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ARTICLE INFO ABSTRACT

Land degradation is a critical issue globally requiring immediate actions for protecting biodiversity and asso-
ciated services provided by ecosystems that are supporting human quality of life. The latest Intergovernmental
Science-Policy Platform on Biodiversity and Ecosystem Services Landmark Assessment Report highlighted that
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Knowledge human activities are considerably degrading land and threating the well-being of approximately 3.2 billion
Earth observations

Viab people.

GEOSS In order to reduce and ideally reverse this prevailing situation, national capacities should be strengthened to

enable effective assessments and mapping of their degraded lands as recommended by the United Nations
Sustainable Development Goals (SDGs). The indicator 15.3.1 (“proportion of land that is degraded over total
land area”) requires regular data production by countries to inform and assess it through space and time. Earth
Observations (EO) can play an important role both for generating the indicator in countries where it is missing,
as well complementing or enhancing national official data sources.

In response to this issue, this paper presents an innovative, scalable and flexible approach to monitor land
degradation at various scales (e.g., national, regional, global) using various components of the Global Earth
Observation System of Systems (GEOSS) platform to leverage EO resources for informing SDG 15.3.1. The
proposed approach follows the Data-Information-Knowledge pattern using the Trends.Earth model (http://
trends.earth) and various data sources to generate the indicator. It also implements additional components for
model execution and orchestration, knowledge management, and visualization.

The proposed approach has been successfully applied at global, regional and national scales and advances the
vision of (1) establishing data analytics platforms that can potentially support countries to discover, access and
use the necessary datasets to assess land degradation; and (2) developing new capacities to effectively and
efficiently use EO-based resources.

Trends.Earth

1. Introduction environment and are placing unprecedented demands on land. Land is a

limited resource and there will be an ever-increasing demand to control

Most countries are aiming at becoming more sustainable while at
the same time being attractive business locations with a high quality of
life (Selomane et al., 2019). This ambitious objective is challenged by a
number of trends such as: climate change, population growth, in-
creasing mobility, energy demand, high consumption of resources, ur-
banization, loss of biodiversity and associated ecosystem services, and
digitalization of society. These trends have an important impact on the

land resources and capitalize on the flow of goods and services from the
land (Verburg et al., 2015), (Wood et al., 2018). This can potentially
lead to social and political instability, intensifying poverty, conflict and
migration.

In its last report, the Intergovernmental Panel for Climate Change
(IPCC) has highlighted the fact that land is a critical resource essential
for climate change adaptation and mitigation, land degradation and
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food security (IPCC, 2019). Without sustainable land management, the
goals of the Paris Agreement will not be reached and cannot limit global
warming to 1.5 degrees. During the last 50 years, it is estimated that
human activities have affected globally about 70 % of the terrestrial
land surfaces, undermining the well-being of at least 3.2 billion people
(IPBES, 2018). Settlement and urban areas have grown, agricultural
areas have been lost, forests have disappeared, desertification has in-
creased and glaciers have receded (UNCCD, 2017a). Land Cover (LC)
and Land Use (LU) changes are considered as major visible indicators of
the human footprint (Giuliani et al., 2017a). Consequently, avoiding,
reducing and reversing land degradation is an urgent action to protect
biodiversity and ecosystem services as well as ensuring human well-
being (IPBES, 2018).

Unsustainable land use management strategies (e.g., ecosystem de-
struction for crop or grazing lands) are recognized as the main drivers
of land degradation caused by high-consumption lifestyles of developed
countries and the increasing consumption in emerging economies
(IPBES, 2018), (Cowie et al., 2018), (Ghebrezgabher et al., 2019). As-
sociated with population growth, this leads to unsustainable pathways
of agricultural expansion, natural resource and mineral extraction, as
well as urbanization, which have great impacts on degrading land (Ivits
and Cherlet, 2013). Consequently, there is a critical need to strengthen
national capacities to quantitively assess land degradation as required
by the United Nations Sustainable Development Goals (SDGs) (Sims
et al., 2019), and adopt Land Degradation Neutrality (LDN) targets as
proposed by the United Nations Convention to Combat Desertification
(UNCCD) (Cowie et al., 2018), (Chasek et al., 2019; Gilbey et al., 2019;
Metternicht et al., 2019). LDN is defined as “A state whereby the amount
and quality of land resources, necessary to support ecosystem functions and
services and enhance food security, remains stable or increases within spe-
cified temporal and spatial scales and ecosystems” (Cowie et al., 2018),
(Chasek et al., 2019). This approach represents a paradigm shift in land
management and planning policies. It aims at counterbalancing the loss
of productive land with the restauration of degraded areas by devel-
oping conservation measures and sustainable land management prac-
tices (Gilbey et al., 2019).

Remotely-sensed Earth Observations (EO) acquired by satellites can
be a reliable source for gathering effective Land Degradation (LD) in-
formation (Dubovyk, 2017). Indeed, the increasing availability of EO
data together with improved computing and storage capacities allow
monitoring, mapping, and assessing LD and its change over time on
large areas in a consistent and robust manner (Gibbs and Salmon,
2015). However, currently no mechanisms are routinely generating
accurate, consistent and regular LD information. The large volumes of
freely and openly available EO data are still underutilized and not ef-
fectively used for national environmental monitoring. Therefore, map-
ping and monitoring LD changes remains a challenge that is not ade-
quately addressed at the national scale.

To address this sustainability challenge, timely and reliable access
to environmental data and information is fundamental (Giuliani et al.,
2017a). It provides the necessary basis for reliable and accountable
scientific understanding and knowledge to support informed decisions
and evidence-based policy advices (Nativi et al., 2019). Therefore,
reaching the goal of sustainable development requires the integration of
different datasets describing the three dimensions of sustainability to
adequately characterize a given location (Lehmann et al., 2017). This
allows monitoring and assessing environmental conditions at different
scales (e.g. national, regional, global); understanding interactions be-
tween various systems (e.g. atmosphere, hydrosphere, biosphere), and
model future changes (Costanza et al., 2016). Consequently, Informa-
tion Technology can play a significant role (i.e., Digital Transformation)
to leverage modern analytics and modelling technologies (e.g., Big
Data, Artificial Intelligence) and generate the required knowledge for
decision-makers (Nativi et al., 2019).

To this end, a change of paradigm is required, moving from tradi-
tional data-centric approach to more information and knowledge
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centric approaches (Nativi et al., 2019). Recognizing that environ-
mental data are a fundamental resource for environmental and sus-
tainability research, monitoring and assessment, it is essential to or-
ganize actions (i.e., data acquisition to knowledge generation) in
coherent and coordinated workflows also known as data value chains
(Giuliani et al., 2017b). Data value chain is defined as an information
flow that describes a series of steps required to generate value and
useful insights from data (European Commission, 2014), (Curry, 2016).
To fully realize the value chain of EO data, the Data-Information-
Knowledge-Wisdom (DIKW) paradigm can facilitate evidence-based
decision-making processes and informs about the limits of our planet
(Ackoff, 1999), (Rowley, 2007). In DIKW, data is considered as a col-
lection of facts/measurements in a raw or unorganized form (e.g.,
numbers); information is generated from data that has been cleaned of
errors and further processed in a form that makes it easier to visualize,
analyze and interpret for a specific purpose (e.g., relation with physical
and/or social phenomena). In turn, knowledge is generated when in-
formation is not only perceived as a description of collected and or-
ganized facts (e.g., contextualization), but also when one understands
how to apply it to achieve certain objectives (i.e., elaborating valuable
patterns). Finally, wisdom is when knowledge is applied to action to
explore future scenarios and answer question such as “what is the best”
or “why do something” (Ackoff, 1999), (Rowley, 2007).

To reach the objective of a sustainable development, it is critical to
support decision/policy-makers with proper knowledge on quantitative
targets, at various spatial scales and across disciplines, in order to
support evidence-based policy making (Rockstrom et al., 2018). In-
formed governance can strengthen policies and planning developments
supported by best practices for sustainable development (Griggs et al.,
2013). Selecting and gathering the necessary EO to inform environ-
mental policy indicators is a scientific challenge. In order to fulfil this
task, essential variables have been defined for climate, biodiversity,
water, and oceans to describe the natural Earth system, and are now
being developed also for socio-economic variables (Lehmann et al.,
2019a).

This is exemplified by one of the objectives of the SDGs defined in
the Agenda 2030 for Sustainable Development (United Nations, 2015).
The SDG indicator 15.3.1 (“proportion of land that is degraded over
total land area”) is aiming to define such a quantifiable target to
monitor and assess degraded land nationwide. It is presumed that
UNCCD will collect, review and analyze, every four years, data reported
by countries through their national reporting process. However, there
are currently several drawbacks:

(1) This indicator was classified in Tier 2 (and since December 2019 is
now a Tier 1 indicator), meaning that the that the indicator is
conceptually understandable, has an internationally agreed meth-
odology but data are not regularly produced by countries (Anderson
et al., 2017),

(2) Lack of capacities at the country level in obtaining, using and va-
lidating EO data for UNCCD national reports,

(3) Limited data are currently officially provided by the United Nations
Global SDG Database (https://unstats.un.org/sdgs/indicators/
database/) for SDG15.3.1,

(4) Having the indicator value is an important information, but to
support efficient and effective decision-making, knowledge is re-
quired.

Consequently, the aim of this paper is to provide an initial overview
of an innovative and scalable approach to monitor land degradation at
various scales (e.g., national, regional, global) in compliance with the
SDG15.3.1 indicator UN guidance, and generate knowledge using EO
data to support SDGs.
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Fig. 1. Schematic representation of the methodology for generating the sub-indicators and calculating the SDG15.3.1 indicator (adapted from United Nations

Statistical Division 2018).

2. Methodology

The proposed methodology follows the Data-Information-
Knowledge-Wisdom (DIKW) (Rowley, 2007) pattern to organize the
different components into a coherent workflow to enhance scalability
(e.g., different scales from national to global) and flexibility (e.g., dif-
ferent data sources, processing platforms) for effective environmental
monitoring. It applies the official UN SDG indicator framework (United
Nations Statistical Division, 2018) and the guidance for implementation
proposed by UNCCD, the custodian agency for the SDG indicator 15.3.1
(UNCCD, 2017b). One of the objectives is to use EO data to enhance
quality, coverage and availability of the information required to gen-
erate a SDG indicator. The following characteristics of EO data can
bring major benefits to support directly or indirectly 72 targets and 30
indicators of the SDG framework (CEOS, 2018), (Group on Earth
Observations, 2017):

1 Spatial resolution: capacity to provide information, potentially for
every 10mx10m.

2 Temporal resolution: capacity to capture data at different frequencies
of revisit (e.g., 5 days for Sentinel-2, 16 days for Landsat).

3 Scale: capacity to provide information for scales ranging from local
up to global.

4 Time-series: capacity to provide continuous data starting from 1972
(e.g., Landsat).

5 Multi-spectral: provides measurement in different wavelengths (e.g.,
visible, thermal near-infrared) to capture different information on
various environmental components (e.g., land, water).

6 Consistency: gives the ability to compare generated information in a
consistent manner at various scales.

7 Complementarity: data can be validated using additional sources such
as sensors or crowd-sourced data.

2.1. SDG15.3.1 definition and calculation

Land degradation is defined by the United Nations as “the reduction
or loss of the biological or economic productivity and complexity of rain fed
cropland, irrigated cropland, or range, pasture, forest and woodlands re-
sulting from a combination of pressures, including land use and management
practices” (United Nations Statistical Division, 2018). Total land area is
the total country area without considering inland waters surfaces (e.g.,
major rivers and lakes). It is expressed in hectares or km?. The indicator
represents the portion, in percentage, of degraded land over total land

area, derived from a binary classification of land condition (i.e., de-
graded or not degraded) measures by three sub-indicators:

(1) land cover and land cover changes, to determine the possible di-
minution of ecosystem services that are valuable in a local or na-
tional context (Burkhard et al., 2009, Ban et al., 2015; Andrew
et al., 2014).

(2) land productivity trends, to assess land productive capacity and
health changes. It can indicate changes in ecosystem functioning
and decreasing trends can suggest that land is degrading (Cowie
et al., 2018), (Oehri et al., 2017).

(3) carbon stocks (above and below ground) trends, to evaluate soil
quality associated with nutrient cycling and its stability and struc-
ture with direct implications for water infiltration, soil biodiversity,
vulnerability to erosion, and ultimately the productivity of vege-
tation, and in agricultural contexts, yields (Stumpf et al., 2018),
(Hengl et al., 2017).

The quantification of the indicator is based on the evaluation of
changes in the sub-indicators to derive the proportion of land that is
degraded. The three sub-indicators are complementary and responsive
to different degradation elements. To determine whether a given land
unit is degrading, stable or improving the One Out, All Out (10A0)
principle is used.

If one of the values of sub-indicators is negative, then the land unit
is considered as degraded. This is a precautionary rule considering that
stable or improved land condition in any sub-indicators cannot coun-
terbalance the degradation effects in the others (Fig. 1).

Land degradation is generally context-specific and therefore makes
it difficult for a single indicator to capture the full complexity of land
state and condition (Gilbey et al., 2019). However, the sub-indicators
are sufficiently robust to address changes in different relevant ways
such as understanding relatively fast changes with land cover or pro-
ductivity trends while capturing slower changes through carbon stocks
(Cowie et al., 2018), (Gonzalez-Roglich et al., 2019). These sub-in-
dicators are widely accepted for monitoring major factors and driving
variables reflecting the capacity to deliver valuable ecosystem services
(Fu et al., 2015). Their definition and methodology for calculation are
recognized as technically and economically feasible for systematic ob-
servation (Bojinski et al., 2014), (Pereira et al., 2013). The indicator
should be derived generally from standardized and comparable na-
tional official data sources. However, due to their nature, these sub-
indicators can be derived from satellite EO as well as geospatial data



G. Giuliani, et al.

from regional and global data repositories and can replace, complement
or enhance national official data sources after validation by national
authorities (UNCCD, 2017b).

2.2. System architecture and implementation

Currently, the reference implementation to help countries mon-
itoring degraded land is Trends.Earth (Gonzalez-Roglich et al., 2019). It
is a QGIS plugin working in combination with the Google Earth Engine
(GEE) to facilitate data preparation, processing and visualization for
generating both the sub-indicators and the final SDG indicator 15.3.1
(Meyer and Riechert, 2019), (Gorelick et al., 2017). The objective of
this model is to help countries in analyzing data and preparing their
reporting (e.g., plot time-series of sub-indicators, maps, graphics) in a
format that is directly aligned with the UNCCD’s Performance Review
and Assessment of Implementation System (PRAIS), which is the re-
porting portal of LDN.. The default datasets provided with Trends.Earth
are indeed coarse in scale, but they are also among the most consistent
globally, and this tool is desgined to use any dataset at any scale. Even if
this tool greatly facilitates the production of the SDG indicator, it has
some shortcomings:

(1) it mostly relies on regional and global datasets derives from EO
data. However, it lacks greater spatial and longer temporal re-
solution to better capture the dynamics of land degradation at na-
tional scale (Pasquarella et al., 2016), (Pettorelli et al., 2018). This
limits the scalability (e.g., different scales from national to global)
of the model.

(2) it is largely dependent on the GEE platform. Therefore, enhancing
flexibility can be valuable allowing access to different data sources
and different processing platforms.

(3) Finally, it translates EO data into useful information. However, it
does not provide any knowledge. Having a possibility to create
some knowledge would be valuable.

Consequently, to tackle these issues, it is interesting to develop
workflows to address the need for trusted sources of data, essential
variables and information to monitor the progresses made on en-
vironmental conditions towards policy targets (Lehmann et al., 2019b).

To facilitate access and integration of scientific models and their
outputs, it has been decided to use a Model Web approach (Nativi et al.,
2013) suggesting four architectural and policy principals for im-
plementation (Mazzetti et al., 2016):

(1) Open Access: notably to support the documentation, publication,
and sharing of models and algorithms.

(2) Low entry barrier: reduce entry barriers for both resources’ providers
and users.

(3) Service-driven approach: in particular, models and algorithms access
are provided by online services to enhance machine-to-machine
interoperability.

(4) Scalability: facilitates the use of increasingly large volume and
variety of data —i.e. Big Data requirements.

In addition, and closely related to these principles, an important
pattern to be applied is the separation of concerns —i.e. separating a
computing process into distinct sections, so that each section addresses
a separate concern. By adopting the principles and the implementation
pattern, the software components (along with their services) dealing
with Data, Information, and Knowledge scopes were separated carrying
out three sub-systems that generate, respectively: the sub-indicators,
the SDG composed indicator, and the online services to access results
together with the visualization tools to explore them as maps and
graphs (Fig. 2).

Applying the separation-of-concern pattern brought a set of bene-
fits, including: (a) the Trends.Earth model is now published as a Model
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Web service; (b) presently, the sub-indicators can be generated by using
different data sources and processing platforms; (c) scalability and
flexibility of the entire value-chain was improved, introducing, for ex-
ample, the possibility to parallelize the model execution and address
important challenges raised by Big Data. This implementation scheme
allows users to compute each sub-indicator separately in a spatially
explicit manner under the form of raster maps that is than integrated
into a final indicator map, producing at the same time a table with
results reporting areas potentially improved, stable or degraded over
the area of interest. This enables the use of different data sources, such
as the Copernicus Open Access Hub (previously known as Sentinels
Scientific Data Hub) and/or the Copernicus data and Information
Access Services (DIAS), the Global Earth Observation System of Systems
(GEOSS), or national data infrastructures such as Data Cubes (European
Commission, 2018; Craglia et al., 2017; Asmaryan et al., 2019; Giuliani
et al., 2017c¢) (Fig. 3).

The value-chain is composed of three business processes, which are
described in the next sub-sections.

2.2.1. Data - sub-indicators generation

Following Trends.Earth methodology (Gonzalez-Roglich et al.,
2019) to compute the three sub-indicators, in accordance with UNCCD
best practice guidance document (UNCCD, 2017b), a series of Python
scripts were written. They were designed to be sufficiently generic to be
executed (with some limited adaptation) on different processing plat-
forms and using different data sources. Currently, they can be used on:
(1) Google Earth Engine using MODIS and AVHRR data (this is the
native mode of Trends.Earth); (2) Earth Observation Data Cube using
Landsat, to enable higher spatial and temporal resolution (Giuliani
et al, 2019a) ; (3) the Copernicus DIAS platforms (European
Commission, 2018) (e.g., ONDA, Creodias, Sobloo) to demonstrate the
use of European data and computing resources; and finally (4) the
Global Earth Observation System of Systems (GEOSS) (Provenzale and
Nativi, 2017), to provide access to datasets that can be directly used as
sub-indicators.

The sub-indicators are using a set of Essential Climate Variables
(e.g., NDVI, Soil moisture, Precipitation, evapotranspiration, land
cover) and are computed as follows:

Land productivity measures land’s biological productive capacity, an
important resource supporting many human activities (United Nations
Statistical Division, 2018). To assess land productivity, remotely-sensed
proxies are commonly used to derive information on Net Primary
Production (NPP) (Paruelo et al., 2016). Different methods or datasets
can be used to estimate land productivity such as the Land Productivity
Dynamics using phenological metrics derived from time-series of ve-
getation index (Ivits and Cherlet, 2013). Alternatively, the Normalized
Difference Vegetation Index (NDVI) annual mean time-series can be
used to determine three measures of change (Pettorelli et al., 2005):
productivity trajectory (i.e., rate of change in primary production over
time), state (i.e., detection of changes in primary productivity as com-
pared to a baseline period) and performance (i.e., local productivity
relative to other areas that share a similar landcover type over the
dedicated region) (Gonzalez-Roglich et al., 2019), (Easdale et al.,
2019). These measures are then aggregated in a 3-class (improvement;
stable; degradation) land productivity sub-indicator.

Land Cover changes are assessed using land cover data over a given
area for defined baseline and target years. To enable consistent and
accurate comparison, Trends.Earth relies on the European Space
Agency (ESA) Climate Change Initiative (CCI) (http://cci.esa.int) Land
Cover data (https://www.esa-landcover-cci.org) (Plummer et al.,
2017). Following UNCCD guidance, land cover data should be classified
in 7-classes (forest, grassland — including shrub and sparsely vegetated
areas, cropland, wetland, artificial area, bare land and water). Then a
land cover transition analysis is applied to evaluate whether a given
pixel remains in the same land cover type or has changed. The resulting
map is a 3-class (improvement; stable; degradation) land cover change
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sub-indicator.

Carbon Stocks, above and below ground cannot be generated using
satellite EO data and it is particularly difficult to assess for different
reasons (e.g., spatial variability of soils, lack of consistent time-series
data) (Stumpf et al., 2018). Consequently, Soil Organic Carbon (SOC)
changes estimation is used as a proxy combining land cover and SOC
data. A SOC reference value is defined using the SoilGrids carbon stocks
at 250 m resolution (Hengl et al., 2017). The 7-class land cover map
used for the second sub-indicator is also used to evaluate the changes in
carbon stocks for the reporting period using conversion factors for
changes in land use. Then finally the SOC changes are computed be-
tween baseline and target/reporting period. Areas that show SOC loss of
10 % or more are considered as degraded, while areas experiencing a
gain of 10 % or more are showing improved conditions.

Once computed, the sub-indicators serve has inputs (e.g., custom
datasets) in the Trends.Earth model exposed in the VLab, to generate
the SDG15.3.1 indicator.

2.2.2. From information to SDG indicator calculation
Recently, there has been a growing interest for informed decision-
making processes supporting international agreements and policy

targets at various scales. The assessment of objectives as well as the
definition of achievable actions, and last but not least, the commu-
nication of such actions to the general public require the support of an
evidence-based decision-making process at different levels.
Consequently, policy-makers are increasingly requesting scientists to
provide the required knowledge to establish effective decision-making
process based on scientific evidence (Nativi et al., 2019), (Lehmann
et al., 2019b).

To answer these questions, scientists need to develop scientific
workflows generating the necessary knowledge that decision-makers
need. A scientific workflow is a well-documented process for generating
knowledge from observation/simulation data and scientific models. It
can be as simple as a single scientific model using predefined datasets,
or as complex as an integration of models working on multiple datasets.
Therefore, to develop scientific workflows, scientists need to handle
various resources such as datasets (e.g., satellite, in-situ), programming
languages (e.g., Python, R), algorithms or modelling tools.

The Virtual Laboratory Platform (VLab), inspired by the GEO Model
Web vision (Santoro et al., 2016), (Santoro et al., 2019), is aiming to
support the needs of scientists and modelers, facilitating the generation
of knowledge for evidence-based decision-making. It allows:
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Fig. 4. Global Model of Land Degradation for SDG15.3.1 showing degraded (red), stable (yellow), improved (green) or no data (black) areas (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article).

e Harmonized discovery of and access to heterogeneous resources
(e.g. data) from different systems

e Publication of scientific workflows connecting data and models

e Execution of scientific workflows based on data, essential variables
and models developed with different programming languages and
simulation frameworks

e Publication of workflow results

All the functionalities are made available through Application
Programming Interfaces (APIs) enabling distributed systems integration
and end-user’s applications development.

The typical VLab users are:

® Modelers who have developed a scientific model or a full scientific
workflow for generating knowledge, and who would like to make it
discoverable and runnable by other users.

o Application developers who would like to build desktop and mobile
apps for end-users (e.g. decision-makers) on top of available VLab
workflows.

® Scientists or policymakers who want to access knowledge through the
VLab enabled applications

In order to publish the Trends.Earth model on VLab, the Python
source code available on GitHub was utilized (https://github.com/
ConservationInternational/trends.earth). The code implements a plugin
for the QGIS desktop application. After installation, the plugin calcu-
lates Land Degradation Indicator utilizing user-provided sub-indicators.
If no sub-indicator is available, it is possible to define and launch GEE
(Google Earth Engine) scripts for the calculation of the sub-indicators.

The publication of Trends.Earth on VLab focused on the possibility
to calculate Land Degradation Indicator from existing sub-indicator
datasets. Essentially, this task required only a slight modification to
Python code of Trends.Earth to cope with the need to run the plugin
without the user interface.

2.2.3. From knowledge to visualization and representation

Model outputs are then published using GeoServer (https://
geoserver.org), an open source web server designed to publish geos-
patial data using widely adopted standards (e.g., Web Map Service
(WMS), Web Coverage Service WCS)) advanced by the Open Geospatial
Consortium (OGC) (Giuliani et al., 2011). It allows users to share, ac-
cess, and use data in an interoperable and standardized way, facilitating
data access, exchange, and integration.

Results are then organized in a Dashboard environment that allows
users visualizing and exploring model outputs in a concise and

comprehensible way. Dashboards are currently gaining a lot of interest
as a tool for facilitating users’ interaction with complex sets of data and
information (van Ginkel Kees et al., 2018) and can potentially help
decision-makers or practitioners to better understand an issue (Fegraus
et al., 2012).

To create a dashboard, MapStore (https://mapstore.geo-solutions.
it) was selected because it is an open source web-based application
conceived to produce, manage and securely share maps, mashups, and
dashboards using resources published following OGC standards. It
provides users with common standard geoportal functionalities (e.g.,
map visualization, data discovery, spatial analysis) allowing users to
find, view and query geospatial data and integrate multiple data
sources into a single map. In addition, it allows the creation of dash-
boards using widgets such as maps, statistical charts, tables, and text
boxes.

3. Results

In order to validate the technical feasibility, identify the possible
issues and determine the potential of such an approach for generating
knowledge using EO data to monitor land degradation at various scales,
a proof-of-concept workflow has been developed. To enhance the
scalability and flexibility of Trends.Earth to use various EO data sources
and processing capabilities for generating the SDG 15.3.1 indicator at
different spatial scale and resolutions. It enables also the use of com-
ponents for model execution and orchestration (e.g., Virtual
Laboratory), knowledge management (e.g., Knowledge Base), and vi-
sualization (e.g., Dashboard). To demonstrate the scalability and flex-
ibility of the proposed approach, four different use case have been
implemented:

(1) Global model using the Google Earth Engine and MODIS data
(Fig. 4,

(2) European model using Copernicus DIAS platforms with Sentinel-2
data,

(3) National model using the Swiss Data Cube with Landsat data,

(4) Generic model using the GEOSS platform to access relevant data
sources that can be used as sub-indicators.

The main output of these models is pixel-based over the entire
landscape showing areas that are considered either degraded, stable or
improved according to the SDG15.3.1 indicator. This output can be
then aggregated at various administrative levels including the national
level. Furthermore, all this information is integrated into a dashboard
providing a consistent and comprehensible one-(web)page document
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Fig. 5. SDG15.3.1 dashboard at European scale (https://geoessential.unepgrid.ch/mapstore/#/dashboard/4).

allowing examination of the issue. This is exemplified by the following
example (Fig. 5):

This dashboard enables dynamically exploring the pixel-based map
as well as aggregated indicators at national and sub-national levels.
Maps, graph, table, and counters are synchronized and dynamically
updated according to the zoom level. It allows visualizing only the in-
formation on countries that are visible in the current zoom level.
Additionally, some text is provided to explain the issue of land de-
gradation and how the indicator is calculated. The dashboard ag-
gregates and provides a possible interpretation of the generated in-
formation: i.e. the current status and the temporal changes of the land
degradation index. Providing context to the calculated information, the
process generates knowledge.

Through the dashboard, users access the knowledge on land de-
gradation status directly provided by the value of the index. They also
access further knowledge through the generation of aggregated indices
and through visual analysis of spatial distribution through the visua-
lized maps.

All the generated information and knowledge are exposed with
well-recognized interfaces such as OGC standards for efficient dis-
covery, access and use. This makes data Findable, Accessible,
Interoperable and Reusable (FAIR) (Stall et al., 2019), (Wilkinson et al.,
2016) and greatly facilitate the sharing of data, information and
knowledge and contributing to major initiative like GEOSS. One of the
objectives of the Group on Earth Observation (GEO) is to provide full
and open access to EO data, information and knowledge required to
address unprecedented social, economic and environmental challenges
(Anderson et al.,, 2017). GEO is an intergovernmental organization
aiming to improve and coordinate global EO systems and promote
broad, open data sharing. The GEO community is building GEOSS to
improve observing systems integration and data sharing by inter-
connecting existing infrastructures using widely accepted standards
(Giuliani et al., 2016). The GEOSS portal (https://www.geoportal.org)
is the single web-based discovery and access point of EO resources from
various providers all over the world through GEOSS. It is aiming not

only to facilitate data and information accessibility but also help users
to generate and discover knowledge. To demonstrate the facilitated
access and integration of the model and outputs and the separation of
concerns proposed by the Model Web approach, the different compo-
nents of the workflow have been integrated into the GEOSS platform.
The following use scenarios have been defined:

1 An end-user wants to know what the situation of land degradation in
Europe is.

2 In the GEOSS portal and a for “Land degradation” is performed.

3 The user obtains a number of resources that matches his search
criteria.

4 Under the Knowledge tab, a description about the SDG15.3.1 in-
dicator is provided (Fig. 6). The user can then navigate deeper into
the knowledge.

5 The user discovers that four models are available: Global, European,
National, and Generic.

6 By selecting the European model, he finds that there are some data
available for visualization and download (Fig. 7) and an external
link to the dashboard previously mentioned.

7 He can discover three resource layers that can be loaded on the map:
indicators at national level; sub-national level, or at the pixel level
(1 km resolution). He selects the national data and his able to vi-
sualize it (Fig. 8).

8 He realizes that there is a Service associated to this model. The
GEOSS Platform associates the model to the actual processing ser-
vices that enable its computation, which the user can access and run
in a user-friendly way. In particular, he can inspect the process
workflow and search and select data as input to the service. In ad-
dition, he/she has the capability to choose a Cloud computing
platform of preference among the available (these include all the
DIAS Platforms and Amazon Web Services).

9 The user can now start the computation on the selected infra-
structure and wait for the results (Fig. 9).
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Fig. 7. Details on the European model with links to data download, visualization and dashboard.
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Fig. 8. SDG15.3.1 indicator at national level visualized in the GEOSS platform (https://www.geoportal.org).

The GEOSS Platform, version Data and Knowledge, is a next step in
the implementation of a result-oriented GEOSS responding to the user
need to access not only Earth Observation data but as well knowledge
and services, in support of scientific research as well as of decision and
policy making processes.

4. Discussion

The proposed approach is, to the knowledge of the authors, the first
attempts to provide a scalable and flexible framework to monitor land
degradation at different geographical scales in compliance with the
SDG15.3.1 indicator UN guidance and generate knowledge using EO
data to support SDGs. The proposed implementation was developed as a
proof-of-concept. Initial results indicate that using the DIKW model has
helped building a consistent and coherent data value chain to assess
land degradation. The implementation was successful and demon-
strated benefits, limitations and needs for further developments to
consolidate the approach.

Concerning the evidenced benefits, the approach has proven the
scalability (e.g., models at different geographical scales), flexibility
(e.g., different data sources, spatial and temporal resolutions, proces-
sing platforms) and reproducibility and exhaustivity (compared to na-
tional statistics). This enables more effective and efficient analysis of
EO data of various spatial and temporal dimensions. In particular, the
implemented workflow can be executed every year, creating a time-
series of land degradation information, and consequently creating the
basis of land monitoring service. The long-term monitoring capability
provided by Landsat and Copernicus programs is an additional benefit

capturing the evolution of LD since 1972 and envisioning a continuous
monitoring for the next 20 years. The implemented solution has also
demonstrated the potential of building data value chains following the
DIKW model and provides a solution for supporting decisions and
policy makers to obtain the required knowledge. This is a fundamental
pre-requisite to efficiently embed science into decision-making and
avoid the dissemination of fake information in a post-truth world.
Openness and transparency are essential to support more open and
reproducible science (Giuliani et al., 2019b). Finally, having the model
output disaggregated at the pixel-level can be a good complement to
traditional national statistics. Indeed, usually SDG indicators are mon-
itored from an economic perspective and are reported to the UN at the
country level meaning that users obtain one value per country. How-
ever, from a sustainable development perspective, including environ-
mental and societal aspects, it is necessary to have more spatial in-
formation. Indeed, without disaggregated indicators it is not possible to
capture spatial and temporal dynamics of environmental changes
(Anderson et al., 2017), (CEOS, 2018). The proposed solution can help
users exploring those dimensions and answering questions such as: How
many? Where? When? that are essential to support efficient and ef-
fective land management. These identified benefits illustrate, more
generally, how EO data play an insightful role in monitoring SDGs and
can complement official statistics provided by countries. In particular, it
shows the importance of focusing on Tier 2 applications because they
have accepted methodologies whereas Tier 3 likely needs more fun-
damental research before looking into EO opportunities.

The current implementation has some limitations since it was de-
veloped as a proof-of-concept, and is not yet readily usable for decision-
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Fig. 9. Trends.Earth model exposed in the VLab (https://vlab.geodab.org) and accessible/executable through the GEOSS platform (https://www.geoportal.org).

making. In terms of input data for the Trends.Earth model, currently it
is not possible to benefit from Sentinel-2 data because the time-series is
not sufficiently long for consistent analysis. Only Landsat can provide
an acceptable time-series to obtain reliable results. However, data fu-
sion approaches can enable defining harmonized Landsat and Sentinel-
2 surface reflectance time-series (Claverie et al., 2018). Another lim-
itation lays in the validation of the model outputs. Currently, depending
on the spatial scale, methodologies are often restricted to visual com-
parison to identify areas that are known to be degraded. When possible,
results obtained with the Trends.Earth model can be also compared
with authoritative data sources.

In terms of perspective, the emergence of continental scale data
cubes such as Digital Earth Africa (DEA - http://digitalearthafrica.org)
allows envisioning the possibility to develop high resolution land de-
gradation models at the regional scale using the proposed solution.
Indeed, the African continent is one of the regions in the World that is
severely affected by land degradation, and therefore providing timely
information and knowledge on degraded land and their evolution is
vital for ensuring the provision of ecosystem services (Wolff et al.,
2018). Land Cover Change and Carbon Stocks indicators can be im-
proved using newly available models and enhanced dataset. The EO
Data for Ecosystem Monitoring (EODESM) model facilitates regular
classification according to the Food and Agricultural Organization —
Land Cover Classification System (FAO - LCCS) and also includes
change detection and the production of maps revealing causes and
consequences (Lucas et al., 2018), (Lucas and Mitchell, 2017). Con-
cerning the Carbon Stocks sub-indicator, the SoilGrids database is
subject to large differences in estimates (Tifafi et al., 2018). Conse-
quently, we should consider using the Global Soil Organic Database that
may provide improved information to generate this sub-indicator. Fi-
nally, one of the great challenges of land degradation is the range of
models and datasets available and the possible bias to present different
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perspectives of degradation. Harmonizing models’ outputs and datasets
is therefore of primary importance. The proposed approach can be seen
as an initial step towards this objective giving the possibility to use
different data sources and possibly different models using the VLab. The
system can be also extended to link climate models, planning data and
the sub-indicators to derive a probability of future degradation and
ultimately operate as an early-warning system.

To stop land degradation progression, it is important to improve
capacities at national level to map their degraded lands and support
effective assessment mechanisms. The proposed approach can con-
tribute in such capacity development efforts. This can at the same time
ensure national ownership while retaining the flexibility for countries
to use their national data. To enhance national capacities to process,
interpret and validate geospatial data and information on land de-
gradation, the Group on Earth Observations (GEO) as launched in 2017
an initiative on Land Degradation Neutrality (https://www.earthob-
servations.org/activity.php?id = 149). This initiative is aiming at sup-
porting countries with readily available EO datasets and capacity de-
velopment, together with EO tools and platforms to assist countries to
efficiently and effectively monitor and report on SDG indicator 15.3.1
as well as sustaining the development of international standards,
methodologies and protocols for land degradation monitoring. The
presented approach can contribute to the objectives of this initiative.

To improve understanding and knowledge on drivers and impacts of
land degradation, the results of the models should be related to socio-
economic and other environmental data. This can possibly further help
decision-makers to identify the most adapted response. The developed
solution is contributing to the SDG indicators framework. However, it
can also contribute to other policy framework such as the Aichi targets
(Petrou et al., 2015). The flexibility provided by the implemented fra-
mework can therefore also facilitate contributions to multiple mon-
itoring programs.
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The discussed solution applies a co-designed and co-creation (i.e.
collaborative) approach. In particular, the development starts from a
clear policy need and coordinates the products and services offered by
many to address such a need. Contributions are connected according to
a well-defined and loosely coupled value chain in three main value-
adding stages: (1) information generation from data; (2) knowledge-
generation from information, and (3) actionable knowledge provision
to users. The presented solution can be seen as a possible template for
other collaborative efforts, addressing policy implementation (e.g. SDG
indicators generation), at various scales. It can help bringing together
different organizations to address national or regional policy needs and
then contribute to global assessment. From a governance perspective,
organization such as GEO and the linked Regional GEOs can help
connecting and facilitating the utilization of existing developments for
ICT and EO cross-fertilization. Finally, from a scientific perspective, the
proposed approach enhances reproducible science demonstrating the
benefits of open data, open source applications and algorithms, and the
use of FAIR data principles (Stall et al., 2019), (Wilkinson et al., 2016).

5. Conclusions

Land degradation is an important issue and land should be carefully
managed to reduce climate change, biodiversity loss, while at the same
time ensuring food security and sufficient provision of ecosystem ser-
vices. To achieve the objective of a stable functioning of the ecosystem,
it is critical to produce reliable knowledge on measurable targets, at
various scales and across disciplines, in order to efficiently support
evidence-based policymaking.

The proposed solution extends the Trends.Earth model to make it
more flexible and scalable (e.g., various data and processing platforms)
for building efficient data value chains following the Data-Information-
Knowledge-Wisdom framework in order to support effective decision-
making processes and informs about the limits of our planet. The initial
implementation has demonstrated that it is technically feasible to im-
plement a scalable and flexible approach to help monitoring land de-
gradation, in accordance to the UN SDG framework, and at various
geographical scales. It strengthens capacities to use EO data and can
complement existing reporting and statistical systems by making in-
formation more comprehensive and comparable. From a technical
perspective, the introduction of a model execution and orchestration
engine (e.g., VLab) together with a visualization tool (e.g. dashboard)
can support the generation of effective knowledge. Finally, from a sci-
entific perspective, the presented approach is a step towards more open
and reproducible science. This is essential to adequately embed science
into the decision-making process.

CRediT authorship contribution statement

Gregory Giuliani: Supervision, Conceptualization, Methodology,

Writing - original draft. Paolo Mazzetti: Conceptualization,
Methodology, Writing - review & editing. Mattia Santoro:
Methodology, Writing - review & editing. Stefano Nativi:

Conceptualization, Writing - review & editing. Joost Van Bemmelen:
Writing - review & editing, Methodology. Guido Colangeli: Writing -
review & editing, Methodology. Anthony Lehmann: Writing - review &
editing.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgments

The views expressed in the paper are those of the authors and do not

11

Int J Appl Earth Obs Geoinformation 88 (2020) 102068

necessarily reflect the views of the institutions they belong to. This
research was funded by European Commission “Horizon 2020
Program” ERA-PLANET/GEOEssential project, grant number 689443
and ECOPOTENTIAL, grand number 641762. The authors would like to
thank the Swiss Federal Office for the Environment (FOEN) for their
financial support to the Swiss Data Cube. Results of this publication are
partly or fully relying on the Swiss Data Cube (http://www.
swissdatacube.org), operated and maintained by UN Environment/
GRID-Geneva, the University of Geneva, the University of Zurich and
the Swiss Federal Institute for Forest, Snow and Landscape Research
WSL.

References

Selomane, O., Reyers, B., Biggs, R., Hamann, M., 2019. Harnessing insights from social-
ecological systems research for monitoring sustainable development. Sustainability
11 (January 4), 1190. https://doi.org/10.3390/su11041190.

Verburg, P.H., et al., 2015. Land system science and sustainable development of the earth
system: a global land project perspective. Anthropocene, vol. 12, 29-41. https://doi.
org/10.1016/j.ancene.2015.09.004. December.

Wood, S.L.R., et al., 2018. Distilling the role of ecosystem services in the Sustainable
Development Goals. Ecosyst. Serv. 29, 70-82. https://doi.org/10.1016/j.ecoser.
2017.10.010. February.

IPCC, 2019. Climate Change and Land - Summary for Policy Makers. Geneva, Switzerland.

IPBES, 2018. Summary for Policymakers of the Thematic Assessment of Land Degradation
and Restoration. IPBES secretariat, Bonn, Germany.

UNCCD, 2017a. Global Land Outlook. Bonn, Germany.

Giuliani, G., et al., 2017a. Live Monitoring of Earth Surface (LiMES): a framework for
monitoring environmental changes from Earth Observations. Remote Sens. Environ.
https://doi.org/10.1016/j.rse.2017.05.040.

Cowie, A.L., et al., 2018. Land in balance: the scientific conceptual framework for Land
Degradation Neutrality. Environ. Sci. Policy, vol. 79, 25-35. https://doi.org/10.
1016/j.envsci.2017.10.011. January.

Ghebrezgabher, M.G., Yang, T., Yang, X., Wang, C., 2019. Assessment of desertification in
Eritrea: land degradation based on Landsat images. J. Arid Land, vol. 11 (no. 3),
319-331. https://doi.org/10.1007/540333-019-0096-4. June.

Ivits, E., Cherlet, M., 2013. Land-Productivity Dynamics Towards Integrated Assessment
of Land Degradation at Global Scales. Publications Office of the European Union, EUR
- Scientific and Technical Research Reports.

Sims, N.C., et al., 2019. Developing good practice guidance for estimating land de-
gradation in the context of the United Nations Sustainable Development Goals.
Environ. Sci. Policy, vol. 92, 349-355. https://doi.org/10.1016/j.envsci.2018.10.
014. February.

Chasek, P., Akhtar-Schuster, M., Orr, B.J., Luise, A., Rakoto Ratsimba, H., Safriel, U.,
2019. Land degradation neutrality: the science-policy interface from the UNCCD to
national implementation. Environ. Sci. Policy, vol. 92, 182-190. https://doi.org/10.
1016/j.envsci.2018.11.017. February.

Gilbey, B., Davies, J., Metternicht, G., Magero, C., 2019. Taking Land Degradation
Neutrality from concept to practice: early reflections on LDN target setting and
planning. Environ. Sci. Policy, vol. 100, 230-237. https://doi.org/10.1016/j.envsci.
2019.04.007. October.

Metternicht, G., Akhtar-Schuster, M., Castillo, V., 2019. Implementing land degradation
neutrality: from policy challenges to policy opportunities for national sustainable
development. Environ. Sci. Policy, vol. 100, 189-191. https://doi.org/10.1016/j.
envsci.2019.07.010. October.

Dubovyk, O., 2017. The role of Remote sensing in land degradation assessments: op-
portunities and challenges. Eur. J. Remote. Sens., vol. 50 (no. 1), 601-613. https://
doi.org/10.1080/22797254.2017.1378926. January.

Gibbs, H.K., Salmon, J.M., 2015. Mapping the world’s degraded lands. Appl. Geogr., vol.
57, 12-21. https://doi.org/10.1016/j.apgeog.2014.11.024. February.

Nativi, S., Santoro, M., Giuliani, G., Mazzetti, P., 2019. Towards a knowledge base to
support global change policy goals. Int. J. Digit. Earth 1-29. https://doi.org/10.
1080/17538947.2018.1559367. April.

Lehmann, A., et al., 2017. Lifting the information barriers to address sustainability
challenges with data from physical geography and earth observation. Sustainability,
vol. 9 (May. 5), 858. https://doi.org/10.3390/5u9050858.

Costanza, R., et al., 2016. Modelling and measuring sustainable wellbeing in connection
with the UN Sustainable Development Goals. Ecol. Econ., vol. 130, 350-355. https://
doi.org/10.1016/j.ecolecon.2016.07.009. October.

Giuliani, G., Nativi, S., Obregon, A., Beniston, M., Lehmann, A., 2017b. Spatially enabling
the Global Framework for Climate Services: Reviewing geospatial solutions to effi-
ciently share and integrate climate data & information. Clim. Serv., vol. 8, 44-58.
https://doi.org/10.1016/j.cliser.2017.08.003.

European Commission, 2014. A European Strategy on the Data Value Chain. Brussels,
Belgium.

Curry, E., 2016. The Big data value Chain: definitions, concepts, and theoretical ap-
proaches. In: Cavanillas, J.M., Curry, E., Wahlster, W. (Eds.), New Horizons for a
Data-Driven Economy: A Roadmap for Usage and Exploitation of Big Data in Europe.
Cham: Springer International Publishing, pp. 29-37.

Ackoff, R.L., 1999. From data to wisdom. Ackoff’s Best. J. W. & Sons, New York, pp.
170-172.


http://www.swissdatacube.org
http://www.swissdatacube.org
https://doi.org/10.3390/su11041190
https://doi.org/10.1016/j.ancene.2015.09.004
https://doi.org/10.1016/j.ancene.2015.09.004
https://doi.org/10.1016/j.ecoser.2017.10.010
https://doi.org/10.1016/j.ecoser.2017.10.010
http://refhub.elsevier.com/S0303-2434(19)31186-9/sbref0020
http://refhub.elsevier.com/S0303-2434(19)31186-9/sbref0025
http://refhub.elsevier.com/S0303-2434(19)31186-9/sbref0025
http://refhub.elsevier.com/S0303-2434(19)31186-9/sbref0030
https://doi.org/10.1016/j.rse.2017.05.040
https://doi.org/10.1016/j.envsci.2017.10.011
https://doi.org/10.1016/j.envsci.2017.10.011
https://doi.org/10.1007/s40333-019-0096-4
http://refhub.elsevier.com/S0303-2434(19)31186-9/sbref0050
http://refhub.elsevier.com/S0303-2434(19)31186-9/sbref0050
http://refhub.elsevier.com/S0303-2434(19)31186-9/sbref0050
https://doi.org/10.1016/j.envsci.2018.10.014
https://doi.org/10.1016/j.envsci.2018.10.014
https://doi.org/10.1016/j.envsci.2018.11.017
https://doi.org/10.1016/j.envsci.2018.11.017
https://doi.org/10.1016/j.envsci.2019.04.007
https://doi.org/10.1016/j.envsci.2019.04.007
https://doi.org/10.1016/j.envsci.2019.07.010
https://doi.org/10.1016/j.envsci.2019.07.010
https://doi.org/10.1080/22797254.2017.1378926
https://doi.org/10.1080/22797254.2017.1378926
https://doi.org/10.1016/j.apgeog.2014.11.024
https://doi.org/10.1080/17538947.2018.1559367
https://doi.org/10.1080/17538947.2018.1559367
https://doi.org/10.3390/su9050858
https://doi.org/10.1016/j.ecolecon.2016.07.009
https://doi.org/10.1016/j.ecolecon.2016.07.009
https://doi.org/10.1016/j.cliser.2017.08.003
http://refhub.elsevier.com/S0303-2434(19)31186-9/sbref0105
http://refhub.elsevier.com/S0303-2434(19)31186-9/sbref0105
http://refhub.elsevier.com/S0303-2434(19)31186-9/sbref0110
http://refhub.elsevier.com/S0303-2434(19)31186-9/sbref0110
http://refhub.elsevier.com/S0303-2434(19)31186-9/sbref0110
http://refhub.elsevier.com/S0303-2434(19)31186-9/sbref0110
http://refhub.elsevier.com/S0303-2434(19)31186-9/sbref0115
http://refhub.elsevier.com/S0303-2434(19)31186-9/sbref0115

G. Giuliani, et al.

Rowley, J., 2007. The wisdom hierarchy: representations of the DIKW hierarchy. J. Inf.
Sci., vol. 33 (April. 2), 163-180. https://doi.org/10.1177/0165551506070706.
Rockstrom, J., Bai, X., deVries, B., 2018. Global sustainability: the challenge ahead. Glob.

Sustain., vol. 1. https://doi.org/10.1017/sus.2018.8.

Griggs, D., et al., 2013. Sustainable development goals for people and planet. Nature, vol.
495 (March. 7441), 305-307.

Lehmann, A., Maso, J., Nativi, S., Giuliani, G., 2019a. Towards integrated essential
variables for sustainability. Int. J. Digit. Earth 1-29.

United Nations, 2015. Transforming Our World: the 2030 Agenda for Sustainable
Development. New York.

Anderson, K., Ryan, B., Sonntag, W., Kavvada, A., Fried], L., 2017. Earth observation in
service of the 2030 Agenda for Sustainable Development. Geo-spatial Inf. Sci. 1-20.
https://doi.org/10.1080/10095020.2017.1333230. June.

United Nations Statistical Division, 2018. SDG Indicator 15.3.1 - Metadata.

UNCCD, 2017b. Good Practice Guidance - SDG Indicator 15.3.1.

CEOS, 2018. Satellite Earth Observations in Support of the Sustainable Developement
Goals. European Space Agency.

Group on Earth Observations, 2017. Earth Observations in Support of the 2030 Agenda
for Sustainable Development.

Burkhard, B., Kroll, F., Miiller, F., Windhorst, W., 2009. Landscapes ‘Capacities to Provide
Ecosystem Services — a Concept for Land-Cover Based Assessments. Landsc. Online,
vol. 15, 1-22. https://doi.org/10.3097/10.200915. January.

Ban, Y.F., Gong, P., Gini, C., 2015. Global land cover mapping using Earth observation
satellite data: recent progresses and challenges. Isprs. J. Photogramm, vol. 103, 1-6.
https://doi.org/10.1016/j.isprsjprs.2015.01.001. May.

Andrew, M.E., Wulder, M.A., Nelson, T.A., 2014. Potential contributions of remote sen-
sing to ecosystem service assessments. Prog. Phys. Geog., vol. 38 (June. 3), 328-353.
https://doi.org/10.1177/0309133314528942.

Oehri, J., Schmid, B., Schaepman-Strub, G., Niklaus, P.A., 2017. Biodiversity promotes
primary productivity and growing season lengthening at the landscape scale. PNAS
201703928. https://doi.org/10.1073/pnas.1703928114. September.

Stumpf, F., Keller, A., Schmidt, K., Mayr, A., Gubler, A., Schaepman, M., 2018. Spatio-
temporal land use dynamics and soil organic carbon in Swiss agroecosystems. Agric.
Ecosyst. Environ., vol. 258, 129-142. https://doi.org/10.1016/j.agee.2018.02.012.
April.

Hengl, T., et al., 2017. SoilGrids250m: global gridded soil information based on machine
learning. PLoS One, vol. 12 (February. 2), €0169748. https://doi.org/10.1371/
journal.pone.0169748.

Gonzalez-Roglich, M., et al., 2019. Synergizing global tools to monitor progress towards
land degradation neutrality: Trends.EArth and the World Overview of Conservation
Approaches and Technologies sustainable land management database. Environ. Sci.
Policy, vol. 93, 34-42. https://doi.org/10.1016/j.envsci.2018.12.019. March.

Fu, B,, Zhang, L., Xu, Z., Zhao, Y., Wei, Y., Skinner, D., 2015. Ecosystem services in
changing land use. J. Soils Sediments, vol. 15 (April. 4), 833-843. https://doi.org/10.
1007/511368-015-1082-x.

Bojinski, S., Verstraete, M., Peterson, T.C., Richter, C., Simmons, A., Zemp, M., 2014. The
concept of essential climate variables in support of climate research, applications,
and policy. Bull. Am. Meteorol. Soc., vol. 95 (September 9), 1431-1443. https://doi.
org/10.1175/BAMS-D-13-00047.1.

Pereira, H.M.,, et al., 2013. Essential biodiversity variables. Science, vol. 339 (January.
6117), 277-278. https://doi.org/10.1126/Science.1229931.

Meyer, D., Riechert, M., 2019. Open source QGIS toolkit for the Advanced Research WRF
modelling system. Environ. Model. Softw., vol. 112, 166-178. https://doi.org/10.
1016/j.envsoft.2018.10.018. February.

Gorelick, N., Hancher, M., Dixon, M., Ilyushchenko, S., Thau, D., Moore, R., 2017. Google
earth engine: planetary-scale geospatial analysis for everyone. Remote Sens.
Environ., vol. 202, 18-27. https://doi.org/10.1016/j.rse.2017.06.031.

Pasquarella, V.J., Holden, C.E., Kaufman, L., Woodcock, C.E., 2016. From imagery to
ecology: leveraging time series of all available Landsat observations to map and
monitor ecosystem state and dynamics. Remote Sens. Ecol. Conserv. https://doi.org/
10.1002/rse2.24. p. n/a-n/a.

Pettorelli, N., et al., 2018. Satellite remote sensing of ecosystem functions: opportunities,
challenges and way forward. Remote Sens. Ecol. Conserv., vol. 4 (June. 2), 71-93.
https://doi.org/10.1002/rse2.59.

Lehmann, A., et al., 2019b. GEOEssential — mainstreaming workflows from data sources
to environment policy indicators with essential variables. Int. J. Digit. Earth 1-17.
https://doi.org/10.1080/17538947.2019.1585977. April.

Nativi, S., Mazzetti, P., Geller, G.N., 2013. Environmental model access and interoper-
ability: the GEO Model Web initiative. Environ. Model. Softw., vol. 39, 214-228.
https://doi.org/10.1016/j.envsoft.2012.03.007.

Mazzetti, P., et al., 2016. Integration of data and computing infrastructures for earth
science: an image mosaicking use-case. Earth Sci. Inform. 1-18. https://doi.org/10.
1007/s12145-016-0255-5.

European Commission, 2018. The DIAS: User-friendly Access to Copernicus Data and
Information.

Craglia, M., Hradec, J., Nativi, S., Santoro, M., 2017. Exploring the depths of the global

12

Int J Appl Earth Obs Geoinformation 88 (2020) 102068

earth observation system of systems. Big Earth Data 1-26. https://doi.org/10.1080/
20964471.2017.1401284. November.

Asmaryan, S., et al., 2019. Paving the Way towards an Armenian Data Cube. Data, vol. 4
(September. 3), 117. https://doi.org/10.3390/data4030117.

Giuliani, G., et al., 2017c. Building an earth observations data cube: lessons learned from
the swiss data cube (SDC) on generating analysis ready data (ARD). Big Earth Data,
vol. 1 (November 1), 1-18. https://doi.org/10.1080/20964471.2017.1398903.

Giuliani, G., Chatenoux, B., Piller, T., Moser, F., Lacroix, P., 2019a. Data Cube on Demand
(DCoD): Generating Earth Observation Data Cube anywhere. Int. J. Appl. Earth Obs.
Geoinf Submitted.

Provenzale, Antonello, Nativi, S., 2017. Comprehensive and coordinated approach of
GEOSS to ecosystem challenges. Terrestrial Ecosys. Res. Infrastruct.

Paruelo, J.M., Texeira, M., Staiano, L., Mastrangelo, M., Amdan, L., Gallego, F., 2016. An
integrative index of Ecosystem Services provision based on remotely sensed data.
Ecol. Indic., vol. 71, 145-154. https://doi.org/10.1016/j.ecolind.2016.06.054.
December.

Pettorelli, N., Vik, J.O., Mysterud, A., Gaillard, J.-M., Tucker, C.J., Chr, N., 2005.
Stenseth, “Using the satellite-derived NDVI to assess ecological responses to en-
vironmental change,”. Trends Ecol. Evol., vol. 20 (September. 9), 503-510. https://
doi.org/10.1016/j.tree.2005.05.011.

Easdale, M.H., et al., 2019. Trend-cycles of vegetation dynamics as a tool for land de-
gradation assessment and monitoring. Ecol. Indic., vol. 107, 105545. https://doi.org/
10.1016/j.ecolind.2019.105545. December.

Plummer, S., Lecomte, P., Doherty, M., 2017. The ESA Climate Change Initiative (CCI): A
European contribution to the generation of the Global Climate Observing System.
Remote Sens. Environ., vol. 203 (no. Supplement C), 2-8. https://doi.org/10.1016/j.
rse.2017.07.014. December.

Santoro, M., Nativi, S., Mazzetti, P., 2016. Contributing to the GEO Model Web im-
plementation: a brokering service for business processes. Environ. Model. Softw., vol.
84, 18-34. https://doi.org/10.1016/j.envsoft.2016.06.010.

Santoro, M., Mazzetti, P., Nativi, S., 2019. The VLab: a cloud-based platform to share and
execute scientific models. Geophys. Res. Abstracts, vol. 21.

Giuliani, G., et al., 2011. Sharing environmental data through GEOSS. Int. J. Appl.
Geospat. Res., vol. 2 (no. 1), 1-17. https://doi.org/10.4018/jagr.2011010101.

van Ginkel Kees, C.H., Hoekstra Arjen, Y., Joost, Buurman, Hogeboom Rick, J., 2018.
Urban Water Security Dashboard: Systems Approach to Characterizing the Water
Security of Cities. J. Water Resour. Plan. Manag., vol. 144 (December. 12),
04018075. https://doi.org/10.1061/(ASCE)WR.1943-5452.0000997.

Fegraus, E.H., et al., 2012. Interdisciplinary decision support dashboard: a new frame-
work for a tanzanian agricultural and ecosystem service monitoring system pilot. Ieee
J. Stars, vol. 5 (December 6), 1700-1708. https://doi.org/10.1109/Jstars.2012.
2204864.

Stall, S., et al., 2019. Make scientific data FAIR. Nature, vol. 570 (June. 7759), 27.
https://doi.org/10.1038/d41586-019-01720-7.

Wilkinson, M.D., et al., 2016. The FAIR Guiding Principles for scientific data management
and stewardship. Sci. Data, vol. 3, 160018. https://doi.org/10.1038/sdata.2016.18.
March.

Giuliani, G., et al., 2016. Bringing GEOSS services into practice: a capacity building re-
source on spatial data infrastructures (SDI). Trans. Gis, vol. 21 (no. 4), 811-824.
https://doi.org/10.1111/tgis.12209.

Giuliani, G., Camara, G., Killough, B., Minchin, S., 2019b. Earth Observation Open
Science: Enhancing Reproducible Science Using Data Cubes. Data, vol. 4 (December.
4), 147. https://doi.org/10.3390/data4040147.

Claverie, M., et al., 2018. The Harmonized Landsat and Sentinel-2 surface reflectance
data set. Remote Sens. Environ., vol. 219, 145-161. https://doi.org/10.1016/j.rse.
2018.09.002. December.

Wolff, S., Schrammeijer, E.A., Schulp, C.J.E., Verburg, P.H., 2018. Meeting global land
restoration and protection targets: What would the world look like in 2050? Glob.
Environ. Chang. Part A, vol. 52, 259-272. https://doi.org/10.1016/j.gloenvcha.
2018.08.002. September.

Lucas, R., Mitchell, A., Manakos, I., Blonda, P., 2018. The earth obsevation data eco-
system monitoring (eodesm) system. IGARSS 2018 - 2018 IEEE International
Geoscience and Remote Sensing Symposium 8985-8987. https://doi.org/10.1109/
IGARSS.2018.8519474.

Lucas, R., Mitchell, A., 2017. Standardised Satellite-Based Classfifications of Land Covers
in Protected Areas and Surrouding Landscapes.

Tifafi, M., Guenet, B., Hatté, C., 2018. Large differences in global and regional total soil
carbon stock estimates based on SoilGrids, HWSD, and NCSCD: intercomparison and
evaluation based on Field Data From USA, England, Wales, and France. Global
Biogeochem. Cycles, vol. 32 (no. 1), 42-56. https://doi.org/10.1002/
2017GB005678.

Petrou, Z.1., Manakos, I., Stathaki, T., 2015. Remote sensing for biodiversity monitoring: a
review of methods for biodiversity indicator extraction and assessment of progress
towards international targets. Biodivers. Conserv., vol. 24 (September 10),
2333-2363. https://doi.org/10.1007/s10531-015-0947-z.


https://doi.org/10.1177/0165551506070706
https://doi.org/10.1017/sus.2018.8
http://refhub.elsevier.com/S0303-2434(19)31186-9/sbref0130
http://refhub.elsevier.com/S0303-2434(19)31186-9/sbref0130
http://refhub.elsevier.com/S0303-2434(19)31186-9/sbref0135
http://refhub.elsevier.com/S0303-2434(19)31186-9/sbref0135
http://refhub.elsevier.com/S0303-2434(19)31186-9/sbref0140
http://refhub.elsevier.com/S0303-2434(19)31186-9/sbref0140
https://doi.org/10.1080/10095020.2017.1333230
http://refhub.elsevier.com/S0303-2434(19)31186-9/sbref0150
http://refhub.elsevier.com/S0303-2434(19)31186-9/sbref0155
http://refhub.elsevier.com/S0303-2434(19)31186-9/sbref0160
http://refhub.elsevier.com/S0303-2434(19)31186-9/sbref0160
http://refhub.elsevier.com/S0303-2434(19)31186-9/sbref0165
http://refhub.elsevier.com/S0303-2434(19)31186-9/sbref0165
https://doi.org/10.3097/LO.200915
https://doi.org/10.1016/j.isprsjprs.2015.01.001
https://doi.org/10.1177/0309133314528942
https://doi.org/10.1073/pnas.1703928114
https://doi.org/10.1016/j.agee.2018.02.012
https://doi.org/10.1016/j.agee.2018.02.012
https://doi.org/10.1371/journal.pone.0169748
https://doi.org/10.1371/journal.pone.0169748
https://doi.org/10.1016/j.envsci.2018.12.019
https://doi.org/10.1007/s11368-015-1082-x
https://doi.org/10.1007/s11368-015-1082-x
https://doi.org/10.1175/BAMS-D-13-00047.1
https://doi.org/10.1175/BAMS-D-13-00047.1
https://doi.org/10.1126/Science.1229931
https://doi.org/10.1016/j.envsoft.2018.10.018
https://doi.org/10.1016/j.envsoft.2018.10.018
https://doi.org/10.1016/j.rse.2017.06.031
https://doi.org/10.1002/rse2.24
https://doi.org/10.1002/rse2.24
https://doi.org/10.1002/rse2.59
https://doi.org/10.1080/17538947.2019.1585977
https://doi.org/10.1016/j.envsoft.2012.03.007
https://doi.org/10.1007/s12145-016-0255-5
https://doi.org/10.1007/s12145-016-0255-5
http://refhub.elsevier.com/S0303-2434(19)31186-9/sbref0255
http://refhub.elsevier.com/S0303-2434(19)31186-9/sbref0255
https://doi.org/10.1080/20964471.2017.1401284
https://doi.org/10.1080/20964471.2017.1401284
https://doi.org/10.3390/data4030117
https://doi.org/10.1080/20964471.2017.1398903
http://refhub.elsevier.com/S0303-2434(19)31186-9/sbref0275
http://refhub.elsevier.com/S0303-2434(19)31186-9/sbref0275
http://refhub.elsevier.com/S0303-2434(19)31186-9/sbref0275
http://refhub.elsevier.com/S0303-2434(19)31186-9/sbref0280
http://refhub.elsevier.com/S0303-2434(19)31186-9/sbref0280
https://doi.org/10.1016/j.ecolind.2016.06.054
https://doi.org/10.1016/j.ecolind.2016.06.054
https://doi.org/10.1016/j.tree.2005.05.011
https://doi.org/10.1016/j.tree.2005.05.011
https://doi.org/10.1016/j.ecolind.2019.105545
https://doi.org/10.1016/j.ecolind.2019.105545
https://doi.org/10.1016/j.rse.2017.07.014
https://doi.org/10.1016/j.rse.2017.07.014
https://doi.org/10.1016/j.envsoft.2016.06.010
http://refhub.elsevier.com/S0303-2434(19)31186-9/sbref0310
http://refhub.elsevier.com/S0303-2434(19)31186-9/sbref0310
https://doi.org/10.4018/jagr.2011010101
https://doi.org/10.1061/(ASCE)WR.1943-5452.0000997
https://doi.org/10.1109/Jstars.2012.2204864
https://doi.org/10.1109/Jstars.2012.2204864
https://doi.org/10.1038/d41586-019-01720-7
https://doi.org/10.1038/sdata.2016.18
https://doi.org/10.1038/sdata.2016.18
https://doi.org/10.1111/tgis.12209
https://doi.org/10.3390/data4040147
https://doi.org/10.1016/j.rse.2018.09.002
https://doi.org/10.1016/j.rse.2018.09.002
https://doi.org/10.1016/j.gloenvcha.2018.08.002
https://doi.org/10.1016/j.gloenvcha.2018.08.002
https://doi.org/10.1109/IGARSS.2018.8519474
https://doi.org/10.1109/IGARSS.2018.8519474
http://refhub.elsevier.com/S0303-2434(19)31186-9/sbref0365
http://refhub.elsevier.com/S0303-2434(19)31186-9/sbref0365
https://doi.org/10.1002/2017GB005678
https://doi.org/10.1002/2017GB005678
https://doi.org/10.1007/s10531-015-0947-z

	Knowledge generation using satellite earth observations to support sustainable development goals (SDG): A use case on Land degradation
	Introduction
	Methodology
	SDG15.3.1 definition and calculation
	System architecture and implementation
	Data - sub-indicators generation
	From information to SDG indicator calculation
	From knowledge to visualization and representation


	Results
	Discussion
	Conclusions
	CRediT authorship contribution statement
	mk:H1_12
	Acknowledgments
	References


