geneletti, D.; Calfapietra, C.
A framework for assessing and implementing the co-benefits of nature-based solutions in urban areas.
Environ. Sci. Policy 2017, 77, 15-24. [CrossRef]

European Environment Agency. Spatial Analysis of Green Infrastructure in Europe; EEA Technical Report no
2/2014; European Union: Brussels, Belgium, 2014. [CrossRef]

European Environment Agency. Green Infrastructure and Flood Management—Promoting Cost-Efficient Flood
Risk Reduction via Green Infrastructure Solutions; EEA Report no 14/2017; European Union: Brussels, Belgium,
2017. [CrossRef]

European Environment Agency. European Waters—Assessment of Status and Pressures 2018;
EEA Report no 7/2018; European Union: Brussels, Belgium, 2018. [CrossRef]

Grunewald, K; Richter, B.; Meinel, G.; Herold, H.; Syrbe, R.-U. Proposal of indicators regarding the provision
and accessibility of green spaces for assessing the ecosystem service “recreation in the city” in Germany.
Int. ]. Biodivers. Sci. Ecosyst. Serv. Manag. 2017, 13, 26-39. [CrossRef]

Jones, R.; Symons, J.; Young, C. Assessing the Economic Value of Green Infrastructure: Green Paper; Climate
Change Working Paper No. 24; Victoria Institute of Strategic Economic Studies, Victoria University:
Melbourne, Australia, 2015; ISBN 978-1-86272-706-9.

Pakzad, P,; Osmond, P. Developing a Sustainability Indicator Set for Measuring Green Infrastructure
Performance. Procedia Soc. Behav. Sci. 2016, 216, 68-79. [CrossRef]

115



Satellite imagery in water management and land use

Remote Sens. 2019, 11, 2967 25 0f 26

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Ravazzani, G.; Barbero, S.; Salandin, A.; Senatore, A.; Mancini, M. An integrated Hydrological Model for
Assessing Climate Change Impacts on Water Resources of the Upper Po River Basin. Water Resour. Manag.
2015, 29, 1193-1215. [CrossRef]

Marchina, C.; Bianchini, G.; Natali, C.; Pennisi, N.; Colombani, N.; Tassinari, R.; Knoeller, K. The Po river
water from the Alps to the Adriatic Sea (Italy): New insights from geochemical and isotopic (§'80-8D) data.
Environ. Sci. Pollut. Res. 2015, 22, 5184-5203. [CrossRef]

Musolino, D.; De Carli, A.; Massarutto, A. Evaluation of socio-economic impact of drought events: The case
of Po river basin. Eur. Countrys. 2017, 9, 163-176. [CrossRef]

Montanari, A. Hydrology of the Po River: Looking for changing patterns in river discharge. Hydrol. Earth
Syst. Sci. 2012, 16, 3739-3747. [CrossRef]

Pham, H.V,; Sperotto, A.; Torresan, S.; Acufa, V.; Jorda-Capdevila, D.; Rianna, G.; Marcomini, A.; Critto, A.
Coupling scenarios of climate and land-use change with assessments of potential ecosystem services at the
river basin scale. Ecosyst. Serv. 2019, 40, 101045. [CrossRef]

Sperotto, A.; Molina, J.L.; Torresan, S.; Critto, A.; Pulido-Velazquez, M.; Marcomini, A. Water Quality
Sustainability Evaluation under Uncertainty: A Multi-Scenario Analysis Based on Bayesian Networks.
Sustainability 2019, 11, 4764. [CrossRef]

Water2Adapt—Resilience Enhancement and Water Demand Management for Climate Change Adaptation.
Fondazione Eni Enrico Mattei (FEEM). INRM-Net Initiative, September 2010-August 2012. Available online:
http://www.feem-project.net/water2adapt/index.html (accessed on 13 July 2018).

Autorita di bacino del fiume Po (ADBPO). Open Data Emilia-Romagna. Distretto Po—Idroecoregioni.
Available online: http://dati.emilia-romagna.it/dataset/distretto-po-idroecoregioni (accessed on
14 June 2018).

Autorita di bacino del fiume Po (ADBPO). Open Data Emilia-Romagna. Distretto Po—Autorita di Bacino
del Fiume Po (ITN008)—FHRM—Direttiva Alluvioni—Mappe di Pericolosita da Alluvione 2013—Scenari di
Bassa, Media e alta Probabilita. Available online: http://dati.emilia-romagna.it/dataset/distretto-po-fhrm-
direttiva-alluvioni-mappe-pericolosita-alluvione-2013 (accessed on 15 June 2018).

Direzione Generale Cura del Territorio e dell’Ambiente. Regione Emilia-Romagna. Parchi, foreste e Natura
2000—Dati Cartografici e Banche Dati. Available online: http://ambiente.regione.emilia-romagna.it/it/parchi-
natura2000/consultazione/dati (accessed on 15 June 2018).

Copernicus Land Monitoring Service. Europe’s Eyes on Earth. Corine Land Cover. Available online:
https://land.copernicus.eu/pan-european/corine-land-cover (accessed on 30 December 2018).

The European Space Agency Portal. Sentinel-2 MSI Resolutions. Available online: https://sentinel.esa.int/
web/sentinel/user-guides/sentinel-2-msi/resolutions (accessed on 20 September 2018).

Rouse, J.W.; Hass, R.H.; Schell, J.A.; Deering, D.W. Monitoring vegetation systems in the Great Plains
with ERTS. In Third Earth Resources Technology Satellite-1 Symposium—Volume I; Technical Presentations;
NASA SP-351; NASA: Washington, DC, USA, 1973; pp. 309-317.

Liu, H.Q.; Huete, A.R. A feedback based modification of the NDVI to minimize canopy background and
atmospheric noise. IEEE Trans. Geosci. Remote Sens. 1995, 33, 457-465. [CrossRef]

Gao, B.-C. NDWI—A normalized difference water index for remote sensing of vegetation liquid water from
space. Remote Sens. Environ. 1996, 58, 257-266. [CrossRef]

PEPS—Operating Platform Sentinel Products (CNES). Available online: https://peps.cnes.fr/rocket/#/home
(accessed on 1 September 2018).

Hagolle, O.; Huc, M.; Desjardins, C.; Auer, S.; Richter, R. MAJA ATBD—Algorithm Theoretical Basis
Document. Tech. Rep., MAJA MACCS-ATCOR Joint L2A Method and System, CNES+CESBIO and DLR.
2017. Available online: http://www.cesbio.ups-tlse.fr/multitemp/?p=12432 (accessed on 1 September 2018).
[CrossRef]

Djamai, N.; Fernandes, R. Comparison of SNAP-Derived Sentinel-2A L2A Product to ESA Product over
Europe. Remote Sens. 2018, 10, 926. [CrossRef]

Congedo, L. Semi-Automatic Classification Plugin Documentation. Available online:  https://
semiautomaticclassificationmanual-v5.readthedocs.io/en/latest/index.html (accessed on 15 September 2018).
Palomo, I.; Martin-Lépez, B.; Potschin, M.; Haines-Young, R.; Montes, C. National Parks, buffer zones and
surrounding lands: Mapping ecosystem service flows. Ecosyst. Serv. 2013, 4, 104-116. [CrossRef]

116



Part III - Bridging biophysical parameters interpretation and local stakeholders needs

Remote Sens. 2019, 11, 2967 26 of 26

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Azar, R; Villa, P; Stroppiana, D.; Crema, A.; Boschetti, M.; Brivio, P.A. Assessing in-season crop classification
performance using satellite data: A test case in Northern Italy. Eur. ]. Remote Sens. 2017, 49, 361-380.
[CrossRef]

Serrano, J.; Shahidian, S.; Marques da Silva, J. Evaluation of Normalized Difference Water Index as a Tool for
Monitoring Pasture Seasonal and Inter-Annual Variability in a Mediterranean Agro-Silvo-Pastoral System.
Water 2019, 11, 62. [CrossRef]

Wright, W.C.C.; Eppink, EV.; Greenhalgh, S. Are ecosystem service studies presenting the right information
for decision making? Ecosyst. Serv. 2017, 25, 128-139. [CrossRef]

Liu, Y;; Bi, J.; Lv, J.; Ma, Z.; Wang, C. Spatial multi-scale relationships of ecosystem services: A case study
using a geostatistical methodology. Sci. Rep. 2017, 7, 9486. [CrossRef]

Wissen Hayek, U.; Teich, M.; Klein, T.M.; Grét-Regamey, A. Bringing ecosystem services indicators into
spatial planning practice: Lessons from collaborative development of a web-based visualization platform.
Ecol. Ind. 2016, 61, 90-99. [CrossRef]

Bechter, T.; Baumann, K.; Birk, S.; Bolik, F; Graf, W.; Pletterbauer, F. LaRiMo—A simple and efficient
GIS-based approach for large-scale morphological assessment of large European rivers. Sci. Total Environ.
2018, 628-629, 1191-1199. [CrossRef]

Zhou, Y.; Luo, J.; Feng, L.; Zhou, X. DCN-Based Spatial Features for Improving Parcel-Based Crop
Classification Using High-Resolution Optical Images and Multi-Temporal SAR Data. Remote Sens. 2019, 11,
1619. [CrossRef]

Staccione, A.; Mysiak, J.; Ostoich, M.; Marcomini, A. Financial liability for environmental damage: Insurance
market in Italy, focus on Veneto region experience. Environ. Sci. Pollut. Res. 2019, 26, 25749-25761. [CrossRef]
Copernicus Land Monitoring Service. Upcoming Product: CLC+. Available online: https://land.copernicus.
eu/user-corner/technical-library/upcoming-product-clc (accessed on 8 November 2019).

Pandeya, B.; Buytaert, W.; Zulkafli, Z.; Karpouzoglou, T.; Mao, F; Hanna, D.M. A comparative analysis
of ecosystem services valuation approaches for application at the local scale and in data scarce regions.
Ecosyst. Serv. 2016, 22, 250-259. [CrossRef]

Copernicus Land Monitoring Service. High Resolution Vegetation Phenology and Productivity. Available
online: https://land.copernicus.eu/user-corner/technical-library/phenology (accessed on 11 November 2019).

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
BY

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

117






THE LENA RIVER DELTA, RUSSIA, CAPTURED BY/GORPERNICUS SENfINEU-Z}

LENA FORMS A 32,000 KM? DELTA AT THE LAPTEV. SEA, MAKINGAT THE LARGEST RI
DELTA INITHE ARCTIC. IN MAY, THE REGION IS TRANSFORMED.INTO-A'LUSH WETL
FORA'FEW MONTHS; WHILE STAYING FROZEN FOR MOST OF THE YEAR.




Part IV — Conclusions and future works

This chapter holds a summary of the contributions of this Doctoral Thesis. It includes the

most relevant results and direction of future works.
1. Conclusions

The development of this research work has led to achieve a high level of understanding of the
basis for remote sensing of the environment, especially through the analysis of biophysical
parameters calculated with multispectral satellite data. This knowledge and its application
are evidenced along the results of the presented scientific articles. The following subsections
discuss the general and specific conclusions.

1.1. General conclusions

Ensuring ecosystems’ conservation is a major goal in global sustainable development.
Developing methods and workflows based on new data sources, such as space-borne
platforms, improve and complement traditional techniques to control and monitor large

agricultural and forest ecosystems in near-real-time and long-term studies.

Specifically, agriculture (including natural grassland) accounts for almost half of the EU area
and forests cover around 38%. Indeed, agriculture represents the major EU land use and
water demand (around 80%) and is a major component of the EU economy. The diversity of
challenges faced by agricultural activities, the sustainable use of natural resources and
ecosystems’ conservation are addressed by a set of EU policies. These policies consider a wide
range of concerns, such as food security, CCA and DRR.

This policy context, introduced in Part I of the Doctoral Thesis, is set at a time defined by
digital transformation. Easy access to new and open-source technologies and services, such as
the EU EO Copernicus programme, offers huge possibilities for valuable applications in the
environmental domain. However, most developments are not yet fully exploited by
stakeholders, e.g., policy or decision makers, or by the end-users, e.g., the farmers. New tools
and policies in this domain frequently lack applicability and scalability, remaining academic
or only usable for very specific purposes, thereby not scalable to other users, needs or

territories.

In this regard, the EC encourages R&lI actions to use, uptake, and feedback on, Copernicus,
thereby increasing the applicability of already existing, or developing new, products and
services. Moreover, the R&I actions should follow a demand-driven approach and ensure the
scalability of the developed methods. Both recommendations have been pursued along this

research work.
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This Doctoral Thesis deals specifically with the interpretation of satellite-based biophysical
parameters to monitor the environment, its status and benefits to society. The diagrams,
methods and tools developed prove the potential of remote sensing to contribute to policy
targets and decision-making. The methodological procedures and results have been

published in impact journals as scientific articles.

Specifically, the developments presented in this Doctoral Thesis have successfully helped in
detecting unregulated agricultural water use, planning efficiently on-the-spot checks,
classifying crop types and detecting, monitoring and assessing the status of GI and ES. These
objectives were set according to EU policies (CAP, WFD and 2020 BS) and specific
stakeholders’ requests at local scale. Moreover, all the developed processing algorithms and
data analysis methodologies are based on open-source data and technologies to the Scientific
Community. This ensures the full applicability of the developed approaches over time, to
other users’ needs and to other territories.

1.2. Biophysical parameters at global scale: Copernicus programme

“Paper I: Monitoring Green Infrastructure for Natural Water Retention Using Copernicus Global
Land Products” answers to the first research question: “Which biophysical parameters are available
as full, open and free?”. It conveys a better comprehension of the available bio-geophysical

indices in Copernicus programme:

e CGLS is the only EO service that offers freely a wide range of already processed and
qualified products of bio-geophysical indices. Directly using these products avoids time-
consuming tasks of satellite images’ selection, atmospheric correction and indices
calculation.

e Sankey diagrams are used to represent the large amount of data resulting from a
scientific review and thereby to interpret it. The diagrams show that the vegetation and
energy indices offered in CGLS are able to detect agriculture, forest and hydro-
morphology types of GI for water retention (NWRM). Moreover, the indices have been
used in scientific studies to monitor NWRM'’s benefits, namely biophysical impacts, ES
provided, and policy targets achieved through NWRM'’s implementation.

¢ Designing easy-to-read flow diagrams help informing users about the most substantial
outputs from a research. Through the designed step-by-step diagrams, users can quickly
identify, depending on the specific NWRM type or benefit to monitor, the most suitable
index, temporal coverage and spatial resolution of that product in CGLS, and the
consecutive most suitable index.

e NDVI, LAI and TOC reflectance pop up as the most suitable indices but also represent
the earliest-developed spectral indices. More recent indices, such as FAPAR or FCOVER,
also show high potential. Therefore, the complementary use of old and new indices
would enlarge the range of information to monitor biophysical features of the

environment.
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e  CGLS products provide very long-term data series (from 1999 onwards), but several lack
good accuracy or quality assessments. Overall, the products present good spatial and
temporal consistencies, except for winter periods or Northern latitudes. However, this
would be easily solvable by filling data gaps with data from different sensors and
homogeneous areas. The main handicap is the spatial resolution, a usual weakness of
open satellite data. Bio-geophysical indices provided with coarse spatial resolutions of
300 m and 1 km do not fulfil the level of detail required by many environmental studies
at local scale.

e Copernicus programme has not been conceived as a catalogue of final products. Instead,
it provides a baseline to researchers and institutions to develop new, or adapt already
existing, products according to evolving societal demands. Therefore, it represents a
benchmark to bridge remote sensing and stakeholders’ needs into products that help in
policy and decision-making.

These conclusions led to formulate the second research question: “How can biophysical
parameters interpretation and local stakeholder needs be bridged?”.

1.3. Biophysical parameters at local scale

At local scale, the bio-geophysical indices used (NDVI, EVI and NDWI) are calculated
through open-source high-resolution multispectral satellite data in the visible, NIR and SWIR
regions of the electromagnetic spectrum. The main disadvantages are the satellite imagery
selection and pre-processing tasks, such as atmospheric correction or integration of multi-
source data. The main advantage is the improvement of the spatial resolution and hence of
the level of detail of the analysed data.

The following conclusions are drawn from the use of different sensors, individually and
jointly, and the analysis of different biophysical parameters, inside automatic or semi-
automatic procedures, for helping different groups of stakeholders in their tasks to
accomplish EU environmental policies (CAP, WFD and 2020 BS). The methodologies and
tools developed, as well as the results obtained, have been presented in papers II, IIl and IV.
These developments answer to the second research question: “How can biophysical parameters
interpretation and local stakeholder needs be bridged?”. The conclusions derived are divided in
two subsections according to the two specific objectives pursued: (i) enhancing the
monitoring of agricultural water use and crop types (papers II and III), and (ii) mapping and
assessment of ecosystems and their services (paper V).

1.3.1. Enhancing the monitoring of agricultural water use and crop types

Pursuing this objective led to develop complementary web-GIS and desktop-GIS tools (paper
II) and a model that allow monitoring crop types in large areas (paper III). The specific

conclusions derived are discussed hereunder.
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¢ Complementary web-GIS and desktop-GIS tools

@)

Inside a river basin Hydrographic Confederation, personnel have different tasks
regarding the management, control and surveillance of irrigated areas and illegal
irrigation. Indeed, in Duero Hydrographic Confederation, the HPO has to control
water resources whereas the RSA performs on-the-spot checks randomly to
monitor irrigated areas, crop types, crop phenological stages and irrigation
systems used. Therefore, two different, but complementary, modules, a web-GIS
and a desktop-GIS, based on the NDVI response, are created.

The desktop-GIS module allows the HPO to detect automatically and in near-real-
time unregulated irrigation in areas of special interest. Instead, the web-GIS allows
the RSA to monitor irrigated crops’” NDVI patterns, estimate crop types and check
its correlation with the farmers’ declarations to the CAP (EC, 2010c).

In the summer period of 2017, the desktop-GIS tool detected 4097 irrigated crops,
7120 ha, without irrigation rights. Most of them were located in areas suffering of
water scarcity, where irrigation is forbidden (Directive 2000/60/EC). In 2019, the
number of irrigated crops without irrigation rights has decreased to 780 (81%),
which proves the high impact of the developed tool on farmers’ responsibilities.
320 field inspections were performed in 2017 to validate the results. The visits are
geographically distributed to the most severe infringements according to the
irrigated surface, distance to the nearest regulated well and concession lower than
7000 m?*/ha/year with surface larger than 9 ha (Directive 2000/60/EC). This way, on-
the-spot checks are not performed randomly but efficiently.

The tools allow a better communication between the HPO and the RSA in an open-
source GIS environment, detecting unregulated irrigation in near-real-time and
optimizing field inspections. The tasks are performed more efficiently, organized,

complementarily and in a semi-automatic way.

e Monitoring crop types in large areas: integration of multi-source satellite data and

definition of agro-climatic spatial regions

@)

Monitoring crop types in large areas needs to consider the different agro-climatic
conditions, phenological patterns and landscapes. Crop classification accuracy has
been increased through a model that performs in separated spatial regions.

The combination of multi-source satellite data, S2 and L8, increases the spatial and
temporal resolution for crop type mapping and monitoring in large areas. Spatial
regions are defined in accordance to sensors’ characteristics to allow the perfect
coherence between multi-source data.

Considering agronomic and edaphic criteria to filter the NDVI input data increase
the efficiency of a classification process. Computation timing decreases due to
avoiding redundant data. In Duero river basin, which represents almost 80,000 km?,
just 16 hours were needed to compute the most accurate crop classifier, the
Ensemble Bagged Trees (EBT).
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Crop type mapping proves to be both efficient and accurate in large areas using
EBT classifier. In Duero river basin, 2017 crop classification is obtained with an OA
of 87% and 92% for individual and grouped crop classes, respectively.

Zoning the area in spatial regions also allows for analysing the spatial distribution

of crop classification’s OA along the basin.

1.3.2. Mapping and assessment of ecosystems and their services

Pursuing this objective led to develop an approach that uptakes a product from CLLS and

measures ecosystems’ condition indicators by using remotely-sensed bio-geophysical indices

(paper 1V). The specific conclusions derived are discussed hereunder.

e  Copernicus uptake: combination of datasets to attend societal needs

@)

Copernicus evolution depends on meeting the needs for ecosystems’ monitoring
and management coming from environmental and socio-economic policies and
strategies at global, European and local scales.

The combination of Copernicus products with local databases and other satellite-
based data increase the applicability of the existing services. The developed
approach combines detailed products from CLLS with high-resolution satellite
data from S2 to overcome the lack of data on riparian characteristics.

Action 5 of the 2020 BS (EC, 2011a, p. 12) calls the Member States to map and
assess the condition and pressures on ecosystems and their services. The models
obtained following the approach allow for detecting NWRM in Po river network,
their capacity to provide regulative ES and their condition in 2018. Such models
prioritise NWRM’s need of restoration. This information can help policy and

decision makers in establishing environmental management strategies accordingly.

e  Ecosystems’ condition indicators: combination of bio-geophysical indices

@)

The EEA, through the MAES initiative, has developed a set of ES condition
indicators (Maes et al, 2018). Remote sensing helps in understanding and
measuring these theoretical parameters.

A combination of biophysical parameters improves the information retrieved on
ecosystems’ functional attributes. The complementary use of two vegetation
indices (NDVI and EVI) and a water index (NDWI) allows for interpreting

ecosystems’ greenness and water stress condition.
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2. Future works

After the development of this Doctoral Thesis, several research lines and implementations are
open to improvements, which are discussed hereunder. Some of them are in line with

upcoming or on-going European projects.
2.1. Biophysical parameters at global scale: Copernicus programme

e There is a need of developing bio-geophysical indices’ products that satisfy the
requirements of environmental studies at local scale, i.e., a higher spatial resolution.
Using S2 data could be a potential solution to develop products with 10 m spatial
resolution.

¢ The upcoming High Resolution Vegetation Phenology and Productivity product in
CLMS will allow for a much more detailed assessment of vegetation characteristics and
changes. This new product shall be object of extensive further analysis of its effectiveness
to monitor green areas and NBS.

e CGLS could be developed further by including new products of bio-geophysical indices
that are frequently used and qualified globally, such as the EVI. This index is referred to
as the second most effective vegetation index, after NDVI, to characterize the global
range of vegetation states and processes by the MODIS Land Discipline Group.

2.2. Biophysical parameters at local scale
2.2.1. Enhancing the monitoring of agricultural water use and crop types

e The developed tools will be periodically upgraded, attending new requests from the
HPO and feedback on the results’ validation from the RSA’s field visits. This way, the
GIS tools will be continuously calibrated, ensuring the satellite-based outputs’ reliability.

e The tools will be regularly updated following the release of new versions of the GIS
software, database system and programming language that they are based on.

¢ An integration of optical and radar satellite data could increase the range of information
on water foot print, land use dynamics and phenology patterns. Sentinel-1 data could be
used to get characteristics on the below ground of environment, minimizing false
positives of irrigated agricultural plots and increasing the accuracy of crop classification.
Moreover, analyses on crop water productivity could be performed.

2.2.2. Mapping and assessment of ecosystems and their services

¢  The developed approach allows for assessing ecosystems’ current condition. Inter-annual
analyses would support the evaluation of ecosystems’ condition and trends. However, S2
recent launch does not allow for long-term studies further back to 2015 and Copernicus
LC/LU datasets are updated in six-year-long periods. Therefore, future works will focus

on:
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o Integrating high-resolution multispectral data from different sensors for long-term
analyses: combination with the Landsat family of satellites.

o Performing more detailed spectral data analysis, such as Principal Component
Analysis (PCA), Linear Spectral Mixture Analysis (LSMA) and Empirical
Orthogonal Function (EOF). This kind of data analyses will allow for detailed
erosion and degradation assessments on detected vegetation fractions. The benefits
and effectiveness of NWRM's implementation could be detected. This information
is important for spatial planning initiatives.

o The next generation Corine Land Cover (CLC) product in Copernicus, named
CLC+, will cope LC/LU information for the coming 10 to 15 years. Using this
product will facilitate the mapping of LC/LU through a more flexible combination
with other datasets.

e  From a Copernicus evolution perspective, there is a need of cooperation with public and
private users, bridging scientific needs, societal demands and technological capabilities
into ad hoc missions and services. In this line, the research presented in this Doctoral
Thesis will be developed further as part of the ESA’s on-going project “ESA REP/3-
15502/18/NL/IA: Chime Mission Requirements Consolidation”. The goal is to assess if the
development of a hyperspectral satellite mission provides added value to the current S2
mission in the “Agriculture/Food Security” application domain. Multispectral and
hyperspectral vegetation indices will be calculated, compared and analysed together
with field data.

2.3. Linking remote sensing and socio-environmental science

This Doctoral Thesis proves the usefulness of remotely-sensed data and GIS systems to
contribute to environmental policy and decision-making. Despite this usefulness, evidenced
by the presented case studies, satellite images have not always been a popular data source for
socio-environmental science research for several reasons. Firstly, variables of interest are
often not directly measured from raw satellite data. Abstract variables that explain and
measure the appearance and transformation of land use, effectiveness of environmental
policies and strategies, or environmental biophysical and chemical processes, are not directly
reflected in the bands of the electromagnetic spectrum. As remarked in Part I of this Doctoral
Thesis, spectral indices have been developed as a combination of two or more of the original
spectral bands in order to interpret biophysical parameters of interest. Also, socio-
environmental scientists lack knowledge on pixels’ characteristics, how clouds may affect
data quality, or the processes, methods and statistical models used to interpret satellite data.
It is a fact that incorporating remotely-sensed data into socio-environmental science is not
straightforward. Satellite images have to be atmospherically corrected and processed, both
georeferencing and contextualizing the spectral data (e.g., LC/LU or biophysical parameters),
with respect to the original image, to provide value-added information.
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As outlined along this research work, there is growing interest in making EO data useful to
the widest array of users. At EU level, there is increased availability of funding for Ré&lI
actions that focus on supporting the 2030 UN’s SDG using, and further developing, the EU
EO Copernicus programme. The goal is maximising the benefits provided by Copernicus data,
services and downstream services. This confluence of interests sets the stage for
representatives involved in EO research and environmental and socio-economic policies to
collaborate (e.g. scientists, end-users, public service bodies, industries and policy and
decision makers). Sharing needs, perspectives and technological capabilities shall stimulate
the application of remote sensing to address evolving societal demands.

Such an approach shall allow not only for the development and implementation of a
collaborative and integrated EU EO Strategy, but also the development of interdisciplinary
approaches that integrate and support further specific studies. Among the affected
knowledge areas, the tools and approaches developed within this Doctoral Thesis could
support near-real-time, and evidence-based, hydrological modelling, assessment of water
resources, estimation of crop water demand, analyses on water footprint, carbon footprint
and aquifer balance, analysis of environmental biophysical and chemical processes,
effectiveness of NBS' implementation and environmental management strategies, socio-
economical models, and assessment of different climate change scenarios provided by the
Intergovernmental Panel on Climate Change (IPCC).
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Journal Impact Factor Calculation
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The data in the two graphs below and in the Journal Impact Factor calculation panels represent citation activity in 2018
to items published in the journal in the prior two years. They detail the components of the Journal Impact Factor. Use the
"All Years" tab to access key metrics and additional data for the current year and all prior years for this journal.
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Citations in 2018 (9,594)
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Box plot

Category Box Plot 2018

Category Box Plot

The category box plot depicts the distribution of Impact Factors for all journals in the category. The horizontal line that forms the top of
the box is the 75th percentile (Q1). The horizontal line that forms the bottom is the 25th percentile (Q3). The horizontal line that
intersects the box is the median Impact Factor for the category.
Horizontal lines above and below the box, called whiskers, represent maximum and minimum values.
The top whisker is the smaller of the following two values:
the maximum Impact Factor (IF)
Q1IF +3.5Q1 IF - Q3 IF)
The bottom whisker is the larger of the following two values:
the minimum Impact Factor (IF)
Q1IF-3.5Q1IF-Q3IF)
Box Plots are provided for the current JCR year for each of the categories in which the journal is indexed.
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Cited Journal Data

Cited Half-Life Data

Cited Year 2018 2017 2016 2015 2014 2013 2012 2011 2010 2009 2008-All
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Cited Journal Graph 2018

5,000 CITED JOURNAL GRAPH
The Cited Journal Graph shows
the distribution (by cited year) of
citations published in journals
during the JCR year to items
published in the Journal during
the last 10 years.

4,000

3,000

The white/grey division indicates
the cited half-life (if < 10.0). Half
of the citations are to items that
were published more recently
than the cited half-life.

2,000

Number of Cites

1,000
The two light-blue columns

indicate citations used to
calculate the Impact Factor
(always the 2nd and 3rd
columns).

2018 2017 2016 2015 2014 2013 2012 2011 2010 2009
Cited Years

Il Non-self-citations: citations from the journal to articles in other journals.

Il Journal self - citations: citations from articles in the journal to articles in the same journal.
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Citing Journal Data

Citing Half-Life Data

Citing Year 2018 2017 2016 2015 2014 2013 2012 2011 2010 2009  2008-All
#Cites from 2018 4,736 9,986 9,607 9,124 8,155 6,715 6,249 5,224 4,712 4,321 41,344
Cumulative % 4.30% 13.36% 22.08% 30.36% 37.77% 43.86% 49.53% 54.27% 58.55% 62.47% 100.00%

Citing Journal Graph 2018
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Il Non-self-citations: citations from the journal to articles in other journals.

Il Joumnal self - citations: citations from articles in the journal to articles in the same journal.
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Journal Impact Factor Calculation

2018 Journal Impact Factor -=>- 1.840

How is Journal Impact Factor Calculated?
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J I F _ Citations in 2018 to items published in 2016 (523) + 2017 (662)
Number of citable items in 2016 (243) + 2017 (401)

644

The data in the two graphs below and in the Journal Impact Factor calculation panels represent citation activity in 2018
to items published in the journal in the prior two years. They detail the components of the Journal Impact Factor. Use the
"All Years" tab to access key metrics and additional data for the current year and all prior years for this journal.
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Citations in 2018 (1,185)

TITLE CITATIONS COUNTED TOWARDS JIF
ISPRS INTERNATIONAL JOURNAL OF GEO-INFORMATION 320
REMOTE SENSING 57
SENSORS 53
SUSTAINABILITY 48
TRANSACTIONS IN GIS 22
INTERNATIONAL JOURNAL OF GEOGRAPHICAL INFORMATION SCIENCE 21
IEEE ACCESS 19
LAND 13
PLOS ONE 13
COMPUTERS ENVIRONMENT AND URBAN SYSTEMS 12

Box plot

Category Box Plot 2018

Category Box Plot

The category box plot depicts the distribution of Impact Factors for all journals in the category. The horizontal line that forms the top of
the box is the 75th percentile (Q1). The horizontal line that forms the bottom is the 25th percentile (Q3). The horizontal line that
intersects the box is the median Impact Factor for the category.
Horizontal lines above and below the box, called whiskers, represent maximum and minimum values.
The top whisker is the smaller of the following two values:
the maximum Impact Factor (IF)
Q1IF +3.5Q1 IF-Q3 IF)
The bottom whisker is the larger of the following two values:
the minimum Impact Factor (IF)
Q1IF-3.5Q1IF-Q3IF)
Box Plots are provided for the current JCR year for each of the categories in which the journal is indexed.
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Rank
Rank
JCR Impact Factor
JCR Year GEOGRAPHY, PHYSICAL REMOTE SENSING
Rank Quartile JIF Percentile Rank Quartile JIF Percentile
2018 31/50 Q3 39.000 19/30 Q3 38.333
2017 33/49 Q3 33.673 18/30 Q3 41.667
2016 35/49 Q3 29.592 22/29 Q4 25.862
2015 45/49 Q4 9.184 26/28 Q4 8.929
ESI Total Citations
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JCR Year GEOSCIENCES
2018 191/421-Q2
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Cited Journal Data

Cited Half-Life Data

Cited Year 2018 2017 2016 2015 2014 2013 2012 2011 2010 2009  2008-All

#Cites from 2018 253 662 523 382 165 124 95 1 0 0 1
Cumulative % 11.52% 41.67% 65.48% 82.88% 89.94% 95.58% 99.91% 99.95% 99.95% 99.95% 100.00%

Cited Journal Graph 2018

700 CITED JOURNAL GRAPH

The Cited Journal Graph shows

600
the distribution (by cited year) of
23 citations published in journals
500 during the JCR year to items
published in the Journal during
g 400 the last 10 years.
s The white/grey division indicates
& 300 the cited half-life (if < 10.0). Half
§ 253 of the citations are to items that
200 were published more recently
155 than the cited half-life.
124
100 95 The two light-blue columns
indicate citations used to
o 1 calculate the Impact Factor
2018 2017 2016 2015 2014 2013 2012 2011 2010 2009 EraplipAent
Cited Years columns).

Il Non-self-citations: citations from the journal to articles in other journals.

Il Journal self - citations: citations from articles in the journal to articles in the same journal.
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Citing Journal Data

Citing Half-Life Data

Citing Year 2018 2017 2016 2015 2014 2013 2012 2011 2010 2009  2008-All

#Cites from 2018 905 2,087 2,050 1,977 1,701 1,526 1,429 1,172 1,085 944 8,514
Cumulative % 3.87% 12.79% 21.56% 30.01% 37.28% 43.81% 49.91% 54.93% 59.56% 63.60% 100.00%

Citing Journal Graph 2018
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Il Non-self-citations: citations from the journal to articles in other journals.

Il Joumal self - citations: citations from articles in the journal to articles in the same journal.
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Paper III: Scalable pixel-based crop classification combining Sentinel-2 and Landsat-8 data
time series: Case study of the Duero river basin
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Journal Impact Factor Calculation

2018 Journal Impact Factor - 2==- 4,131

283

How is Journal Impact Factor Calculated?

1,169

J I F _ Citations in 2018 to items published in 2016 (503) + 2017 (666) _
Number of citable items in 2016 (121) + 2017 (162)

283

The data in the two graphs below and in the Journal Impact Factor calculation panels represent citation activity in 2018
to items published in the journal in the prior two years. They detail the components of the Journal Impact Factor. Use the
"All Years" tab to access key metrics and additional data for the current year and all prior years for this journal.
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Citations in 2018 (1,169)

TITLE CITATIONS COUNTED TOWARDS JIF
AGRICULTURAL SYSTEMS 181
SUSTAINABILITY 50
JOURNAL OF CLEANER PRODUCTION 46
SCIENCE OF THE TOTAL ENVIRONMENT 32
EUROPEAN JOURNAL OF AGRONOMY 27
AGRICULTURAL AND FOREST METEOROLOGY 23
LAND USE POLICY 22
AGRONOMY-BASEL 18
COMPUTERS AND ELECTRONICS IN AGRICULTURE 18
PLOS ONE 16
Box plot

Category Box Plot 2018

Category Box Plot

The category box plot depicts the distribution of Impact Factors for all journals in the category. The horizontal line that forms the top of
the box is the 75th percentile (Q1). The horizontal line that forms the bottom is the 25th percentile (Q3). The horizontal line that
intersects the box is the median Impact Factor for the category.
Horizontal lines above and below the box, called whiskers, represent maximum and minimum values.
The top whisker is the smaller of the following two values:
the maximum Impact Factor (IF)
Q1IF +3.5Q1 IF - Q3 IF)
The bottom whisker is the larger of the following two values:
the minimum Impact Factor (IF)
Q1IF-3.5Q1 IF - Q3 IF)
Box Plots are provided for the current JCR year for each of the categories in which the journal is indexed.
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Rank
Rank
JCR Impact Factor
JCR Year AGRICULTURE, MULTIDISCIPLINARY AGRICULTURE
Rank Quartile JIF Percentile Rank Quartile JIF Percentile
2018 1/57 Q1 99.123 NA N/A N/A
2017 3157 Q1 95.614 N/A N/A N/A
2016 3/56 Q1 95.536 N/A N/A N/A
2015 2/57 Q1 97.368 NA N/A N/A
2014 3/56 Q1 95.536 NA N/A N/A
2013 4/56 Q1 93.750 NA N/A N/A
2012 3/57 Q1 95.614 NA N/A N/A
201 2/57 Q1 97.368 N/A N/A N/A
2010 1/55 Q1 99.091 N/A N/A N/A
2009 3/45 Q1 94.444 NA N/A N/A
2008 4/35 Q1 90.000 NA N/A N/A
2007 4/35 Q1 90.000 NA N/A N/A
2006 4/31 Q1 88.710 NA N/A N/A
2005 7131 Q1 79.032 N/A N/A N/A
2004 429 Q1 87.931 NA N/A N/A
2003 4129 Q1 87.931 NA N/A N/A
2002 6/28 Q1 80.357 NA N/A N/A
2001 5/28 Q1 83.929 NA N/A N/A
2000 728 Q1 76.786 NA N/A N/A
1999 N/A N/A N/A 24/13 Q1 79.204
1998 N/A N/A NA 13111 Q1 88.739
1997 N/A N/A NA 46/112 Q2 59.375
ESI Total Citations
Rank
JCR Year AGRICULTURAL SCIENCES
2018 60/352-Q1
2017 62/344-Q1
2016 69/337-Q1
2015 67/336-Q1
2014 65/325-Q1
2013 69/323-Q1
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Appendix A. Indexation and impact factor of the journals

Cited Journal Data

Cited Half-Life Data

Cited Year 2018 2017 2016 2015 2014 2013 2012 20m1 2010 2009  2008-All
#Cites from 2018 204 666 503 566 478 334 418 290 375 174 2,739
Cumulative % 3.02% 12.89% 20.35% 28.74% 35.82% 40.77% 46.97% 51.27% 56.83% 59.40% 100.00%

Cited Journal Graph 2018

CITED JOURNAL GRAPH

The Cited Journal Graph shows
the distribution (by cited year) of
citations published in journals
during the JCR year to items
published in the Journal during
the last 10 years.

The white/grey division indicates
the cited half-life (if < 10.0). Half
of the citations are to items that
were published more recently
than the cited half-life.

Number of Cites

The two light-blue columns
indicate citations used to
calculate the Impact Factor
(always the 2nd and 3rd
columns).

2018 2017 2016 2015 2014 2013 2012 2011 2010 2009
Cited Years

Il Non-self-citations: citations from the journal to articles in other journals.

Il Journal self - citations: citations from articles in the journal to articles in the same journal.
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Citing Journal Data

Citing Half-Life Data
Citing Year 2018 2017 2016 2015 2014 2013 2012 2010 2009 2008-All
#Cites from 2018 175 653 850 996 970 881 750 709 605 506 3,754

Cumulative % 1.61% 7.63% 1547% 24.65% 33.59% 41.71% 48.62% 55.16% 60.73% 65.40% 100.00%

Citing Journal Graph 2018
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Il Non-self-citations: citations from the journal to articles in other journals.

Il Journal self - citations: citations from articles in the journal to articles in the same journal.
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The Citing Journal Graph shows
the distribution (by cited year) of
citations published in the
Journal during the JCR year to
items published in journals
during the last 10 years.

The white/grey division indicates
the citing half-life (if < 10.0). Half
of the citations are to items that
were published more recently
than the citing half-life.



Appendix B. HidroMap software

) HidroMap

A tool for irrigation monitoring and management using free satellite imagery

Type: Registration of intellectual property
Reference Number: SA-00/2019/2424
Administrative Institution: University of Salamanca

UNESCO Codes:  1203.14  Environmental control systems
1209.03  Data analysis
2506.16  Remote sensing
3102.05 Irrigation
3103.03  Crop management

Authors: Gonzalez Aguilera, D., Del Pozo Aguilera, S., Piedelobo Martin, L., Hernandez
Lopez, D., Ballesteros Gonzalez, R., Moreno Hidalgo, M.A., Charco Toboso, J.R., Ortega Terol,
D., Guerrero Sevilla, D.

Abstract

HidroMap is an open-source tool organized in two modules, desktop-GIS and web-GIS, with
complementary roles and functionalities, and based on a PostgreSQL/PostGIS database. It
effectively combines algorithms and methodologies for downloading, storing and pre-
processing satellite images from S2 and L8 that cover the Spanish territory of Duero river
basin. The developed workflow allows intersecting satellite-based data, namely the NDVI,
with spatial data from Mirame-IDEDuero (http://www.mirame.chduero.es/) and from the
Spanish Geographic Information System of Agricultural Plots (SIGPAC) (i.e., parcel
delimitations, irrigation rights, land use and unauthorised areas for irrigation). HidroMap
allows managing unregulated irrigation, temporally monitoring irrigated agricultural plots
and optimizing surveillance resources to efficiently plan on-the-spot checks. The tool is
developed using Python programming language for QGIS (PyQGIS).

HidroMap is developed for the Duero Hydrographic Confederation within the regional
project “452-A.640.02.07/2015. RevelaDuero: Earth Observation image analysis system for the
determination of irrigated plots and crop classification in the Duero river basin” and is periodically
upgraded, such as within the project “452-A. 640.02.02/2019. RevelaDuero: Maintenance and
improvement of the Earth Observation image analysis system for the determination of irrigated plots in
the Duero river basin”. The tool is available online at: https://github.com/TIDOP/hidromap.
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Application

HidroMap is created for the Duero Hydrographic Confederation. Its open-source approach
allows its easy adaptability to new needs and its scalability to other river basins. It allows
performing two processes automatically: (i) detecting agricultural plots with unregulated
irrigation activity (named cases), prioritizing larger surfaces, further distance to regulated
wells and water scarce areas; and (ii) estimating the irrigated area and number of irrigated
agricultural plots. All the inputs needed (i.e, NDVI image and area of interest) and
prioritizing parameters (i.e., cases” area and NDVI thresholds) are defined by the user.

Partial Features

Automatic downloading and pre-processing of satellite images

Several scripts are developed in Python for automatically downloading, storing and pre-
processing satellite images from S2 and L8 that cover the Spanish territory of Duero river
basin. The scripts are based on Olivier Hagolle’s codes “LANDSAT-Download”
(https://github.com/olivierhagolle/LANDSAT-Download) and “Sentinel-download”
(https://github.com/olivierhagolle/Sentinel-download), available on GitHub software
development platform. The NDVI is automatically calculated as the normalized ratio between
the NIR and R bands, adapted to the sensors” characteristics (Table B.1). Values are multiplied
for 100 in order to work with integers, thereby increasing the efficiency of the main process.

Table B.1. The NDVI equation and bands used for Sentinel-2 (52) and Landsat-8 (L8)
satellite platforms.

NDVI=(NIR-R)/(NIR+R)
Band 4 (R: 645-683 nm)
Band 8 (NIR: 762-907 nm)
Band 4 (R: 630-680 nm)
Band 5 (NIR: 845-885 nm)

S2

L8

Database

A PostgreSQL/PostGIS database is consumed and fed by HidroMap model. Its main structure
consists of fields, relations of tables and triggers that allow cases’ detection and prioritization.

Main process

This process is developed under the name of quick_process.py with PyQGIS and
represents the main algorithm of the tool. It consists of more than 30 automatic processes. It
takes advantage of the available geo-processing tools in QGIS (i.e., GDAL and SAGA) to
perform spatial intersections between several layers and surface calculation. An area of

interest, defined either by a shapefile or by selecting a municipality from the 2067 spatial
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tables inside the PostgreSQL/PostGIS database, is the input for starting the algorithm process
within a NDVI image. Specific parameters can be defined by the user, such as the cases’ area
and NDVI thresholds. Firstly, the irrigated area and number of irrigated agricultural plots are
estimated. After that, SAGA spatial difference algorithm allows processing intersections with
spatial data from Mirame-IDEDuero (i.e., irrigation rights, unauthorised areas for irrigation
or urban areas). Spatial data concerning irrigation rights is automatically updated every
month in the PostgreSQL/PostGIS database. SAGA intersection algorithm has been improved
50 as to perform geospatial differences one by one, taking out all the invalid and incorrect
geometries per intersection. The cases are obtained as a shapefile after geometric validation,
intersections with the SIGPAC spatial data (i.e., parcel delimitations and land use) and the
RSA’s sectors, filtering forest or non-agricultural areas (if requested), and prioritizing the
cases according to the parameters defined by the user. The outputs from every sub-process
are added to QGIS map canvas with a settled style so as to allow users analysing any result.

Automatic detection of irrigated area in a period of time

This processing model is developed with QGIS model builder to quickly estimate the
irrigated area and number of irrigated agricultural plots in an area of interest during a period

of time. The user must select HidroMap results (i.e., cases’ shapefiles) from different dates.
Inputs

The different inputs that must be defined in the desktop-GIS module interface are specified as
follows:

e  Definition of the workspace root.

e  Selection of the processing type: cases automatic generation or total irrigated surface.

e  Definition of the study area: shapefile or municipality.

e NDVIimage.

e  Request of filtering SIGPAC’s forest or non-agricultural areas.

e  Parameters setting: NDVI threshold, cases’ area threshold, number of cases to prioritize
and artifices area threshold; defined by default as 70, 0.5 ha., 5 and 0.1 ha.

Outputs
The output is a shapefile whose information depend on the selected processing type:

e Cases automatic generation: the output consists of a shapefile holding the generated
cases and corresponding spatial information. The user must click on the Adobe PDF file
icon to print the cases. These PDF reports show all the geo-spatial information needed to
perform on-the-spot checks.

e Total irrigated surface: the output consists of a rapid text message informing about the

irrigated area and number of irrigated agricultural plots in the area of interest.
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HidroMap desktop-GIS

This module is currently used by the HPO to detect unregulated irrigation using the NDVI

response. The RSA and the HPO plan on-the-spot checks to the most severe infringements.
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Figure B.1. Screenshot of the desktop-GIS interface showing the most significant results.

HidroMap web-GIS

This module offers agronomical experts of the Duero Hydrographic Confederation an user-

friendly environment to quickly monitor irrigated crops and estimate crop types according to

their NDVI signature. Crop classification, farmers’ declarations to the CAP and data from the

field visits can be displayed, among other layers.
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Figure B.2. Screenshot of the web-GIS interface showing the most significant results.
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Innovation Award

The Innovation Award as the Best Research Project in Avila province in 2018, granted by
Diario EI Mundo to TIDOP Research Group, is attached hereunder.

CERTIFICADO
DE ORIGINALIDAD

D. J. Joaquin Rodriguez Martin, autor, conforme a la
definicion establecida en el articulo 5 del texto refundido de
la Ley de Propiedad Intelectual, certifica mediante el
presente documento, que el Premio Innovador es una pieza
realizada en piedra de Villamayor (Salamanca) y que,
inspirada en la sobriedad del romdnico palentino, intenta
transmitir esos mismos valores de creatividad, originalidad,
Sfirmeza, vocacion y trabajo.

En Valladolid a 12 abril del 2018

N

PREMIO INNOVADOR AL MEJOR PROYECTO DE
AVILA.

GRUPO DE TECNOLOGIAS DE LA
INFORMACION PARA LA
DOCUMENTACION DEL PATRIMONIO
DE LA UNIVERSIDAD DE
SALAMANCA

Por la herramienta creada para la CHD para vigilar el uso
ilegal de los riegos.

Figure B.3. The Innovation Award granted by Diario el Mundo in 2018.
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Curriculum Vitae

Laura Piedelobo Martin

05/08/1992

Education

2016-2020

2015-2017

2010-2015

Born in Avila, Spain

PhD in Geotechnologies Applied to Construction, Energy and Industry.
Department of Cartographic and Land Engineering, University of Salamanca
(USAL) (Avila, Spain).

Mining and Energy Engineering BSc. USAL (Avila, Spain) and Faculty of
Sciences of the University of Lisbon (FCUL) (Lisbon, Portugal) (Erasmus+

Programme).

Civil Engineering BSc. USAL (Avila, Spain).

Research Experience

2020-2021

2016-2020

2019

2018

2017

2015

Institute of Advanced Studies of Pavia (IUSS) (Pavia, Italy), Institute for
Environmental Protection and Research (ISPRA) (Rome, Italy). Supervisor: Dr.
Andrea Taramelli. From April 2020 to April 2021.

TIDOP Research Group, USAL (Avila, Spain). Supervisor: Prof. Dr. Diego
Gonzalez Aguilera. From October 2016 to October 2020.

ISPRA (Rome, Italy). Supervisor: Dr. Andrea Taramelli. From April to
December 2019.

IUSS (Pavia, Italy), ISPRA (Rome, Italy), European Centre for Training and
Research in Earthquake Engineering (EUCENTRE) (Pavia, Italy). Supervisor:
Dr. Andrea Taramelli. From June to December 2018.

Institute for Regional Development (IDR), University of Castilla-La Mancha
(UCLM) (Albacete, Spain). Supervisor: Dr. David Hernandez Lépez. February
2017.

Department of Geology, FCUL (Lisbon, Portugal). Supervisor: Dr. Catarina
Silva. From February to July 2015.

Teaching Experience

2017-2020

Hydpraulics. Civil Engineering BSc. USAL (Avila, Spain). Supervisors: Dr. José

Luis Molina Gonzalez and José Maria Montejo Marcos.
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Publications

2020

2019

2019

2019

2018

Satellite imagery in water management and land use

Saez Blazquez, C., Piedelobo, L., Ferndndez-Hernandez, J., Martin Nieto, I,
Farfan Martin, A., Lagiiela, S., Gonzalez-Aguilera, D. (2020). Novel
Experimental Device to Monitor the Ground Thermal Exchange in a Borehole
Heat Exchanger. Energies, 13(5), 1270.

Piedelobo, L., Taramelli, A., Schiavon, E., Valentini, E., Molina, J. -L., Nguyen
Xuan, A., & Gonzélez-Aguilera, D. (2019). Assessment of Green Infrastructure

in Riparian Zones Using Copernicus Programme. Remote Sensing, 11(24), 2967 .

Taramelli, A., Lissoni, M., Piedelobo, L., Schiavon, E., Valentini, E., Nguyen
Xuan, A., & Gonzalez-Aguilera, D. (2019). Monitoring Green Infrastructure for
Natural Water Retention Using Copernicus Global Land Products. Remote
Sensing, 11(13), 1583.

Piedelobo, L., Hernandez-Lopez, D., Ballesteros, R., Chakhar, A., Del Pozo, S.,
Gonzalez-Aguilera, D., & Moreno, M. A. (2019). Scalable pixel-based crop
classification combining Sentinel-2 and Landsat-8 data time series: Case study
of the Duero river basin. Agricultural Systems, 171, 36-50.

Piedelobo, L., Ortega-Terol, D., Del Pozo, S., Hernandez-Lépez, D., Ballesteros,
R., Moreno, M. A., Molina, J. -L., & Gonzélez-Aguilera, D. (2019). HidroMap: A
New Tool for Irrigation Monitoring and Management Using Free Satellite
Imagery. ISPRS International Journal of Geo-Information, 7(6), 220.

Research Projects and Grants

2020

2019-2020

2016-2020

2019

2018

ESA RFP/3-15502/18/NL/IA. Chime Mission Requirements Consolidation —
European project. Main researcher: Dr. Andrea Taramelli (ISPRA). From
January 2018 to December 2020. Role: researcher.

452-A. 640.02.02/2019. RevelaDuero: Maintenance and improvement of the
Earth Observation image analysis system for the determination of irrigated
plots in the Duero river basin — Regional project. Main researcher: Prof. Dr.
Diego Gonzalez Aguilera (USAL). From February 2019 to February 2020. Role:

researcher.

Training Programme for Academic Staff (FPU PhD grant). Spanish Ministry of
Education, Culture and Sport. From October 2016 to October 2020.

FPU PhD grant. Predoctoral research stay. Spanish Ministry of Education,
Culture and Sport. From April to December 2019.

G.A. ECHO/SUB/2016/740172/PREV18. GREEN: Green infrastructure for
disaster risk reduction protection: evidence, policy instruments and
marketability — European project. Main researcher: Dr. Andrea Taramelli
(EUCENTRE). From January 2016 to December 2018. Role: researcher.
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2017-2018

Curriculum Vitae

452-A.640.02.07/2015. RevelaDuero: Earth Observation image analysis system
for the determination of irrigated plots and crop classification in the Duero
river basin — Regional project. Main researcher: Prof. Dr. Diego Gonzalez
Aguilera (USAL). From February 2017 to February 2018. Role: researcher.

Intellectual Properties

2018

Gonzalez Aguilera, D., Del Pozo Aguilera, S., Piedelobo Martin, L., Hernandez
Lopez, D., Ballesteros Gonzalez, R., Moreno Hidalgo, M. A., Charco Toboso, .
R., Ortega Terol, D., & Guerrero Sevilla, D. (2018). HidroMap — A tool for
irrigation monitoring and management using free satellite imagery. Application No
SA-00/2019/2424. Madrid: Intellectual Property Registry, Ministry of Culture
and Sport.

Congresses and Conferences

2020

2019

2019

Awards

2019

2018

2017

2016

Italian Pavilion — Venice Architecture Biennale 2020. Role: article and poster

contribution.

Space Week — International Conference dedicated to Space Access and Services
Technologies. 4" Edition: Rome, Italy. 9-11 October 2019. Role: participant.

CIPA - International Committee of Architectural Photogrammetry. 27t
International Symposium: Avila, Spain. 1-5 September 2019. Role: scientific

committee.

National Prize in Engineering/Architecture BSc. Granted by the Spanish
Ministry of Education, Culture and Sport. For the academic results in Civil
Engineering BSc.

Innovation Award as the Best Research Project in Avila province in 2018.
Granted by Diario El Mundo. For the creation of a tool for the Duero
Hydrographic Confederation to monitor unregulated irrigation.

Extraordinary Prize. Granted by USAL. For the academic results in Mining and
Energy Engineering BSc.

Extraordinary Prize. Granted by USAL. For the academic results in Civil
Engineering BSc.
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