
Academic Editor: Adrianos Retalis

Received: 13 June 2025

Revised: 11 July 2025

Accepted: 13 July 2025

Published: 24 July 2025

Citation: Arnold, S.; Smith, G.;

Strand, G.-H.; Hazeu, G.; Bock, M.;

Kosztra, B.; Perger, C.; Banko, G.;

Soukup, T.; Sanz, N.V.; et al. Recent

Advances in the EAGLE

Concept—Monitoring the Earth’s

Surface Based on a New Land

Characterisation Approach. Land 2025,

14, 1525. https://doi.org/10.3390/

land14081525

Copyright: © 2025 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 (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Article

Recent Advances in the EAGLE Concept—Monitoring the Earth’s
Surface Based on a New Land Characterisation Approach
Stephan Arnold 1, Geoffrey Smith 2,*, Geir-Harald Strand 3 , Gerard Hazeu 4 , Michael Bock 5, Barbara Kosztra 6,
Christoph Perger 7 , Gebhard Banko 8, Tomas Soukup 9, Nuria Valcarcel Sanz 10, Stefan Kleeschulte 11 ,
Julián Delgado Hernández 12 and Emanuele Mancosu 13

1 Geo Concept, Gärtnerweg 49, 60322 Frankfurt am Main, Germany; stephan.arnold@geo-concept.de
2 Specto Natura Ltd., 9 College Road, Impington, Cambridge CB24 9PL, UK
3 Norwegian Institute of Bioeconomy Research, NO-1431 Ås, Norway; ghs@nibio.no
4 Wageningen Environmental Research, Droevendaalsesteeg 3, 6708 PB Wageningen, The Netherlands;

gerard.hazeu@wur.nl
5 EO4Earth, German Aerospace Research and Technology Centre, Königswinterer Strass 522-524, 53227 Bonn,

Germany; eo4earth@raeume.info
6 Lechner Non-Profit Ltd., 59 Budafoki Str. E/3, H-1111 Budapest, Hungary;

barbara.kosztra@lechnerkozpont.hu
7 Spatial Focus GmbH, Absberggasse 27/7/3, 1100 Vienna, Austria; christoph.perger@spatial-focus.net
8 Environment Agency Austria, Spittelauer Lände 5, 1090 Vienna, Austria;

gebhard.banko@umweltbundesamt.at
9 Gisat, Milady Horákové 57a, 170 00 Prague, Czech Republic; tomas.soukup@gisat.cz
10 Ministry of Science, Innovation and Universities, Paseo de la Castellana, 162, 28064 Madrid, Spain;

nuria.valcarcel@ciencia.gob.es
11 Space4environment Sàrl, 48, rue Gabriel Lippmann, L-6947 Niederanven, Luxembourg;

kleeschulte@space4environment.com
12 Spanish National Geographic Institute, Calle del Gral. Ibáñez de Ibero, 3, Chamberí, 28003 Madrid, Spain;

jdhernandez@mitma.es
13 European Topic Centre, University of Malaga, Edificio de Investigación Ada Byron, Arquitecto Francisco

Peñalosa, 18, Campanillas, 29010 Málaga, Spain; emanuele.mancosu@uma.es
* Correspondence: geoffsmith@specto-natura.co.uk

Abstract

The demand for land monitoring information continues to increase, but the range and
diversity of the available products to date have made their integrated use challenging and,
at times, counterproductive. There has therefore been a growing need to enhance and
harmonise the practice of land monitoring on a pan-European level with the formulation
of a more consistent and standardised set of modelling criteria. The outcome has been a
paradigm shift away from a “paper map”-based world where features are given a single,
fixed label to one where features have a rich characterisation which is more informative,
flexible and powerful. The approach allows the characteristics to be dynamic so that, over
time, a feature may only change part of its description (i.e., a forest can be felled, but it
may remain as forestry if replanted) or it can have multiple descriptors (i.e., a forest may
be used for both timber production and recreation). The concept proposed by the authors
has evolved since 2008 from first drafts to a comprehensive and powerful tool adopted by
the European Union’s Copernicus programme. It provides for the semantic decomposition
of existing nomenclatures, as well as supports a descriptive approach to the mapping of
all landscape features in a flexible and object-oriented manner. In this way, the key move
away from classification towards the characterisation of the Earth’s surface represents a
novel and innovate approach to handling complex land surface information more suited to
the age of distributed databases, cloud computing and object-oriented data modelling. In
this paper, the motivation for and technical approach of the EAGLE concept with its matrix
and UML model implementation are explained. This is followed by an update of the latest
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developments and the presentation of a number of experimental and operational use cases
at national and European levels, and it then concludes with thoughts on the future outlook.

Keywords: land cover; land use; classification; characterisation; object oriented; modelling;
semantic analysis; descriptive composition

1. Introduction
1.1. Background

The monitoring of land use and land cover (LULC) is among the most fundamental
environmental survey efforts required to support policy development and effective land-
scape management. There are many national, European and international policies which
target the environment and aim for the comprehensive, ambitious and long-term protection
of nature and sustainable land management. Information on LULC plays a key role in
a large number of European environmental directives and regulations, such as the Birds
Directive, Habitats Directive, Water Framework Directive, Common Agriculture Policy
(CAP) and Biodiversity Strategy for 2030 [1]. More recently, the Nature Restoration Law,
which has set binding targets for EU member states to restore degraded ecosystems, was
adopted in June 2024 and will require LULC information for the submission of National
Restoration Plans [2]. All these policies hope to reverse the degradation of ecosystems and
the alarming loss of natural capital that undermine our wellbeing and prosperity; however,
without sufficient, reliable, regular and interoperable land surface information, they will
be ineffective.

Many current environmental issues are directly related to land surface properties
and processes, such as habitats, biodiversity, phenology, soil condition, the distribution of
plant species and ecosystem services. They are also impacted by external issues related to
population growth, land take, resource extraction and climate change. Human existential
activities and behaviour (living, working, production, education, supplying, recreation,
mobility and communication, socialising) also have significant impacts on the environment
through the occupation of the land surface by settlements, transportation and industrial
infrastructure, agriculture, forestry, the exploitation of natural resources and tourism. The
land surface, the negative change of state of which can only—if at all—be reversed with
huge efforts, is therefore a crucial ecological factor, an essential economic resource and
a key societal determinant for all spatially relevant basic functions of human existence
and, not least, nations’ sense of identity. Land thus plays a central role in all three factors
of sustainable development: ecology, economy and society [3], and its variability and
complexity are difficult, if not impossible, to capture in a simple fashion.

1.2. Current Practice

To be able to manage the land in a sustainable manner and provide fundamental
information for evidence-based land-related decisions, it is crucial to understand the status,
condition and change processes on the Earth’s surface. Over time, a huge number and
variety of methods have been developed to measure the land and monitor the environment
for land management, policy implementation or taxation [4]. Given its ability to provide
regular, consistent, global, synoptic and fine-spatial-resolution measurements, Earth Obser-
vation (EO) has become a key data source for producing LULC information. The EO-based
LULC products to date have tended to be produced independently of each other at the
global, European, national and subnational levels, as well as across different disciplines and
sectors, each of them focusing on a fairly similar end product but with different emphases
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on thematic content and depth, spatial detail and temporal reference. This independent
and uncoordinated production can be explained and justified by the large variation in the
objectives and requirements of these products, but it leads to reduced interoperability and
sometimes also to the duplication of work and, thereby, the inefficient use of resources
(Nedd, Light, Owens, James, Johnson & Anandhi [5]).

Conventionally, land monitoring has relied on the classification approach, meaning
the association of a single label from a predefined legend with each feature being mapped.
Classification embodies a structured method of organising data into categories based
on predefined, specific criteria. Each classification system is bound to the purposes it
was designed for and consequently incorporates the generalisation of the complex and
variable real world. It is used to facilitate analysis and comparison, which work only
within the scope of the chosen nomenclature. The categorisation of land into different
classes is based on expert judgement and subjective assumptions, and often both the initial
capture and later re-extraction of information are dependent on interpreting the data.
The broad needs of land monitoring systems have led to the development of numerous
and non-compatible kinds of classification systems and nomenclatures (for example, the
Land Utilisation Survey of Great Britain (Environment Agency [6]), the United States
Geological Survey (Anderson, Hardy, Roach, Witmer [7]) and the Land Cover Classification
System (Di Gregorio, Jansen [8])) to feed the multitude of applications with LULC data (Di
Gregorio & O’Brien [9]). Most of these nomenclatures contain an intimate mixture of land
cover and land use information and are likely to result in different subdivisions between
classes and differing levels of thematic granularity. Each application emphasises particular
aspects of land cover and land use related to specific end user requirements and purposes.
Additionally, the thematic coverage of a nomenclature is often controlled by the landscape
situations in the geographic regions it is designed to represent. For instance, the European
CORINE Land Cover (Büttner [10]) nomenclature does not include tropical forests and
mangroves as specific classes, whereas global nomenclatures focus more on them due to
their global importance. Finally, nomenclatures can and should evolve over time, where
the initial class structures and definitions need to adapt to and align with the capabilities of
the satellite sensors used, but this must be handled carefully.

1.3. Problem Setting

Due to the tailoring-to-purpose approaches adopted by classification/product system
designers, it is often difficult or even impossible to compare or transfer information between
different classification systems because they do not match each other’s purposes (e.g.,
between a crop type map and an urban planning map). Also, certain specific landscape
situations which are not consistently covered by any of the predefined classes have to
be somehow classified with the limited available set of labels, even though none of the
predefined class labels really match the specific landscape reality (see Figure 1).

Figure 1. An illustration of the match (✓) and mismatch (?) between the landscape reality (upper
line) and a predefined classification system (lower line), represented by coloured geometries. Some
landscape situations have a direct relationship (e.g., green), but others may be ambiguous (e.g.,
orange and purple) or even missing completely (e.g., white) (figure created by the authors).
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As a result, the different data collection methods, different spatial scales, tailored-
to-purpose definitions and lack of completeness within nomenclatures hamper the data
transfer from one application/classification system to another and thus form an obstacle
for data reuse and cross-border and interdisciplinary data integration. Also, the variation
in the products among them and over time limits the reliability of the changes detected
between instances.

A good example of this problem and the differences in class definitions was identified
and described by Comber, Fisher and Wadsworth [11] when they considered the question
“what is land cover?”. By examining the definitions of “forest”, a commonly used land
cover (and land use) term across different countries, it turned out that the same label could
have a range of meanings when looking at the combination of tree height and canopy cover
(see Figure 2). The same label can therefore represent very different landscape situations,
even in neighbouring countries and when the region is covered by the same environmental
policies. In consequence, the use of these labels without fully understanding their meanings
has dramatic impacts on downstream applications, on statistical accounting and, finally,
on local, regional and especially global decision making. For instance, efforts to curtail
deforestation require reliable assessments of the current forest area, yet the definitions for
what a forest exactly means differ significantly across countries, institutions and epistemic
communities (Côte, Wartmann & Purves [12]).

Figure 2. The variation in the minimum physical requirements of canopy cover and tree height used
to define a “Forest” across the globe with different nomenclatures. Figure from Comber, Fisher and
Wadsworth [11].

The technical circumstances of land monitoring and the ability to generate LULC infor-
mation have developed significantly over recent years. The quality and repetitive provision
of affordable satellite imagery, the cost of computing power, the availability of data storage
capacities and the range of methodologies have evolved rapidly, which now opens new ap-
proaches to the extraction of land information from remote sensing data (Zhang & Li [13]).
In parallel, thematic requirements and political reporting obligations have also evolved
and have required a higher level of detail and greater urgency. Quick and robust responses
need to be found to address climate change and other environmental challenges caused
by local actions with global consequences. Therefore, a common understanding of LULC
information associated with local phenomena and characteristics within the global context
is crucial to provide the fundamental basis for monitoring and decision-making processes.
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Two strong constraints in knowledge creation can therefore be identified: one is
access to data, and the other is the understanding of data for the subsequent extraction
of actionable information. Once a decision maker or citizen has gained access to spatial
information from one or more data sources relevant to their needs and duties, the issue of
product compatibility and interoperability still remains.

1.4. Problem Solving

To address the first constraint, Copernicus, the EO component of the European Union’s
Space programme, offers data and information services that are built on satellite EO and in
situ sources. The Sentinel constellation of EO satellites provides unprecedented amounts
of image data suitable for producing LULC information. The European Environment
Agency (EEA) has been delegated as the Entrusted Entity for the implementation of the
pan-European and local components of the Copernicus Land Monitoring Service (CLMS)
to produce such products. In parallel, NASA has opened the Landsat archive, and the
commercial sector has also developed EO systems that complement the acquisitions by
publicly owned systems. Thus, the constraints of data and information paucity and access
have now been largely removed.

The second challenge, to develop the standards and specifications to allow the inter-
operability of land information and maximise the exploitation of the derived products, still
remains and is the focus of this paper.

The EEA has been responsible for organising the production of the CORINE Land
Cover (CLC) map (Ferenac, Soukup, Hazeu & Jaffrain [14]), a de facto standard for Eu-
ropean land monitoring, for over three decades, providing LULC status and change in-
formation at 6-year intervals. More recently, the European Environment Information and
Observation Network (Eionet) [15] has supported the harmonisation of national monitoring
at the EU level and improved synergies with pan-European land cover activities. In this
regard, since 2008, the EAGLE Group [16] has been developing a solution and proof of
concept to support a semantic and technical framework for a European harmonised infor-
mation management capacity for land monitoring. The targeted strategy aims to step out of
the situation of being trapped in circling around the search for the one perfect compromise
nomenclature that fits multiple requirements and dismantle the dilemma of classification.

The work of the EAGLE Group has resulted in the “EAGLE concept”, which directly
addresses the issues which have been described above. Initially, the idea was just to
enhance the existing classification system of the CLC map to make it more flexible and
precise, but soon after starting the work, the potential for more use cases beyond the CLC
map arose, offering a new general approach to land description and the harmonisation
of nomenclatures.

The work of the EAGLE Group fits into the evolving realisation that fixed leg-
ends/nomenclatures and hard classifications were a limiting factor in the development
of land monitoring. In the early 2000s, the National Land Use Database (NLUD) (Har-
rison [17]) was developed in the U.K. to support the sustainable development of land
resources in both urban and rural contexts and inform the development of policies across
all areas of human activity. The NLUD split the description of features into distinct land
cover and land use components with internal hierarchical structures. In the late 2000s, the
European Commission’s INSPIRE (Infrastructure for Spatial Information in the European
Community) directive (European Parliament [18]) and the Land Use and Cover Area Frame
Survey (LUCAS) (EuroStat [19]) followed a similar approach when defining their themes for
spatial data. The EAGLE Group continued this conceptual development, which manifested
in a data model to address many of the issues around LULC mapping (Arnold, Kosztra,
Banko, Smith, Hazeu, Bock & Valcarcel Sanz [20]; Arnold, Smith, Hazeu, Kosztra, Perger,
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Banko, Soukup, Strand, Valcarcel Sanz & Bock [21]; Arnold [22]). This then began to be
seen as part of a road map for harmonised European land monitoring during the mid-2010s
(Kleeschulte, Soukup, Hazeu, Smith, Arnold & Kosztra [23]; Arnold, Hazeu & Valcarcel
Sanz [24]). Once the basic idea to clearly and comprehensively distinguish between the
themes LC and LU within semantic systems was established, other stakeholders and ini-
tiatives, like ISO standards 19144-2 (Land Cover Meta Language—LCML [25]) (Mosca, Di
Gregorio, Henry, Jalal & Blonda [26]) and 19144-3 (Land Use Meta Language—LUML [27]),
continued the trend.

This paper therefore builds on the earlier EAGLE Group work and provides the current
status of the concept. It has evolved over time and, since the most recent round of upgrades,
has now reached a relatively stable version which can be deployed widely and consistently.
It has been adopted over recent years by the EEA to support the specification of some
of the CLMS products, and a number of European, national and subnational initiatives
have adopted its concepts to deliver more powerful, flexible and multi-use products. It is
therefore becoming the cornerstone of European land monitoring within the Copernicus
programme. This paper will therefore describe (i) the concepts set out in the EAGLE data
model, (ii) recent updates, (iii) its wall-to-wall implementation with the CLMS and (iv)
its specialised regional downstream uses. It will conclude by describing how the EAGLE
concept fits into wider LULC standard initiatives, the unique strengths it brings to the table
and opportunities for its future extension and evolution.

To complete this introduction, it should be noted that this paper is not a conventional
report on setting and testing a scientific hypothesis against empirical or statistical samples
but is rather a report on the concept’s state of play and on collected experiences from
applied use cases.

2. Characterisation with the EAGLE Approach
The EAGLE approach is a paradigm shift away from a “paper map”-based world

where features are given a single label from a fixed nomenclature to one where features
have a rich characterisation which describes them more completely. This approach is more
flexible and powerful, as it allows the description of a feature to be extended if new data or
requirements emerge, and it allows detailed questions to be asked about a specific aspect of
a feature. It also allows each of the individual characteristics to be dynamic so that a feature
may only change part of its description during an update. For instance, a forested area can
be felled, and its land cover becomes bare ground, but its land use may remain as forestry
if it is intended to be replanted. Also, features may have multiple and complementary
characteristics, such as a forest with multiple uses for timber production and recreation or
a field with multiple land covers during a crop-growing cycle.

This section will present the EAGLE approach by describing the two technical mani-
festations of the concept: the EAGLE matrix (an Excel sheet) and the EAGLE data model
(in UML format). These two variants are tools to move from the classification towards
the characterisation of landscape features and phenomena. This section also includes a
description of the key tools for semantic analysis and design and lists some of the latest
upgrades to the model.

The list of EAGLE model elements has evolved since the first drafts in 2009 to become
a comprehensive representation of characteristics not restricted to only EO data as the input
source of information. To populate some of these elements, data sources beyond EO data
are needed, such as in situ measurements or observations. This means that the design of
the concept is purely semantic and is not bound or restricted to a particular type of input
data source.
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This paper will focus on the description of land units as areal objects, leaving aside
point and linear features, in terms of the elements of the EAGLE data model. The elements
are, in the main, organised in a hierarchical pattern of increasing thematic granularity with
the coarsest levels of detail designated as thematic blocks.

The latest versions of the EAGLE matrix and UML data model, including textual
documentation, can be found in the CLMS EAGLE document archive [28].

2.1. EAGLE Matrix

The matrix consists of three blocks of EAGLE elements. The first two blocks enforce
the principle of a clear separation between the two main themes of land cover and land
use. These two blocks are therefore referred to as the land cover components (LCCs) and
land use attributes (LUAs). A third block represents a broad range of land characteristics
(LCHs), adding further details either related to the land cover and land use information
held in the first two blocks or about an independent property related to the land unit. All
three blocks are designed according to a hierarchical structure, with parent (higher-level)
elements and child (subordinated) elements (Figures 3 and 4).

Figure 3. This figure illustrates the top-level block subdivision and the overall hierarchical structure
of the EAGLE matrix in a horizontal form, which will be explained in more detail below in Figure 4
(figure created by the authors).

The LCC block contains a rather limited but comprehensive set of elements and is
relatively stable over time and between version releases. In theory, the concept is able to
assign any unit of the Earth’s surface to one or more of these land cover components.

The LUA block also aims to be comprehensive in the sense that any land use can
be assigned to one of the elements in the block. However, if not listed explicitly as a
land use attribute, it should at least be possible to locate an appropriate land use under a
parent element.

All entries on all levels in the LCC and LUA blocks can be used as descriptive elements
for a feature or class.

The LCH block is also structured hierarchically, but here the upper levels are mostly
headings or subheadings, and only the lowest level (apart from a few exceptions) contains
the descriptive elements (as the information carrier) of the actual land characteristics.
For example, “Built-up characteristics” and “Built-up pattern” cannot in themselves be
descriptive elements, but one of the end points, such as “Single Blocks, Discontinuous”,
can be an element. One exception is the module LCH Crop Types, where there are also
groups of crops like “Cereals” (as an intermediate category, with for example “arable crops”
above and “wheat” below) which can also be used as descriptive elements. The difference
between a heading and a descriptive element is like speaking about “colour” as the heading
and “blue” as the element that carries the distinct information itself.
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Figure 4. The details of the EAGLE matrix LCC, LUA and LCH blocks. However, due to their
level of granularity, they are still in a reduced form, with hierarchical levels marked on the left
side and neighbouring and subordinate parts indicated by points in brackets [. . .] (figure created by
the authors).

To find a common language when speaking about the EAGLE matrix, a few expressions
are used to address specific parts of the matrix. This is helpful when working on the matrix
or when communicating about the matrix among users and developers:

• Matrix blocks: The three main blocks of the matrix are the LCC, LUA and LCH
elements. These are the first entry points into the content of the matrix structure.

• Matrix module: The matrix module is a collection of matrix elements that refers to
a certain topic or phenomenon (e.g., Water Characteristics), main land cover com-
ponent (e.g., Biotic/Vegetation Characteristics) or land use type (e.g., Agricultural
Land Management).

• Matrix segment: The matrix segment is the section of the matrix module that con-
tains a coherent group of elements under a thematic heading (e.g., Water Regime
under the module Water Characteristics, or Cultivation Practice under the mod-
ule Agricultural Land Management). The segments may be subdivided into sub-
segments (subheadings).

• Matrix elements: This is a neutral term to address all entries (LCCs, LUAs, LCHs) in
the entire matrix (and model) as elements. Matrix elements are all of the lowest and
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most important levels of the LCH matrix block, where the single values are listed to
store the characteristic information of a feature in particular, plus all entries of the
LCC and LUA blocks throughout the hierarchical levels.

There are two variants of the matrix, a horizontal form and a vertical form, which
are both identical in terms of content. The horizontally arranged matrix (illustrated in the
figures above) more intuitively shows the hierarchical structure of the elements. However,
handling the matrix and applying the bar-coding method (see below) is easier with the
vertical form of the matrix.

2.2. EAGLE Data Model

The EAGLE concept also exists as a data model written in the UML (Unified Modelling
Language). Content-wise, it mirrors the EAGLE matrix with all the elements of the three
LCC, LUA and LCH matrix blocks included.

One of the main uses of the EAGLE approach is to describe and document classification
systems. In this case, the feature addressed by the EAGLE data model is thus the individual
class within a classification system which initially was used to label mapped objects (land
units). In the EAGLE approach, the class is then described content-wise by one LCC or a
combination of several LCCs to list the land cover aspect of the class. In addition to the
LCCs, the description can be enriched by LUAs to recognise the associated land uses. Each
selected LCC, as well as the entire class, can be further described with the addition of LCHs
(Figure 5).

 
Figure 5. A simplified schematic of the EAGLE UML model. Each dataset contains from one to many
land units, which themselves are composed of one LCC or several LCCs. Each LCC, and also the
land unit, can be attributed by one or more LUAs and can be further enriched by a collection of LCHs
attached to the LCC or the land unit (figure created by the authors).

Although intended for use as a metalanguage and a tool to describe, document and
transform various existing (and future) classification systems, the EAGLE approach can
obviously also be used as the basis for a classification system in its own right. In this case,
the features addressed by the model are the land units themselves, and the EAGLE matrix
is used to populate the individual units with relevant land information.
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The data model has a hierarchical structure that is based on the LCCs. Underneath
the main land unit is a hierarchical tree with all the LCCs as UML classes. The LCHs are
embedded as UML attributes (formed of codelists and codelist values) within each LCC
model class, where relevant and on an appropriate hierarchical level, from where they
are inherited.

2.3. EAGLE Bar Coding

The bar-coding approach is a way of using the EAGLE matrix for the semantic analysis
and design of classes by allocating EAGLE elements and then scoring them appropriately,
where the numbers called “Bar Code Values” give the chosen elements a certain role in
the characterisation.

2.3.1. Semantic Analysis

The main intended application area for the EAGLE model is the semantic analysis
of existing nomenclatures and their classes by decomposing them into EAGLE elements.
This step is vital to examine the comparability of different nomenclatures and to allow
datasets to be combined, such as in bottom-up integration or change detection. This
analysis also allows ambiguities and gaps (e.g., missing land cover and land use types)
within nomenclatures to be identified.

To formalise the description of classes, the “bar-coding” method was developed,
which aims to transfer the information content of textual class definitions from a given
nomenclature to a standardised ontological expression in terms of the EAGLE matrix.
The elements of the EAGLE matrix allow class definitions to be semantically composed
and decomposed. Practically speaking, the bar coding is performed by screening the
textual definitions of a given class, identifying all the relevant land cover, land use and
characteristic aspects of the class, recording these elements in the EAGLE matrix and
marking their corresponding values. In doing so, many matrix elements will remain blank
except the ones that matter for expressing the semantically decomposed class into the
EAGLE taxonomy. When entered into a database, the bar-coding results are also machine-
readable, making them far more useful.

In more detail, Figure 6 shows an example of the textual definition of a CLC class
which has been decomposed into the relevant EAGLE matrix blocks within which the
descriptor statements can be assigned to EAGLE elements.

Figure 6. An illustration of how to identify EAGLE-relevant fragments from the textual definition of
the CLC class “321 Natural Grassland” that carry information about the land cover, land use and
further characteristics (or parameters), which can each be related to the elements of the EAGLE LCC,
LUA and LCH blocks, respectively (figure created by the authors).
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The bar coding then selects and assigns values to all the relevant LCC, LUA and LCH
elements from the matrix that describe the specific class.

The available bar-coding values (BCVs) associated with each element are as follows:

• The value 0 means that the element is absent from or irrelevant to the definition of
the class;

• The value 1 means that the element typically and/or occasionally appears in the
class definition;

• The value 2 means that one or more of these elements must be present (i.e., selective
mandatory) in the class definition;

• The value 3 means that all of these elements must be present (i.e., cumulative manda-
tory) in the class definition;

• The value 4 means that at least two of these elements must be present in the
class definition;

• The value 5 means that only this single element is relevant to the class definition (i.e.,
the EAGLE element and the class definition are identical);

• The value X means that the element must not occur or is excluded by the class definition.

The bar-coding exercise results in a standardised and concise representation of a
semantically decomposed class definition using a sequence of BCV codes (from where the
inspiration for the term “bar code” was derived). The bar-coded example in Figure 7 is the
next step in the process of decomposing the illustrated class definition example in Figure 6.
In this case, the “CLC 321 Natural Grassland” class is made up of a set of LCC and LCH
elements. It must contain Graminoids (BCV of 3) and may potentially contain other land
cover components (BCV of 1), but it also must exclude certain land management practices
(BCV of X).

 

Figure 7. A summary of the EAGLE LCC and LCH elements which are relevant for the semantic
description of the CLC class 321 Natural Grassland. In addition to listing each relevant element, they
also received a role through the BCVs, such as mandatory (3), optional/typical (1) or excluded by
definition (X) (figure created by the authors).
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This bar-coding approach therefore streamlines the process of representing complex
information about different classes, making it easier to handle visually and to compare
them with similar classes from other classification systems.

Figure 8 summarises the action of screening the textual definitions of a class within a
nomenclature for terms that relate to land cover, land use or other characteristic information.
More detail can be found in the online nomenclature description of the analysed class in
Figure 7 [29].

Figure 8. An illustration of the process of screening the textual definitions of a given class from a
particular nomenclature within a mapping guide (left) to identify the relevant EAGLE model/matrix
elements (middle) which, in their combined composition, represent the class definition (right) (figure
created by the authors).

2.3.2. Semantic Design

The converse process to “bar coding” a class from a nomenclature can also be per-
formed with the EAGLE concept when designing a new classification system. In this
case, the user can select a collection of matrix elements (that they consider manda-
tory/optional/typical/excluded by definition) for a new class which the user wishes
to define in a nomenclature. By reviewing the bar codes, the user can determine whether
there are any ambiguities between each of the proposed classes and whether all of the
required landscape characteristics, represented by the EAGLE elements, are being mapped.
Once the bar codes for the classes have been agreed upon, the selected EAGLE elements
can be used to prepare textual definitions and support the development of mapping guides.
Figure 9 illustrates the action of preparing a required land composition by searching
for terms that relate to land cover, land use or other characteristic information of the
proposed class.
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Figure 9. An illustration of the process of preparing the composition of a proposed class within a
nomenclature to identify the relevant model/matrix elements which, when combined, best represent
the class definition (figure created by the authors).

2.3.3. Direct Description of Land Units

A third application of the EAGLE matrix/model is the description of the actual spatial
units within the landscape by choosing the model elements to represent the features which
can be identified in the field or from other geospatial data sources. The information about
spatial units can be stored in a database, e.g., through a mapping campaign, using the
EAGLE data model. It is a more individualised approach that can be applied for single
features or groups of them, compared to the more systematic approach of semantically
analysing a nomenclature which embraces an entire dataset.

2.4. Recent EAGLE Developments

The latest version of the EAGLE concept at the time of writing this paper is v3.2 (the
EAGLE document archive with a link to the latest EAGLE version plus documentation [28]).
Since the first published version, the matrix and model have evolved in terms of their
thematic extent and have gained more complexity and versatility. Here, a selection of new
elements and changes are highlighted, comparing them to the previous distribution version
(v3.1.2). The changes between the two versions focus on the adding, renaming, replacing
or deletion of matrix elements. Most of the changes have been made in the LCH block, and
only a limited number were made in the LCC and LUA blocks.

A major focus of the changes has been the matrix module of the LCH “Agricultural
Land Management”. The revision of crop types was required to untangle the subdivid-
ing criteria (e.g., cultivation purpose, harvest method, etc.) in the previous version that
were oriented around a crop nomenclature used at the European level to administer the
agricultural subsidies paid to the farmers under the CAP. These revisions have made the
EAGLE matrix semantically more independent from policy changes. The new crop types
focus on the form of the crop and the part of the plant which is harvested considering
botanical aspects. The previously interwoven aspects of cultivation purposes have now
been given their own matrix segment independent from the crop types. In response to the
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new CLMS product HRL Vegetated Land Cover Characteristics (VLCCs), the crop season
(winter, summer, year-round) became important, which now has its own short segment
within the matrix. Matrix segments for crop rotation and cultivation were added, and the
segment for grazing was extended to provide a richer description of livestock management.
A list of the most common forest tree species was also added, under the existing segment
“Forest Land Management”.

Beyond the Land Management part in the matrix, other minor but not less impor-
tant changes have been made. In particular, the LCC was extended to be more aligned
with the CLMS HRL VLCC Grassland Layers. Also, some LUAs were simplified to disen-
tangle a historical land cover association which can actually be covered by LCCs. LCH
additions were also made related to groundwater, mining practices, climate zones and
terrain characteristics.

Some more general issues were addressed related to the structure of the EAGLE matrix.
Each EAGLE matrix element has three identifiers: the URI (Uniform Resource Identifier),
the label code and the label name. When starting to build downstream services based on
the EAGLE ontology, it was decided that the URI should be the stable identifier which
shall not change. Label codes and label names, however, can be changed when useful or
necessary, without jeopardising the ontology of the established system. The user of any
service normally only sees the label code and label name, while the URI is used as a unique
identifier by the software system in the background. The EAGLE URIs are now listed and
maintained permanently within the Eionet Data Dictionary (Eionet [30]).

2.5. Comparison of the EAGLE Matrix and Model: Advantages and Disadvantages

The EAGLE matrix and model are two different technical manifestations of the same
concept, and both forms have their own advantages and drawbacks.

The advantages of the matrix are the ease of access to the technical representation in
the form of a tabular sheet (Excel). The user does not need any sophisticated software tools
or skills to engage with the concept. Further, the matrix gives a well-structured overview of
the entire inventory of EAGLE matrix elements in a hierarchical order for each of the three
matrix blocks. With the EAGLE matrix, the bar-coding method (see Section 2.3.1. above)
can be applied easily.

However, the matrix is limited in its machine-readable handling of complex landscape
situations or class definitions where several LCCs play a role and each of them is combined
with different LUAs or LCHs. In such cases, human intelligence is needed to read the
correct and meaningful connections between the bar-coded elements (for example, only
trees or bushes can be broadleaved, while buildings cannot).

The advantage of the UML model is that it is possible to connect it to a physical
database that contains geometric objects. With combinations of LCCs, LUAs and LCHs as
UML classes and attributes, the model can be applied in an object-oriented approach, as
well as to describe entire classes in an abstract way. In doing so, complex situations can also
be described because the logic connection between a specific LCC or a group of LCCs and its
attached LUAs and LCHs can be expressed directly in a machine-readable way, without the
need for the human logic interpretation of the connectivity. Where the matrix determines
the hierarchical structure of elements, the UML model carries the logic connection between
all the LCCs and its possible LUAs and LCHs because the latter are anchored directly
within the UML classes as UML attributes. They are placed at the highest possible (parent)
level to allow inheritance to the lower (child) levels. Such a model design prevents the user
from making illogical connections between LCCs and LCHs because the direct placement
of LCHs as UML attributes only allows certain combinations of LCCs and LCHs. Such
semantic information can be stored as machine-readable data and can be exchanged and
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compared with other databases that also use the UML to express taxonomies or ontologies.
Also, the UML model is open to the concept of linked data.

The obvious drawback of the UML model is the necessity for high levels of technical
knowledge in data modelling required by the user to work with it.

2.6. Proof-of-Concept Use Case for Semantic Nomenclature Analysis

Ideally, a logically and consistently structured nomenclature is designed so that a
subdivision feature is applied only at a single hierarchical level for all branches of the
nomenclature it affects. Otherwise, there is the risk of overlapping class definitions. In
reality, this principle is not always feasible, depending on the content focus and scope of
a nomenclature.

In 2019, the EAGLE Group conducted a semantic analysis of the nomenclature for
the new CLMS Priority Area Monitoring product “Coastal Zones” (CZs). The report to
the EEA has not been published in detail. The aim of this analysis was to examine the
internal consistency of this nomenclature with regard to the criteria used for the hierarchical
structure, and also its compatibility with other existing Priority Area Monitoring products.
With the help of the EAGLE concept, the authors examined which types of criteria and
characteristics were used at the four hierarchical levels (Levels 1–4) for the creation and
subdivision of classes and how frequently they were used to design and structure the
nomenclature. Further, the analysis addressed different categories of issues, such as
overlapping definitions, doublets in class naming, hierarchical logic and thematic content.

The analysis came to the following conclusions:

• Regarding the number of classes, the version of CZ nomenclature tested had 8 classes
on Level 1, 25 on Level 2, 54 on Level 3 and 15 on Level 4. This means that not all
the subdivisions reached from Level 1 down to Level 4, but most of them found their
bottom line on Level 3; only urban classes and wetlands were subdivided till Level 4.

• From a total of 18 different class criteria, 5 of them were applied on Level 1, 12 on
Level 2, another 12 on Level 3 (partly the same as in Level 2) and 2 on Level 4. Thus,
Level 2 and Level 3 experienced by far the most diverse subdivision in the hierarchical
structure. In total, through all the levels, the most frequently used criteria to subdivide
classes were land cover (23 times), land use (33), habitat types (12), spatial context (11),
cultivation measures (5), forestry practises (6), landforms (6) and spatial patterns (5).

• Often, many criteria were used to define or subdivide classes. The subdivision took
place based partly on multiple-criterion selection: a total of 77 class definitions were
based on a single criterion, 26 subdivisions were based on double criteria and in
2 cases, even triple criteria were used.

• Further, in six cases, some sub-classes were flagged as doublets, indicating where a
child class has the same or a very similar name as the parent class and does not contain
enough differences from the parent class to truly be a sub-class. In addition, three
cases of overlapping class names/content were identified.

After handing over the results in the form of a report to the EEA, most of the identified
aspects of the CZ nomenclature design were fixed in the final version. However, the general
issue of tailoring to purpose remains a critical point when discussing the classification
versus characterisation of land surfaces.
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3. Implementation of the EAGLE Concept
Over the past decade the EAGLE concept has been adopted in various use cases,

either directly or by adapting its main principles, at the regional, national and international
levels. The EAGLE concept is flexible enough to be adapted at larger scales, not only at
the pan-European level to describe wall-to-wall landscape inventories but also in very
specific thematic fields like the hyperspectral detection of urban surface material types or
the distinction of crop types in arable land and how they are managed. This section reports
on some of these examples, demonstrating variants of how the problems of conventional
classification systems were addressed by implementing the characterisation approaches
behind the EAGLE concept.

3.1. Copernicus Land Monitoring Service CLCplus Product Suite

The most important and comprehensive use case of the EAGLE concept is imple-
mented within the CORINE Land Cover second-generation (CLCplus) product suite [31],
which is part of the CLMS. As the name suggests, CLCplus is not a replacement for the CLC
but is meant to complement and extend the current time series of LULC products. It has
been known for some time that the original CLC was not adequate for modern applications
due to its coarse spatial resolution and use of a nomenclature which incorporated both land
cover and land use properties within the same classes.

The EEA engaged the EAGLE Group Incoreto develop the overall concept for CLCplus
(Figure 10) and define the following product components, based on the needs of the EEA
and rooted in the ideas behind the EAGLE model:

• CLCplus Backbone is a spatially detailed, large-scale inventory in 10 m raster format
(and vector format, providing a geometric spatial structure attributed with the raster
data) for landscape features with limited but robust EO-based land cover informa-
tion on which to build other products. The thematic detail was derived from the
EAGLE LCCs.

• CLCplus Core is a consistent multi-use 1 ha grid database repository for environmental
land monitoring information populated with a broad range of land cover (including
but not limited to CLCplus Backbone), land use and ancillary data from the CLMS
and other sources. CLCplus Core forms the information engine to deliver and support
tailored thematic information requirements. CLCplus Core represents a complete
implementation of the EAGLE data model for each grid cell. The grid approach
of CLCplus Core will enable the user to combine various thematic data domains
beyond LULC information (e.g., environmental monitoring, habitat types, meteorology,
population census data, hazards and risks), which all refer to the standardised and
geometrically stable and scalable grid cells.

• CLCplus Instances are the user-facing end points or final products in the CLCplus
product suite. There may potentially be multiple “instances” with different spec-
ifications and for different purposes. They will be a derived raster/grid product
from the CLCplus Core and will provide LULC monitoring with an improved spatial
and thematic performance, relative to the current CLC, for reporting and assessment.
The instances can be tailored towards different application domains. For example,
CLCplus LULUCF is an important use case for greenhouse gas accounting.

• The final element of the conceptual design, although not strictly a new product, is the
ability to continue to produce the existing CLC (with an MMU of 25 ha and the current
44 LULC classes), which may be referred to as CLCplus Legacy in the future, which
already has a well-established and agreed-upon specification.
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Figure 10. An integration schema of the input EO and non-EO data that is ingested through the
EAGLE dictionary into the CLCplus Core database to derive various products known as instances
(figure created by the authors).

3.2. INSPIRE Data Specification

During the implementation process of the European INSPIRE directive, a connection
between the INSPIRE model (INSPIRE geoportal web page [32]) and the EAGLE model
was established. As with the EAGLE, the INSPIRE foresaw the separation of land cover
and land use properties. The pure land cover components of the INSPIRE theme land cover
strongly (but not completely) relate to the LCCs of the EAGLE model, and the LUAs of
the EAGLE are very similar to the Hierarchical INSPIRE Land Use Classification System
(HILUCS). The EAGLE UML data model carries an anchor to the UML model from the
data specifications on the INSPIRE theme land cover. Both UML models are connected on
the level of the LandCoverUnit/LandUnit. The codelist of “Pure Land Cover Components”
(INSPIRE PLCC) from these data specifications fall back to and can be mapped with the
EAGLE LCCs. The EAGLE LUA data relate to the HILUCS from the data specifications of
the INSPIRE theme land use (Figure 11).

 

Figure 11. Connection between the INSPIRE data model for the themes land cover and land use and
the EAGLE UML data model. The land unit within the INSPIRE model can refer to land units in the
EAGLE model (red arrow) (figure created by the authors).
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3.3. National Examples

The EAGLE approach is scale-independent and can be applied over any region. This
section describes some national examples which highlight how the EAGLE concept has
been used as a conceptual basis or semantic tool.

3.3.1. Germany: New LC/LU Feature-Type Catalogue

A semantic analysis using the EAGLE matrix was applied to the feature-type catalogue
(GeoInfoDok ATKIS/ALKIS) of the German land surveying authorities (AdV). ATKIS is
the topographic–cartographic information system, while ALKIS is the real estate cadastral
information system. Both systems use the same application schema but with differences in
their minimum mapping units and numbers of mandatory feature types and attributes.

Using the EAGLE bar-coding method, the definitions of all the ATKIS/ALKIS feature
types and attributes were semantically checked regarding their thematic content related
to land cover and land use. Based on the results, two new separate nomenclatures on LC
(“Landbedeckung”) and LU (“Landnutzung”) (AdV [33,34]) were designed to:

• Disentangle the mixing of these two themes within the current ATKIS/ALKIS
nomenclature;

• Insert new feature types or attributes to complete the catalogue in terms of missing
land cover and land use aspects;

• Create a separate nomenclature for each of the two themes: land cover and land use.

The old version of the ALKIS application schema only allowed a land unit to be
labelled with one single feature type, while the new nomenclature of “Landnutzung”
allows for the assignment of additional land use types to the same land unit. Multi-usage
land units can therefore be described closer to reality instead of the previous dilemma of
having to choose only one land use type and missing out on others, for example, a central
railway station that also contains a shopping mall and a food court, or a parking lot that
specifically belongs to an airport. This multiple labelling of land units was also laid out in
the EAGLE concept.

3.3.2. France: Occupation of Soil at Large Scale (OCS GE)

In 2017, the EAGLE Group presented the concept to the Institut National de
l‘Information Géographique et Forestière (IGN) in France, who then initiated a project to
create a national land cover/land use product. The IGN has developed a sophisticated
product called “Occupation de Sol a Grande Èchelle OCS GE” (Occupation of Soil at Large
Scale). Using the EAGLE principle of the clear separation between LCs and LUs, they have
implemented two aspects of information named “couverture du sol” and “usage du sol”.
The hierarchically structured classes of the French nomenclature are based on the EAGLE
LCCs and LUAs (and thus also the INSPIRE HILUCS).

Transport networks like roads, railways and other stable linear features were used
to build the geometric framework of the land units in the dataset in a similar way to the
approach for the vector version of CLCplus Backbone. A wall-to-wall polygon dataset
of France has been produced for the years 2017/2018 and 2021, with updates for 2024
in production. Comprehensive documentation about the data organisation and content
definitions can be found online (IGN France [35]).

3.3.3. Italy: A 2012–2020 Map of Italy

The Italian Institute for Environmental Protection and Research (ISPRA) produces
high-spatial- and -thematic-resolution land use and land cover data and maps that can
serve as a national reference for conducting analyses of the state of the landscape for
studying natural and anthropogenic processes. They are responsible for the production
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and updating of freely accessible national LULC data derived from a range of different
sources (e.g., CLMS products). All ISPRA LU and LC products are defined in compliance
with the EAGLE approach.

The methodology (De Fioravante, Strollo, Assennato, Marinosci, Congedo & Mu-
nafò [36]) integrates CLMS and national data for the production of a land cover map
capable of supporting applications, such as ecosystem service assessments. Using this
process, the final maps were produced from the local and pan-European components of
the CLMS: the Priority Are Monitoring Urban Atlas, Riparian Zones and Natura 2000, and
the pan-European CLC and HRLs. The input data were reclassified thematically according
to an EAGLE-compliant classification system and merged into a 10 m spatial resolution
land cover map of Italy. The work used a sixteen-class classification system defined in
accordance with the EAGLE and organised into five levels (Table 1). The classification
system was based on previous activities and was improved to maintain the thematic detail
offered by the CLMS and national input data. The first three class levels align well with
the EAGLE LCCs. The wetland class and the fourth and fifth classification levels of the
hierarchy are based on the EAGLE LCHs.

Table 1. The Italian nomenclature built on EAGLE components (table adapted from De Fioravante,
Strollo, Assennato, Marinosci, Congedo and Munafò [36]).

Land Cover

Level I Level II Level III Level IV Level V

1
Abiotic non-vegetated

surfaces

11 Artificial abiotic

12 Natural
abiotic

121 Consolidated (bare rocks, cliffs)
122 Unconsolidated (beaches, dunes, sands)

2
Biotic vegetated

surfaces

21
Woody

vegetation

211 Trees

2111 Broad-leaved
2112 Needle-leaved

2113
Permanent

crops

21131 Orchards
21132 Olive groves

21133 Wood
plantations

212 Shrubs
2121 Vineyards
2122 Shrubland

22
Herbaceous
vegetation

221 Periodically 2211 Pastures
2212 Arable land

222 Permanent

3 Water surfaces
31 Water bodies

32 Permanent snow and ice

4 Wetlands

The Italian land cover-, land use- and ecosystem-type maps are therefore a strong
example of CLMS integration through the use of the EAGLE data model as an integral
centrepiece of land information.

3.4. GENLIB: Developing a Generic Framework for the Library-Based Mapping of Urban Areas

The GENLIB research project proposes the concept of a Generic Urban Spectral Library
(GUSL) to address the challenges of urban mapping and to help streamline production.
The GUSL is defined as a multi-site collection of richly labelled spectral libraries, equipped
with the tools needed to query, transform and apply these libraries for various urban
mapping applications.

While the scope of this project covers only urban environments, with a particular
focus on artificial land cover types, the authors of the GUSL note that its framework can be
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extended to serve other remote sensing application domains, like forestry, agriculture and
soil science, to detect the plant species types or stress conditions of vegetation cover.

The EAGLE concept was adapted by working with LCC Artificial and its subtypes
from the EAGLE matrix and combining them with entries from the Artificial Surface
Material Types (under the LCH block). Also, the GENLIB project gave input to insert and
extend the EAGLE matrix module of Artificial Surface Material Types to make it even more
useable for such applications.

4. Discussion
The EAGLE concept is not another new classification system to be added to the

existing long list. Instead, it is a tool to address the ambiguities within nomenclatures
and the comparability between them regarding the terms and definitions they apply. The
fundamental idea is to have such a tool as a semantic centrepiece within a land monitoring
framework, and for it to act as a vehicle to allow for comparisons and translations between
different product nomenclatures.

The EAGLE concept embodies a new approach for land monitoring initiatives fol-
lowing an object-oriented approach in landscape modelling. It promotes the paradigm
shift from single-value-coded conventional classification techniques, e.g., labels, to a multi-
variable descriptive characterisation. Landscape features are then characterised by multiple
attributes rather than forced into a single discrete category, which is only partially represen-
tative of reality. As data producers move away from traditional, hierarchical classifications
towards object-oriented approaches, the tools used for the documentation and transforma-
tion of the classification systems must follow suit.

Each landscape feature then contains a set of descriptive attributes not only from which
an understanding of the feature can be derived but which can also be exploited to derive
thematically detailed feature-specific properties that would be impossible with conventional
classification schemes. In this way, it aims at providing a basis for an integrated multi-
use framework.

The main tenets of the EAGLE approach are therefore as follows:

• A single data model as an integral centrepiece of a land information system providing
semantic links between a broad range of products.

• A concept that comprises a data model that stores information about land cover
components, land use attributes and further characteristics. Elements are defined to
be comprehensive and granular enough for multiple uses.

• A means of describing features, nomenclatures and their classes in terms of funda-
mental elements. A class within a nomenclature should be accompanied by a clear
and unambiguous definition as part of a mapping guide to support interpretation.
The EAGLE concept can be used to review these mapping guides, identify gaps and
ambiguities and suggest the need for clarification.

• A mechanism for the semantic translation of classes between nomenclatures and a
framework for comparing and evaluating nomenclatures, and for comparisons and
translations/equivalences among different classification systems. Once the meanings
of the labels have been fully described, then the elements they represent can be
compared to see if they are similar enough to be combined.

• A model that is flexible enough in its structure or hierarchy to allow for the integration
of new model elements or modules where possible.

• A common basis for designing the specification of future products to make them
more interoperable.
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• An approach which works both bottom-up, i.e., when aggregating individual products
into a greater whole, and top-down, i.e., when sharing information produced centrally
across multiple subregions.

In general, the EAGLE concept and its data model can be applied in two main ways.
Firstly, it can be used as a vehicle to analyse and show the comparability and differences
between different LULC classification systems and legends on an abstract semantic level.
Secondly, it can be used as a guidance document for LULC mapping programmes to directly
capture parameterised information and describe real landscape situations as an instantiated
application of the model.

The more flexible and comprehensive object-oriented approach avoids the loss of
information about landscape details, which is inevitable when applying a strict classification
approach with fixed class definitions or fixed thresholds.

With its thematically neutral approach and enough application flexibility within the
architecture, the EAGLE concept addresses many different user communities and working
domains. In particular, data modelling architectures, multi-dimensional data cubes and
linked data are appropriate approaches to build up a multi-purpose structure for data
storage, information analysis and statistical timelines and correlations.

When deploying a real-world implementation of the EAGLE data model, the accuracy
and precision of information on the Earth’s surface derived from EO data have to be con-
sidered, along with the possible limitations of such data sources. Automated digital image
analysis is subject to a certain degree of statistical error, as pixels are classified based on
probabilities, and the recognition of objects and their labelling are often subject to gener-
alisation rules. Once such derived information about the Earth’s surface is semantically
translated into the EAGLE model, this level of statistical error or geometric generalisation
stays with the data and cannot be altered. Different data collection methods have come
along with differing statistical errors or varying levels of generalisation. When comparing
datasets with different origins that have been through the semantic EAGLE decomposition
and are now semantically equalised, they will still carry the bias from the original data
interpretation or classification method. This aspect applies not only for EO data but also
for any other source of information used to generate spatial data products.

This paper does not aim at proving the usefulness of the EAGLE concept in an empiri-
cal manner based on measurable quantitative or statistical figures. Instead, the authors take
the selection of the above-mentioned use cases at the national and European levels as proof
of its usefulness. Measuring the quantitative effect of the EAGLE concept is a task that has
its own charm and legitimacy but cannot be solved within the scope of this paper. The
authors therefore encourage other users and scientists to make such studies and assess the
usefulness with quantitative criteria, e.g., how increasing the thematic accuracy of a given
land monitoring procedure or map can be achieved by aligning it with the EAGLE concept.
This paper presents the progress and applicability of the concept itself; other authors are
invited to further investigate measurable matters of the concept.

5. Conclusions and Outlook
The EAGLE matrix and data model offer a conceptual framework to support the

paradigm shift from classification to the characterisation of land features. The EAGLE
matrix in its tabular form provides an easy-to-use tool for the semantic analysis of class
definitions and nomenclatures through the bar-coding method, where no special software
skills or elaborate training are needed. The EAGLE UML model then provides an advanced
solution for the development of database structures to support land characterisations and
allow machine-readable instances and onward processing in downstream applications. The
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content design of the EAGLE concept is purely semantic and is therefore not bound or
restricted to a particular domain or input data source.

The innovative aspect of the EAGLE concept is the object-oriented characterisation
of the landscape by a componential and attributive description of its features, instead
of working with a single, fixed and sometimes poorly defined class label. The concept
provides improvements for the storage of information by:

• Untangling the mixtures of land cover and land use labels within existing nomenclatures;
• Deriving information that is more comparable between systems;
• Avoiding the loss of information due to generalisation and cut-off thresholds, which

occur when applying conventional class definitions;
• Solving the dilemma of when predefined class labels do not match reality and features

are forced into the least “wrong” class.

Also, the concept is flexible enough to be adapted to new requirements. When particu-
lar landscape characteristics become important and have not yet been represented by model
elements, they can be easily integrated under a new model segment without jeopardising
the consistent hierarchy of the already existing model segments and blocks.

The use case examples shown here highlight the broad application of the EAGLE
concept at different scales and across different application areas. They also show that
the EAGLE concept for land characterisation is being adopted as a powerful and flexible
tool for the development of mapping products. Having a characterisation approach in
the background, even when a product presents a classification result, allows users to drill
down into the details of the characteristics if needed, and for products to be reworked for
other uses without having to return to the beginning of the mapping process.

The deployment of the EAGLE data model has not been without its challenges, as
this is a major paradigm shift and an evolving concept. There have been issues in the
early stages of automatically deriving CLCplus Legacy and the development of change
products by extraction from the CLCplus Core platform. The EAGLE data model is a
more powerful approach, but it has also revealed hidden consequences of the classification
process that are now open to scrutiny. Previously, such issues were impossible to consider,
as they were baked into the class labels with no opportunity for flexibility. For instance,
there can be considerable changes to a landscape feature which a conventional fixed class
cannot capture.

A further perspective is to broaden the application of the EAGLE concept to the global
level to address challenges such as the monitoring of the UN’s Sustainable Development
Goals and the Essential Climate and Biodiversity Variables. Alongside the EAGLE concept,
the ISO 19144 standards have been developed, and the ISO technical committee TC 211 has
opened a procedure for updating parts of the standards (Mosca, Mushtaq, Munene, Maleh,
Mnyanda, Jalal & Ghosh [37]). This has resulted in three new parts: 19144-2 Land Cover
Meta Language (LCML) [25], 19144-3 Land Use Meta Language (LUML) [27], similar to the
LCCs and LUAs of the EAGLE model, and 19144-4 Registration of Land Cover and Land
Use Classification Systems (Not yet published, see Mushtaq, O’Brien, Parslow, Ahlin, Di
Gregorio, Latham & Henry [38]).

The EAGLE concept will continue to evolve as long as it retains backward compatibility
to support legacy systems and implementations. Several scenarios are possible, such as
extending it into other thematic fields, like soil types, for which a new soil-type module
could be inserted into the model. It could also be extended to point objects or point
coordinates (beyond areal objects), where certain parameters or indicators are taken from
EO data or in situ observations.

With emerging technologies such as artificial intelligence (AI) and machine learning
algorithms, data capture methods have the potential to catch up with the versatility and
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complexity of the EAGLE concept. As remote sensing techniques and GIS analysis are
evolving from object delineation to intelligent thematic object recognition, a future branch
of the EAGLE concept’s application could be the production of highly differentiated spatial
data content directly from satellite imagery into thematic layers. With such new techniques,
not only spectral signatures but also the inclusion of the shape, size and temporal aspects
(frequency, seasonal appearance), neighbouring context and geographic location of recog-
nised objects will lead to higher thematic accuracy. When envisioning such a scenario,
the EAGLE concept would embrace not only its role as a tool for semantic analysis and
comparison but also as a sort of elementary inventory for land characterisation. Here,
further developments and examinations are necessary to make progress in this area and
unlock the potential of automated object-oriented feature recognition and characterisation
to feed into new data storage formats like digital twins.

It is clear from the work described here that the EAGLE concept has become established
and is exposing the characterisation approach for land monitoring to a broad community of
practitioners. The new policy requirements and challenges of the climate and biodiversity
crises will demand this type and level of landscape description to produce effective action.
The future is positive for the EAGLE concept as part of the environmental toolbox with
links to global standards.
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Glossary

Expression/Acronym Term Meaning
ALKIS Amtliches

Liegenschaftskatasterinformationssystem
[German]

Authoritative cadastral information system
in Germany

ATKIS Amtliches topographisch-kartographisches
Informationssystem [German]

Authoritative topographic–cartographic information
system in Germany

CLCplus Backbone Pan-European land cover product of the CLMS,
designed after the EAGLE concept

Characterisation Description of a feature with a collection of one to
many attributes that represent the properties of each
item, in an object-oriented manner

Classification Categorisation of items with one (single) name/label,
in separation from other items, following the
predefined classification rules of a given nomenclature

CLC CORINE Land Cover European classification system on land cover and land
use, used by the EEA

CLCplus CORINE Land Cover second generation,
(formerly CLC+)

CLMS Copernicus Land Monitoring Service Collection of pan-European Earth Observation-based
products for the monitoring of the Earth’s surface
under the European Copernicus Programme

Codelist A list of codes (terms) with their definitions
Codelist value A term from a codelist
Directive EU legislation instrument, which member states need

to follow, with a degree of formal freedom when they
implement it in their own national legislation

EAGLE Eionet Action Group on Land monitoring
in Europe

An informal group of European land
monitoring experts

EAGLE matrix Tabular hierarchical listing of many different
descriptors, attributes or parameters related to the
characteristics of the Earth’s surface

Ecosystem services Benefits that humans derive from healthy ecosystems
(when functioning well), such as the provision of food,
the natural pollination of crops, clean air and water,
the decomposition of wastes and flood control
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Expression/Acronym Term Meaning
EEA European Environmental Agency
Eionet European Environment Information and

Observation Network
Member state representatives of the EEA

EO Earth Observation
ESA European Space Agency
FP7 Framework Programme 7 European research funding programme.
GeoInfoDok Documentation for spatial data modelling of land

surveying authorities in Germany
GUSL Generic Urban Spectral Library
HELM Harmonised European Land Monitoring European research project under FP7 between 2011

and 2013 on how to proceed with pan-European land
monitoring activities

HILUCS Hierarchical INSPIRE Land Use
Classification System

HRL High-Resolution Layer Raster-based spatial data products of the CLMS.
INSPIRE Infrastructure for Spatial Information

in Europe
EU directive

ISO International Standard Organization
ISPRA Italian Institute for Environmental Protection

and Research
Land Monitoring Observations of the land from to draw evaluating

conclusions/consequences
LB Landbedeckung [German] Land cover
LC Land cover The physical material that covers the surface
LCC Land cover component
LCH Land characteristic
LN Landnutzung [German] Land use
LU Land use The functions associated with land—what it is

used for
LUA Land use attribute
LULUCF Land use, land use change and forest International classification system used to report on

the Kyoto protocol
NASA National Aeronautics and Space

Administration
U.S. space agency

OCS GE Occupation de Sol a Grande Èchelle [French] Occupation of Soil at Large Scale, the official system
in France

TC 211 Technical Committee 211 Technical Committee on geographic information,
under the ISO

UML Unified Markup Language A standardised modelling language used for the
designing of software or data models to graphically
illustrate the structure, relation and interaction of
model elements

URI Uniform Resource Identifier
VLCC Vegetated Land Cover Characteristics One of several CLMS HRL products
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