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Abstract 

Soil's vulnerability to soil threats (STs) and its capacity to deliver soil based ecosystem services (SESs) 
depend on specific environmental conditions. Therefore, STs and SESs require to be assessed using 
explicit and appropriate methodologies. Indicators are suitable communications tools with 
stakeholders and the general public because they facilitate the simplification of complex human-
environmental systems and provide aggregated information on certain phenomena at the spatial and 
temporal scale that they represent. Task 2.3 of the SERENA project was aimed at developing 
harmonised methodologies to evaluate bundles of soil threats (STs) and soil-based ecosystem services 
(SESs) at different levels. The Deliverable 2.3.1 developed the second step of the harmonization of STs 
and SESs indicators, whereas this deliverable developed the third step of the global tiered strategy for 
harmonisation and was mainly focused on the definition of methods for the harmonised assessment 
of indicators of STs and SESs at the member state (MS) level. The deliverable was focused on soil 
erosion (ST) and soil erosion control (SES), soil organic carbon (SOC) loss (ST), greenhouse gas (GHG) 
and climate regulation (SES), and soil sealing (ST) as well as a bundle of STs/SESs. Different cookbooks 
were developed to provide harmonized approaches/methods for assessing indicators for STs/SESs at 
national scale. The cookbooks for each indicator of ST/SES (including bundles of STs/SESs) reported in 
this deliverable were provide to Task 3.2 for their application at MS scale and subsequent validation 
of these applications by Task 1.3. 
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RND  Relative Normalized Density 
SERENA Soil Ecosystem seRvices and soil threats modelling aNd mApping 
SES(s)  Soil-based ecosystem service(s) 
SIREN Stocktaking for Agricultural Soil Quality and Ecosystem Services Indicators and their 

Reference Values 
SOC  Soil organic Carbon 
SS  Soil Stress 
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ST(s)  Soil threat(s) 
WLCC  Wheel Load Carrying Capacity 
WP  Work Package 
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1. Introduction 

The common principles for soil protection throughout the EU are established in the Thematic Strategy 

for Soil Protection (EU 2006) according to which MS will be able to decide how to protect soils as well 

as possible and how to use soils sustainably. These principles find their accomplishment in a general 

approach aimed to make soil monitoring obligatory (European Commission, 2023). Since human life 

and ecosystems depend on soil, seven possible threats to soil were defined in the strategy (soil 

compaction, soil erosion, soil salinisation, soil organic matter decline, landslides, pollution and sealing). 

The last two threats (pollution and sealing) depend on external factors not related to specific soil 

conditions and therefore require a general or national protection strategy (European Commission, 

2006). The Thematic Strategy for Soil Protection has been updated by the EU Soil Strategy for 2030 

(European Commission, 2021a), which is aimed at exploiting the benefits of healthy soils for people, 

food, nature and climate. The Soil Strategy for 2030 requires the establishment of a framework and 

concrete measures for the protection, restoration and sustainable use of soil that simultaneously 

mobilises the commitment of society, makes available the necessary financial resources, shared 

knowledge, sustainable practices and monitors the achievement of common goals. The EU vision for 

soil by 2050 (European Commission, 2021a) is aimed at achieving that all soil ecosystems are in a 

healthy condition and hence more resilient to global change and able to provide as many of soil-based 

ecosystem services (SESs) as possible. The EU vision for soil by 2050 is also related to the EU 

biodiversity strategy for 2030 (European Commission, 2020) and to the Climate Adaption Strategy 

(European Commission, 2021b) and is aimed at contributing significantly to several objectives of the 

European Green Deal and Sustainable Development Goal 15.3 (United Nations, 2015). 

In this context, the concept of ecosystem services has acquired a huge and growing attractiveness for 

environmental scientists, managers and decision makers (Müller et al., 2016); and has required both 

defining and measuring ecosystem services (Potschin & Haines-Young, 2016). In addition to defining 

what an ecosystem service is, it was necessary to create a conceptual framework that related the set 

of ecological structures and related processes and how they benefit people (Potschin & Haines-Young, 

2011).  

The soil's vulnerability to soil threats (STs) and capacity to deliver soil based ecosystem services (SESs) 

depend on specific environmental conditions, therefore both STs and SESs require to be assessed using 

explicit methodologies that are appropriate for these conditions. Indicators are suitable 

communications tools with stakeholders and the general public, as they facilitate the simplification of 

complex human-environmental systems and provide aggregated information on certain phenomena 

at the spatial and temporal scale that they represent (Müller et al., 2016; Stein et al., 2001). Therefore, 

indicators have become suitable tools for assessing STs and SESs at different scales of variation, both 

spatial and temporal. Although there is a rich literature on methodologies for assessing indicators of 

STs and SESs, there are still large discrepancies in the definitions of specific STs and ESs, in the 

indicators used to assess them, in the procedures for assessing such indicators, in the type and origin 

of the primary data used in these procedures and finally in the spatial (and temporal) extent and 

resolution at which the STs and SESs are provided (van Beek et al., 2010; Faber et al., 2022). This 

prevents a consistent assessment of vulnerabilities related to STs and SESs at the EU level. Achieving 

the objectives of the EU Soil Strategy, and all those related to it (e.g., policies, measure, etc.), requires 
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that results of different methods and procedures of evaluation are comparable and consistent. An easy 

way forward would be a standardization of methods using identical assessment procedures for every 

ST/SES throughout the EU and thus the selection of a single assessment methodology for all MS (van 

Beek et al., 2010). That is often not possible because procedures should be suitable for the local 

context and, therefore, there is a need for a harmonisation procedure to ensure comparability and 

consistency of results from different methods (van Beek et al., 2010).  

Task 2.3 of the SERENA project is thus aimed at developing harmonised methodologies to evaluate 
bundles of soil threats (STs) and soil-based ecosystem services (SESs) at different levels. For this 
purpose, a global strategy towards the harmonisation of the assessment of STs and SESs at the EU level 
was first developed in Deliverable 2.3.1 (Montagne et al., 2024). The strategy included four successive 
steps: i) the harmonisation of the conceptual framework for assessment and definitions; ii) the 
harmonisation of STs and SESs indicators; iii) the harmonisation of methods used in the assessment of 
STs and SESs indicators, and finally iv) the harmonisation of the input data necessary to use the 
selected methods. The first steps of the proposed approach were extensively addressed in Deliverables 
D2.1 (van den Elsen et al., 2022) and D2.2 (Foldal et al., 2024) and to which the readers are referred 
for further details.  
The second step of the harmonization of STs and SESs indicators, developed in the Deliverable 2.3.1 
(Montagne et al., 2024), is summarized briefly in Chapter 4. 
This report develops the third step of the global strategy for harmonisation and is mainly focused on 
the definition of methods for the harmonised assessment of indicators of STs and SESs at the member 
state (MS) level. Methods to assess STs and SESs indicators are described in form of cookbooks in 
Chapter 5 for soil organic carbon loss, soil erosion, and soil sealing, and to some SESs, namely 
greenhouse gas and climate regulation including carbon sequestration, and erosion control. 
 

2. Inputs and links from SERENA work packages (WP) and tasks (T), 
and other projects 

2.1. Links between Task 2.3 and other Work Packages and tasks 

Firstly, as a task of the SERENA WP2, the Task 2.3 is directly linked to the task T2.2 (Foldal and Oorts, 
2023) in relation to the common harmonised definitions for the soil threats and ES between the 16 
participating European member states in SERENA and the following prioritisation of soil threats and 
SES done by each member state and indirectly to the inputs of Task 2.1 (van den Elsen et al., 2022) 
for the concepts used in SERENA (soil quality, soil health, soil threats, soil functions, soil-based ES, 
ōǳƴŘƭŜǎύ ǿƛǘƘ ǘƘŜƛǊ ŀǎǎƻŎƛŀǘŜŘ ŘŜŦƛƴƛǘƛƻƴǎΣ ŀƴŘ ŘŜǾŜƭƻǇ ŀ ŦǊŀƳŜǿƻǊƪ ƭƛƴƪƛƴƎ ǘƘŜǎŜ ŎƻƴŎŜǇǘǎΩ (Fig. 
D2.3.2.1). 
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Figure D2.3.2.1: Links between WP2 tasks and other WP tasks 

Task 2.3 is also linked to Task 3.1 and Task 5.1 that perform a comprehensive review on existing data 
(maps, databases, reports, etc.) on STs and SESs in each MS and at the EU level respectively, with the 
aim of providing a critical analysis of existing experiences at different levels (field/farm, local, regional, 
national and European). 
 
In turn, Task 2.3 should provide input to Tasks 3.2, 3.3 and 5.1. In particular, Task 3.2 tested the 
indicators for assessing STs and SESs at the MS scale included in the cookbook of harmonised 
estimation methods produced by Task 2.3. The results of the application of the cookbooks in different 
MS is described in Deliverable 3.3 (Hessel, 2024). Similarly, Task 5.1 will have to test the same 
harmonised methods for assessing indicators of STs and SESs at the EU scale.  
Task 2.3 is finally closely related to Task 3.3 and Task 5.2 to forecast the effect of change scenarios on 
the levels of STs and SESs. This will be done particularly for bundles of STs and SESs. 
 

2.1.1. Conceptual framework and definitions: consequences for harmonisation 
 
First of all, being based on the cascade model by Potschin and Haines-Young (2011), the SERENA 
conceptual framework (Fig. D2.3.2.2) recognised ESs as integral parts of the natural (eco)system. 
Within the natural system, ESs are distinguished from functions by their direct or indirect, total or 
partial contribution to human well-being (when combined with other inputs). SESs are finally defined 
as the subset of the ESs that are directly and quantifiably controlled by the soil physical, chemical or 
biological properties through the classical production chain: properties, processes, functions and 
ultimately services (Dominati et al., 2010). STs are in turn defined as the set of processes able to 
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degrade the soil conditions, their functions and the delivery of (some of) the SESs. According to these 
definitions, indicators of services have to be clearly distinguished from indicators of soil condition and 
soil functions, whereas indicators of STs have to be distinguished from pressure or impacts indicators. 
 
The SERENA framework also highlights the link between land use and soil management and the supply 
of the SESs, either through ameliorative management increasing soil quality or through unsustainable 
management leading to soil degradation. Indicators of STs and SESs are then expected to be responsive 
to changes in land use and land management. A practical way to ensure the sensitivity of ST and SES 
indicators to soil use and management is to select indicators that are not only based on inherent soil 
properties but also on manageable soil properties (Dominati et al., 2010). 
 
Finally, bundles may concern SESs as commonly defined in most of the literature, STs, or the 
combination of the two and are defined as the STs and SESs that appear together in time or space. 
 

 
Figure D2.3.2.2: The SERENA conceptual framework under development (23 August 2022 version) 

 

2.1.2. Between interest and implementation at the EU level, the selection of a list of 
soil threats and soil-based ecosystem services for first implementation in T2.3 

 
Four STs and three SESs have been selected for the development and testing of the indicator 
harmonisation procedure according to two complementary criteria. The first one referred to the high 
ƛƴǘŜǊŜǎǘ ƻŦ {9w9b!Ωǎ ǇŀǊǘƴŜǊǎ ŦƻǊ ǘƘŜǎŜ {¢ǎ ŀƴŘ {9{ǎΣ ŀǎ ƛƴŘƛŎŀǘŜŘ ƛƴ ǘƘŜ 5нΦн ŘŜƭƛǾŜǊŀōƭŜ (Foldal and 
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Oorts, 2023). The second one was some input from T5.1 and T5.2 of previous literature review that 
had assessed these particular STs and SESs at EU level. The selected STs and SESs were:  

¶ For STs: soil erosion; soil organic carbon loss; soil compaction; and soil sealing; 

¶ For SESs: primary biomass production; erosion control; and greenhouse gas and climate 
regulation including carbon sequestration. 

 
However, the procedure for selecting an indicator for harmonisation, developed and tested here for a 
subset of STs and SESs, could be extended to the whole set of STs and SESs of interest in SERENA using 
an approach similar to the one described in this deliverable. Besides the STs and SESs of the highest 
interest and assessed at least once at the EU level, threats like nutrient imbalance, soil acidification, 
salinization, soil contamination or loss of soil biodiversity as well as services like water provision and 
regulation could be considered in the future. 
 

2.2. Links between T2.3 task and other projects 

Task 2.3 is closely related to the EJP SOIL Internal Project SIREN that produced a synthesis of policy-
relevant soil quality indicators with high potential for harmonised application in national and EU 
monitoring based on literature, international policy, international stakeholder opinions, wide 
application in national soil monitoring and EU projects. Moreover, in SIREN a comprehensive 
conceptual framework linking soil quality to SESs has been developed from the review of scientific 
literature by unifying various concepts associated with soil quality and SESs. 
 
Other important links are found between Task 2.3 and the project Preventing and Remediating 
degradation of soils in Europe through Land Care (RECARE) (www.recare-hub.eu). This project was 
funded by the European Commission FP7 Programme, ENV.2013.6.2-п Ψ{ǳǎǘŀƛƴŀōƭŜ ƭŀƴŘ ŎŀǊŜ ƛƴ 
9ǳǊƻǇŜΩΦ The most relevant RECARE result for Task 2.3 is the framework developed in the Work Package 
2 (Base for RECARE data collection and methods), which provides an overview of existing information 
on STs and soil degradation at the EU scale (Tesfai et al., 2015). The STs considered by RECARE were: 
(1) soil erosion by water, (2) decline of organic matter (OM) in peat, (3) decline of OM in minerals soils, 
(4) soil compaction, (5) soil sealing, (6) soil contamination, (7) soil salinization, (8) desertification, (9) 
flooding and landslides, and (10) decline in soil biodiversity. Each ST was defined, described, and 
related to the soil processes involved, the state of the soil degradation by each ST was provided 
together with drivers/pressures (including climate, human activities, policies) for their occurrence. In 
addition, key ST indicators and methods for their assessment were listed, along with the effects of 
each of them on other STs and soil functions. 
 
 

3. A tiered approach for harmonisation  

Developing an assessment of bundles of STs and SESs fully harmonised at the EU level was 
conceptualized in four successive steps, as described in Figure D2.3.2.3 
 

http://www.recare-hub.eu/
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The first step is to harmonise the conceptual framework and associated definitions. Although the 
harmonisation of main concepts and specific definitions has long been recognised as a mandatory 
initial step for harmonisation (Boyd and Banzhaf, 2007; Nahlik et al., 2012), the EJP SOIL Internal 
Project Stocktaking for Agricultural Soil Quality and Ecosystem Services Indicators and their Reference 
Values (SIREN, https://ejpsoil.eu/soil-research/siren/) still identified large differences in the definitions 
of the most commonly used terms (e.g., soil health, soil quality, etc.) and in the definition of individual 
STs and SES (Faber et al., 2022). In the SERENA project, the harmonisation of the conceptual framework 
and definitions of related concepts was achieved in task T2.1 (van den Elsen et al., 2022), while the 
harmonisation of the definition of the individual ST and SES was achieved in task T2.2 (Foldal et al., 
2024). 
The second step was to harmonise the indicators used to measure the levels of individual ST and SES, 
hereafter called STs or SESs indicators. Reflecting the diversity of STs and SESs definitions as well as 
the diversity of environmental, political and social conditions, or, more simply, the availability of 
primary data, a huge diversity of indicators is currently used to infer particular ST or SES across 
countries or, within countries, across regional and local studies (Faber et al., 2022). Such diversity 
considerably limits the comparability of assessments within or among countries. In that respect, 
harmonising indicators will increase the comparability of assessments. Leaving open the choice and 
ǘƘŜ ǇǊŀŎǘƛŎŀƭ ƛƳǇƭŜƳŜƴǘŀǘƛƻƴ ƻŦ ǎǇŜŎƛŦƛŎ ŀǇǇǊƻŀŎƘŜǎ ǘƻ ŀǎǎŜǎǎ ǘƘŜǎŜ άƘŀǊƳƻƴƛǎŜŘέ ƛƴŘƛŎŀǘƻǊǎ ǿƛƭƭ ŀƭƭƻǿ 
each country to make the best use of the data and expertise at its disposal. It should be noted though 
that if the variables used to measure specific STs or SESs are harmonised, this does not imply that 
reference and target values are harmonised too. Apart from being impossible to harmonise due to the 
use of different exact methods, reference and target values should probably not be harmonised but 
used to reflect the diversity of climatic, soil or land use and management conditions among or within 
countries. 
 

 
Figure D2.3.2.3: A tiered approach to harmonise the assessment of soil threats and soil-based ES at the EU Level 

 
The third step was to harmonise the tools or methods used for the assessment of individual ST and SES 
indicators, for the mapping of these indicators as well as methods for the identification (and mapping) 
of bundles of STs and SESs. In this step, only the tools and models used are harmonised but not the 

https://ejpsoil.eu/soil-research/siren/
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input data used to run these tools and models that are still allowed to vary among or within countries. 
Such harmonisation of the methods is an important step towards the comparability of actual status of 
STs and SESs among countries. The main challenge is to find the right balance between complex but 
potentially accurate approaches and simpler but less accurate approaches (Bagstad et al., 2013).  
The final step was to harmonise the input data used to run the tools and models harmonised in the 
previous step in terms of sampling, analytical methods and spatio-temporal resolution.  It is highly 
unlikely that all countries change their own well-established programme of acquisition and monitoring 
of primary data needed to maintain long term monitoring of environmental conditions. The set of 
tools/models selected at the previous stage could, however, be run on datasets harmonised at 
European or global level, such as the dataset under preparation in Work Package 6 of EJP SOIL. The 
development of such a harmonised dataset goes largely beyond the objectives of the task T2.3. Such 
final step in harmonisation will insure the complete comparability of the status and trends of STs and 
SESs among countries. 
Given that EU countries are moving at different speeds with respect to evaluation of ST/SES, and with 
different levels of detail, a fully harmonised methodology for the assessment of STs and SESs at the EU 
level will inevitably deviate from the most recent scientific advances. On short time scales, the 
comparison of the fully harmonised methodology with such up to date methodologies will be very 
helpful to develop comparative studies (Bagstad et al., 2013; Vorstius and Spray, 2015) and ultimately 
to indicate how the cookbook could be improved. On longer time scales, the preliminary 
harmonisation of indicators will pave the way for step-by-step refinement of tools, models and spatio-
temporal resolutions as capacity is built in the different countries.  
 
 

4. Towards indicator harmonisation: the selected indicators of ST/SES 

The first step towards the harmonisation of the individual assessment and mapping of STs and SESs 
consisted in harmonising the indicators used in the individual assessment of ST and SES (Fig. D.2.3.1.3). 
The identification of potential indicators for STs and SESs was done in three successive steps. As a first 
step, only the indicators already used to map STs or SESs at EU level were considered. Indeed, by 
definition, these indicators met two important criteria for indicator selection (Rendon et al., 2022): 
they were quantifiable (i.e., they could be quantified from available existing data in Europe) and 
available [i.e., they were either spatially explicit or available at NUTS (Nomenclature of Territorial Units 
for Statistics) (EU, 2020) 2 level maximum]. Assuming that these indicators also fulfilled criteria such 
as relevance (i.e., they adequately quantified the threat or service of interest according to its specific 
definition) or communicability (see Table D2.3.1.2 for the full list of criteria) and that the models 
currently used to quantify them at the EU level were relevant, the assessments at EU level of these STs 
or SESs could be considered as "ready-to-be-harmonised" data. The indicators used, at least once, for 
the assessment of the STs and SESs of interest in SERENA were reviewed and listed by T5.1 and T5.2 
(Table D2.3.1.1). 
 
While this first list contains a significant diversity of potential indicators for some STs (e.g., soil erosion) 

or SESs (e.g., biomass production or erosion control), only a few indicators could be identified for other 

STs (e.g., soil organic carbon loss or soil sealing) or SESs (e.g., the greenhouse gas and climate 

regulation including carbon sequestration). This list of indicators used for the assessment at EU level 
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of STs and SESs was complemented in a second step with indicators used at national level by the 

different MS involved in the SERENA project. The indicators used at the national level in the different 

MS involved in the SERENA project have been stocktaken by T3.1 (Foldal et al., 2024; Michel, 2023). If 

none of the indicators currently used in the assessment of STs and SESs at the EU or MS levels were 

ǎŜƭŜŎǘŜŘ ǘƻ ōŜ ǘƘŜ άƘŀǊƳƻƴƛǎŜŘ ƛƴŘƛŎŀǘƻǊέ ŀǘ ǘƘŜ 9¦ ƭŜǾŜƭΣ ŀƴ ƛƴ-depth literature review was carried 

out by T2.2 and T2.3 in order to complement the first two lists with indicators used at sub-national 

levels and/or outside MS involved in the SERENA project. 

 

4.1. 5ŜǾŜƭƻǇƳŜƴǘ ƻŦ ŀ ŦǊŀƳŜǿƻǊƪ ŦƻǊ ƛƴŘƛŎŀǘƻǊǎΩ ǊŀƴƪƛƴƎ 

A template was developed to score and rank the indicators selected for each ST and SES according to 
multiple criteria (Table D2.3.1.2). The development of the template was based on the existing 
literature (OCDE, 2002; Feld et al., 2010; Layke et al., 2012; Muller and Burkhard, 2012; van 
Oudenhoven et al., 2012; Faber et al., 2013; Stone et al., 2016; van Oudenhoven et al., 2018; Thakur 
et al., 2022) in order to highlight the main criteria currently used by the scientific community to select 
and assess the suitability of indicators to provide information related to a given SES or ST. For instance, 
Layke et al., (2012) propose two main criteria to evaluate the adequacy of indicators: i) the availability 
of data that should fit multiple spatio-temporal scales, be accessible and normalized; ii) the ability of 
the indicator to convey information, which means that the indicator should be intuitive, sensitive and 
widely accepted. Other authors suggested the importance of the object represented by the indicator, 
which can for example refer to the supply of the service, its use, demand or interests by human 
societies (Geijzendorffer et al., 2017). Finally, van Oudenhoven et al. (2012, 2018) proposed exhaustive 
lists of multiple criteria, which also integrate the importance of stakeholderΩs and userΩs objectives, 
focusing on the flexibility and inclusivity of the selection process of the indicators. 
 
A total of seven criteria divided in three main families were finally selected: 
1. Scientific soundness. This family of criteria estimates the adequacy of the representation of the 

targeted object according to three complementary criteria: i) the scientific adequacy and 
suitability of the indicators in fitting the purpose and object of the assessment (fitness-to-
purpose, 1); ii) the possibility and ease of spatial and temporal comparison (interpretability, 
2); and iii) the sensitivity to changes in external conditions (sensitivity, 3); 

2. Availability of data. It estimates the feasibility of using a particular indicator according to two 
criteria: i) the availability and measurability of the indicator (measurability, 4); and ii) the 
existence of past applications of the indicator, especially at the EU level (scalability, 5); 

3. Ability to convey information. It estimates the suitability of the indicator to the objectives that 
stakeholders expect from its application. This is assessed through two criteria: i) 
understandability of the indicator by various stakeholders (intuitivity, 6); and ii) their 
implementation in current environmental policies (policy-relevance, 7). 

 
Scoring levels ranging from 0 (i.e., lowest score) to 12 (i.e., highest score) were finally defined for each 
of these indicators. The 0 to 12 scale was chosen to give the same weight to all the criteria classified 
on 3, 4, 5 or 6 different levels. The indicator scores were finally represented graphically through radar 
charts ǘƻ ōŜǘǘŜǊ ƛŘŜƴǘƛŦȅ ǘƘŜ άǿŜŀƪέ ŀƴŘ άǎǘǊƻƴƎέ ŦŜŀǘǳǊŜǎ ƻŦ ŜŀŎƘ ƛƴŘƛŎŀǘƻǊΦ Indicators were selected 
on the basis of a balance between scientific soundness, ability to convey information and a rough 
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estimation of data availability (through scales for past implementations). No precise consideration on 
the availability and reliability of data and methodologies was made. For this reason, ǘƘŀǘ ΨIdealΩ 
indicators were selected for each ST or SES, but when lack of data or other requirements were not 
met, ŀƭǘŜǊƴŀǘƛǾŜ ΨpragmaticΩ indicator were selected. All details on selection of indicators of STs and 
SESs can be found in the Deliverable 2.3.1 (Montagne et al., 2024). 
 

5. Cookbooks for assessing the selected indicators of soil threats and 
soil-based ecosystem services 

The aim of cookbook was to describe methodology to evaluate the selected indicators in such a way 
that each member state (MS) was able to apply the methodology. Some requirements or 
assumptions were established: 

V Selection of at least one method per indicator (e.g. RUSLE for soil erosion). Perhaps 2, if 
possible. 

V Assuming mapping at national scale 

V Methods should be feasible for MS (data, software, knowledge) 

V {ǘŀƴŘŀǊŘ ŦƻǊƳŀǘ ΨǊŜŎƛǇŜΩΣ ŘƛŦŦŜǊŜƴǘ ƳŜǘƘƻŘǎ {¢κ{9{ 

V Threshold/reference values to evaluate. 

 
The development of cookbooks for each indicator of ST/SES (including bundles of STs/SESs) was only 
one part of a broader activity that would involve several WPs of SERENA for the subsequent application 
of the cookbooks at MS scale and the validation of the results of this application. Therefore, intertask 
working groups were set up to have all the necessary expertise and carry out all the necessary steps 
related to the different stages in which the activities were organized (Table D.2.3.2.1).  
More details can be found in Deliverable 3.3 (Hessel, 2024). 
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Table D.2.3.2.1: Stages in development and application of cookbooks (from Hessel et al., 2024). 

Stage Tasks Result 

1. Critical analysis of 
methodologies (links 
to T3.1) 

1. Review available MS info in 
SERENA (e.g. T3.1)  

2. Review literature and other 
sources  

Selection of methodology to be 
included in cookbook  

2. Develop cookbook 
(links to T2.3) 

1. Write cookbook for selected 
methodology  

2. Revise cookbook based on 
feedback MS/region test   

Final version of cookbook, which 
could be applied by all MS  

3. Test and apply 
cookbook (links to 
T3.2)  

1. Test draft cookbook  
2. Provide comments to 

development group  
3. Apply final version cookbook  

Map that can be compared to 
current results (from T3.1)  

 
Among the STs/SESs, only some of them were selected for developing the cookbooks. The selection 
was based on their importance within SERENA, the interest of MS in specific ST/SES, the possibility to 
evaluate specific ST/SES, and the availability of expertise and time of the researchers involved in 
SERENA and in particular in the individual intertask working groups. Therefore, the following STs/SESs 
were selected for developing the cookbooks: 
 

1. Soil erosion (ST) and soil erosion control (SES) 

2. SOC loss (ST) 

3. Greenhouse gas (GHG) and climate regulation (SES) 

4. Soil sealing (ST) 

To these was added a cookbook of bundles of STs/SESs. Bundles are the result of combining and 

synthesizing different STs and SESs that are in some way related and that share some of the 

information provided by the individual STs/SESs indicators. The aim of the bundle is the effectiveness 

of reporting the status of some STs/SESs in a single indicator. 

The different cookbooks were aimed to providing a harmonized approach/method for assessing an 
indicator for each ST/SES at national scale. However, a certain amount of autonomy of choice was left 
to each individual MS in relation to the availability of data and expertise within it. 
 

5.1. Soil organic carbon loss (ST) 

5.1.1. Selected indicators 
 
Soil organic carbon stock (SOCS) loss (Mg C ha-1) was selected as ideal indicator of soil organic carbon 
loss. However, it is a dynamic estimation of the change in SOC stocks, which would require the 
availability of national SOC data sets covering at least two periods of time separated by a certain 
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number of years. Moreover, assessing SOCS, as shown in the equation that follows, would require 
other data: 
 

1  )-

å õ
æ ö
ç ÷=SOCS (Mg C ha

SCF
SOC×D×BD× 1-

100

10
 

 
where: 
SOC (g C kg-1 soil) which is numerically the same of mg g-1), soil organic carbon 
D (cm), soil sample thickness 
BD (g cm-3), soil bulk density 
SCF (% of soil sample volume), soil coarse fragments content. 
 
For these reasons, lacking at least two datasets of SOC and BD and SCF, the solution was to select a 
pragmatic indicator as soil organic carbon (SOC) concentration (often referred to as content) (g C kg-1 
soil or %1 was selected.  
 

5.1.2. Selected methodology: 
 
The assessment of the SOC loss indicator at the EU Member State level is an extension of SOC 
concentrations measured at selected sampling points to unsampled locations in the Member State in 
question. Such an extension requires a spatial analysis of the available SOC data and its prediction to 
the unsampled locations and its subsequent mapping. The spatial prediction of SOC at unsampled 
locations might be made using different methods depending on the available data. Among these is 
the well-known Digital Soil Mapping (DSM) (McBratney et al., 2003; Lagacherie at al., 2007), which 
uses more densely measured auxiliary variables/maps (secondary data, ancillary maps, 
environmental covariates) to improve soil mapping. 
The specific methods to be used within the DSM depend on the availability of data. Useful references 
can be: 
 

V /ƘŀǇǘŜǊ р ΨIŀǊƳƻƴƛȊŜŘ ǇǊƻŎŜŘǳǊŜǎ ŦƻǊ ŎǊŜŀǘƛƻƴ ƻŦ ǎƻƛƭ ƳŀǇǎΩΦ ²tс 9Wt {ƻƛƭ 5ŜƭƛǾŜǊŀōƭŜ сΦм 
ΨwŜǇƻǊǘ ƻƴ ƘŀǊƳƻƴƛȊŜŘ ǇǊƻŎŜŘǳǊŜǎ ŦƻǊ ŎǊŜŀǘƛƻƴ ƻŦ ŘŀǘŀōŀǎŜǎ ŀƴŘ ƳŀǇǎΩ ό5сΦмύΦ 

V SOC mapping Cookbook (https://www.fao.org/documents/card/en/c/I8895EN/ or WsG 
folder) 

 
The application of DSM approaches can be facilitated thanks to the DSM workflow developed within 
EJP Soil WP6 and located in the ISRIC data hub (Genova et al., 2024). Information on how to install 
and run the DSM workflow can be found at https://shiny.wur.nl/content/71ff48b3-6e26-4b6b-8d07-
ec9a05c64cc8/. The DSM workflow allows to access a large number of covariate data and scripts to 
apply different approaches that include algorithms ranging from geostatistical methods to machine 
learning. 
 

https://shiny.wur.nl/content/71ff48b3-6e26-4b6b-8d07-ec9a05c64cc8/
https://shiny.wur.nl/content/71ff48b3-6e26-4b6b-8d07-ec9a05c64cc8/
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5.1.3. Scope/output 
 
The indicator in itself does not allow a real assessment of the threat SOC loss. However, mapping 
SOC at EU member state scale can provide an overview of the SOC situation and identify areas with 
different SOC content for the promotion and implementation of sustainable agricultural soil 
management. In addition, maps of individual EU member countries can be the basis for comparison 
with SOC maps obtained from simulated scenarios of land-use change, climate change or both. 
 

5.1.4. Data and harmonization 
 
Data from SOC national data set, if available, otherwise EU data. To obtain EU SOC point data (LUCAS 
2018), one needs to make a request at the following link: https://esdac.jrc.ec.europa.eu/resource-
type/soil-point-data. 
In the case of ESDAC data, there is no need for harmonisation. On the contrary, in the case of 
national datasets, it will be a matter of checking the quality of the data and their consistency (depth, 
method of SOC measurement, time, etc.) on a MS-by-MS basis. 
 

5.1.5. Software 
 
Any GIS software package including the required spatial analysis modules.  
Any software or R/Python packages for spatial interpolation 
DSM workflow (Genova et al., 2024). 
 

5.1.6. Application 
 
Application of the different approaches possible is not straightforward and based on the specific 
method different levels of expertise could be requested. 
Detailed instructions on how to apply the method can be found in the publications that are 
mentioned above and are therefore not repeated here. 
In case where it is not possible to apply the DSM method described in section 5.1.2 a map of SOC 
content can be made by spatial interpolation of measured SOC values. This could be done with 
spatial stratification (e.g. per land use or soil type), but in its simplest form also without stratification. 
In that case, the resulting map will only provide a first indication, but in the absence of other data 
this can still be a valuable first step. 
 

5.1.7. Interpretation 
 
As mentioned above, maps of SOC content do not allow analysis of SOC loss but can be a first step in 
understanding SOC distribution at MS level, which can provide information relevant for the 
preservation of SOC stocks. 
How much can be concluded from the maps also depends on the methodology used for 
interpolation. The more elaborate methods, such as DSM, provide more information on the reasons 
why SOC content vary is space. Simple methods like kriging provide more of a first indication. 
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Interpretation should also be done in the geographical context. It is for example well known that SOC 
content tends to be lower in Mediterranean areas than in Boreal regions. Therefore, it is not possible 
to provide threshold/reference values that are of use throughout the EU. 
 

5.1.8. Further reading 
De Rosa, D., Ballabio, C., Lugato, E., Fasiolo, M., Jones, A., & Panagos, P. (2023). Soil organic carbon 

stocks in European croplands and grasslands: How much have we lost in the past decade? 
Global Change Biology. https://doi.org/10.1111/gcb.16992  

Genova, G., Poggio, L., Kempen, B., & Colman, B. (2024). DSM Workflow Seedling. ISRIC - World Soil 
Information. https://doi.org/10.17027/ISRIC-FSX2-2691  

Lagacherie, P. (2008). Digital Soil Mapping: A State of the Art. In A. and M.-S. M. de L. Hartemink 
Alfred E. and McBratney (Ed.), Digital Soil Mapping with Limited Data (pp. 3ς14). Springer 
Netherlands. https://doi.org/10.1007/978-1-4020-8592-5_1  

McBratney, A. B., Mendonça Santos, M. L., & Minasny, B. (2003). On digital soil mapping. Geoderma, 
117(1), 3ς52. https://doi.org/10.1016/S0016-7061(03)00223-4  

  

https://doi.org/10.1111/gcb.16992
https://doi.org/10.17027/ISRIC-FSX2-2691
https://doi.org/10.1007/978-1-4020-8592-5_1
https://doi.org/10.1016/S0016-7061(03)00223-4
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5.2. Soil erosion (ST) and soil erosion control (SES) 

5.2.1. Selected indicators:  
 
The amount of soil loss per year by water erosion, sheet and rill, was a pertinent indicator of erosion 
threat as it allows estimating actual risk (and potential either) of the ST given the current conditions. 
Total soil loss [t (or Mg) ha-1 yr-1] was selected as ideal indicator of soil erosion. However, data 
availability and difficulties in estimating all types of erosion, suggested the selection of a pragmatic 
indicator as soil loss by water erosion [t (or Mg) ha-1 yr-1]. 
Several indicators had already been applied to assess soil erosion control (SES) at the EU level but 
none of them represented the fraction of the reduction in the loss of soil materials involved in 
mitigating or preventing potential damages to human use of the environment or human health and 
safety. Total amount of soil not eroded was selected as ideal indicator of soil erosion control, but for 
the same considerations about soil erosion and for the lack of assessment at different periods of time 
(at least two), soil loss by water erosion was selected as pragmatic indicator of soil erosion control [t 
(or Mg) ha-1 yr-1]. 

 

5.2.2. Selected methodology 
 
The Revised Universal Soil Loss Equation (RUSLE) was selected. 
 
Elaborated by: Rudi Hessel, João Coblinski, Gabriele Buttafuoco, Sylwia Pindral, Blandine Lemercier, 
Annamária Laborczi. 
 

5.2.3. Scope/output 
 
The Revised Universal Soil Loss Equation (RUSLE) was selected because it is conceptually simple and 
possible to use by different MS. RUSLE was designed to calculate the long-term average soil loss from 
sheet and rill erosion under specific conditions (Renard et al., 1997; Wischmeier and Smith, 1978). In 
the RUSLE approach, other forms of water erosion (e.g., gully erosion) or deposition are not 
considered. The soil loss for a given location is calculated as the product of six factors (Wischmeier 
and Smith, 1978): 
 

=  x  x  x  x A R K LS C P         (1) 
 
where A (Mg ha-1 yr-1) is the annual average soil loss, R (MJ mm ha-1 h-1 yr-1) is the rainfall-runoff 
erosivity factor, K (Mg ha h ha-1 MJ-1 mm-1) is the soil erodibility factor, LS (dimensionless) is the slope 
length and slope steepness factor, C (dimensionless, ranges between 0 and 1) is the cover-
management factor and P (dimensionless, ranges between 0 and 1) is the support practices factor. 
Different examples of RUSLE application at EU scale are available (Bosco et al., 2015; Panagos et al., 
2020, 2015e). 
Equation 1 can be used for both the ST Soil Erosion and the SES Soil Erosion control. The C-factor 
(cover-management factor) is used to estimate both the ST and the SES. To estimate soil erosion (ST) 
the C-factor is set to 1, while for soil erosion control (SES) it is given a value based on land use, crop 
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type and management. The difference in soil erosion is then taken to be the erosion that is 
prevented by the presence of vegetation. 
 

5.2.4. Data and harmonization 
 
For a RUSLE application at national scale maps of R, K, LS, C and P factors are needed. Different 
methods exist to calculate these factors. An extremely critical issue is to ensure that all factors are 
calculated from data associated with a similar support size. The complete specification of the term 
support includes the geometrical shape, size, and spatial orientation of the measurement volume. 
The support can be as small as a point or as large as the entire pixel (e.g., remote sensing images or 
available maps of RUSLE factors). In geostatistics it is possible to solve the problem of change of 
support by resorting to block cokriging, but there are also other possible approaches. Whatever 
method is used, a change of support size is necessary to make the different R-factors compatible. 
In the application section one method (or possible alternative for lack of data or other) for each 
factor is provided. To use the selected methods, the following data are needed: 
 

Data RUSLE factor 

Rainfall intensity data R 

Soil textural particle-size fractions (sand, silt, clay) and organic carbon (SOC) K 

Digital elevation model LS 

Land use map C 

Cover crop map C 

Crop management map (tillage, residues, cover) C 

Landscape Management map (contouring, stone walls, grass margins) P 

 
It should be noted that because it was developed in the USA, RUSLE results were not originally 
expressed in the International System of Units (SI). In SERENA applications, the units of the 
International System were always used. 
 

5.2.5. Software 
 
Any GIS software package.  
Any software or R/Python packages for spatial interpolation 
 

5.2.6. Application 
 
Application of the RUSLE equation in GIS is straightforward as it only requires multiplication of the 
different factors. However, calculating the individual factors is more complex. One method for each 
factor is described below. 
 

5.2.6.1 R-factor (rainfall-runoff erosivity factor):  
 
The R-factor quantifies the erosive power of rainfall, which is one of the most direct impacts that 
climate change can have on soil erosion amount. The intensity of the rain plays a special role in its 
erosive power. 
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The calculation of the R-factor was originally described in Wischmeier and Smith (1978). The R-factor 
is the product of kinetic energy of a rainfall event (E) and its maximum 30-min intensity (I30). 
(Panagos et al., 2015a) described its calculation in metric units (SI) according to (Brown and Foster, 
1987): 
 

( )30

1 1

1 mjn

k
j k

R EI
n = =

= ää      (2) 

 
where R=average annual rainfall erosivity (MJ mm haҍ1 hҍ1 yrҍ1), n is the number of years covered by 
the data records, mj is the number of erosive events of a given year j, and EI30 (energy times 
intensity) is the rainfall erosivity index of a single event k. The erosivity EI30 (MJ mm haҍ1 hҍ1) of a 
single event is defined as: 
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where er is the unit rainfall energy (MJ haҍ1mmҍ1) and vr is the rainfall volume (mm) during a time rth 
period of rainfall divided in k-parts. I30 is the maximum 30-min rainfall intensity (mm hҍ1) of the whole 
event. The calculation of the unit rainfall energy (er) for each time interval is based on rainfall 
intensity ir (mm hҍ1) in the same time interval as follows (Brown and Foster, 1987): 
 

( ) 300.29 1 0.72 exp 0.05 r re i I= ³ - ³ -è øê ú    (4) 

 
Finally, the mean annual erosivity sums the erosive events during a given period and it is divided by 
the number of years. 
The R-factor calculation requires the identification of erosive rainfall events (mj) for each station. The 
criteria for the identification of an erosive event are given by (Renard et al., 1997): 
 

1. the cumulative rainfall of an event should be greater than 12.7mm, or  

2. the event has at least one peak that is greater than 6.35mm in 15 min and  

3. a rainfall-period of less than 1.27mm in 6 h is used to divide a longer storm period into two 

storms. 

 
In many erosion studies, simplified multiplications (Arnoldus, 1980) have been used or in other cases, 
because of the lack of stations with sub-hourly data for long periods and measured intensity, the 
development of simple empirical equations correlating R-factor with daily/monthly/annual rainfall 
data have been developed (Diodato and Aronica, 2014). 
Alternatively, geostatistical algorithms for spatial interpolations contributed to regional, national, 
and continental erosivity datasets from high temporal resolution data (hourly, sub-hourly) and for 
long periods (Diodato et al., 2013, 2014; Panagos et al., 2015a). 
In the case of lack of data, a solution is offered by the work done by a group of scientists, working 
with R-factor data all over the world, who have collected data on rainfall erosivity from 3,625 
meteorological stations in 63 countries and established the Global Rainfall Erosivity Database 
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(GloReDa, https://esdac.jrc.ec.europa.eu/content/global-rainfall-erosivity) to develop a global 
erosivity map (Panagos et al., 2017). The data have been produced in 2013-2017 and can be 
requested free of charge from https://esdac.jrc.ec.europa.eu/content/global-rainfall-erosivity. 
 

5.2.6.2 K-factor (soil erodibility factor) 
 
The K-factor quantifies the erodibility of soil or susceptibility of soil to erosion. It represents the rate 
of soil loss per unit of rainfall erosivity index as measured on a unit plot (approx. 22.13 m in length) 
of uniform slope (9%) continuously in clean-tilled fallow (Wischmeier and Smith, 1978). Direct 
measurements of the K-factor at the EU member state scale are not available, so it is necessary to 
use one of several available equations, the choice of which, apart from the accuracy and quality of 
the K-factor values obtained, depends on the availability of the input data required by each of these 
equations. 
Excluding nomograph calculations and equations requiring data on soil water infiltration, soil 
permeability and total water capacity, two equations were selected that only require data on the 
three soil particle size fractions and the concentration of organic carbon. 
One of these is included in the EPIC model (Sharpley and Williams, 1990), and K-factor is calculated 
as follows: 
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Where sand, silt, clay, and soil organic carbon (SOC) are their respective concentrations in 
percentage (%). The results (K) are expressed in SI units as Mg h MJ-1 mm-1. 
A second equation based on a global dataset compiled from published studies was proposed by 
(Torri et al., 1997). The soil erodibility factor K is calculated using a regression equation having as 
inputs soil textural size fractions and organic matter (OM) concentration: 
 

îý

î
ü
û

îí

î
ì
ë

+-ö
÷

õ
æ
ç

å
--+-= 2

2

2  72.1 02.400037.00021.0exp)24.065.0(0293.0 CC
C

OM

C

OM
DDK GG  (6) 

 
where: 
OM = organic matter content expressed as a percentage; 
C = clay content expressed as a fraction; 

https://esdac.jrc.ec.europa.eu/content/global-rainfall-erosivity
https://esdac.jrc.ec.europa.eu/content/global-rainfall-erosivity
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DG  = decimal logarithm of the geometric mean of soil particle size and is calculated using the 
following equation: 
 

( )110log -ä= iiiG ddfD      (7) 

 
where: 
di = maximum diameter of ith particle size class (mm) 
di-1  = minimum diameter of ith class (mm) 
fi = fraction of primary particles (clay, silt, sand) with sizes within di and di-1 as defined by (Shirazi et 
al., 1988)(Shirazi et al., 1988)(Shirazi et al., 1988). 
 
The data to be used are those from national databases and in case there is no national database, 
data provided by the Joint Research Centre in Ispra (Italy) will be used.  
 

5.2.6.3 LS-factor (slope length and slope steepness factor) 
 
LS-factor (slope length and slope steepness factor)

 
The recommended method is described in (Panagos et al., 2015b). 
 
For S the calculation is as follows: 
 
S = 10.8 × sin ɸ + 0.03, where slope gradient < 0.09 deg 
S = 16.8 × sin ɸ ҍ лΦрΣ ǿƘŜǊŜ ǎƭƻǇŜ ƎǊŀŘƛŜƴǘ җ лΦлф ŘŜƎ 
 
where ɸ is the gradient of slope in degrees. 
 
For calculating L, Panagos et al. (2015b) used the equation of Demet and Govers (1996) who used the 
concept of unit-contributing area for two-dimensional terrain: 
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where ὃὭ,ὮҍὭn is the contributing area at the inlet of grid cell (i,j) measured in m2. D is the grid cell size 
(meters), Xi,j = sin ὥὭ,Ὦ + cos ὥὭ,Ὦ, the ὥὭ,Ὦ is the aspect direction of the grid cell (i,j). 
 
m is related to the ratio ̡ of the rill to interrill erosion: 
 

Tips and tricks: The calculation of LS factor is complex, but an LS map can be downloaded from: 
https://esdac.jrc.ec.europa.eu/content/ls-factor-slope-length-and-steepness-factor-eu (ESDAC). 
For countries the spatial resolution is 25 m, while for the whole EU it is 100 m. 

https://eur03.safelinks.protection.outlook.com/?url=https%3A%2F%2Fesdac.jrc.ec.europa.eu%2Fcontent%2Fls-factor-slope-length-and-steepness-factor-eu&data=05%7C01%7Crudi.hessel%40wur.nl%7Cc103696506694e81efe708db0dc3c098%7C27d137e5761f4dc1af88d26430abb18f%7C0%7C0%7C638118906634915128%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C3000%7C%7C%7C&sdata=smD3iUlsEFI0JbuWulanfjzMtPmcTn%2B06tsMXSeP%2B18%3D&reserved=0
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It is to note that possible maximum slope is 50% (26.6 degrees). Next, a method is required to 

combine S and L terms to obtain the LS-factor. Panagos et al. (2015b) estimated the LS-factor by 

using one of the hydrology modules available in SAGA GIS (the LS-factor field base), which 

incorporates the multiple flow algorithm (Pilesjö et al. 2014). Moreover, SAGA GIS carries out 

computations much more quickly than other commercial GIS software and calculates flow 

accumulation directly from the DEMs. 

 
 

5.2.6.4 C-factor (cover-management factor) 
 
The calculation of the C-factor is based on the method described by (Panagos et al., 2015c). In that 
study, a C-factor has been calculated for the arable lands of each NUTS2 region as follows: 
 

arable crop managementC C C= ³     (10) 

 
where Ccrop is the C-factor based on the crop composition of an agricultural area, and Cmanagement 
quantifies the influence of management practices (reduced tillage, cover crop and crop residues) on 
soil erosion reduction. Values of Ccrop for 17 crops are reported in Table D.2.3.2.2. 
 
Table D.2.3.2.2: Ccrop values for 17 crops (Panagos et al., 2015c). 

 
 

management tillage residues coverC C C C= ³ ³     (11) 
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Ctillage = 1 for conventional tillage; 0.35 for conservation/ridge tillage; 0.25 for no till practices. 
Cresidues = (0.88 × Fresidues) + (1 ҍ Fresidues), where Fresidues is the fraction of arable land treated with 
Ǉƭŀƴǘ ǊŜǎƛŘǳŜǎ ώлΧмϐΦ 
Ccover = (0.80 × Fcrop-cover) + (1 ҍ Fcrop-cover) where Fcrop-cover is the fraction of arable land to which 
cover crops are applied during winter or spring [0, Χ, 1]. 
 

Information on C-factor for other land uses is given in Tables D.2.3.2.3 and D.2.3.2.4. 
 
Table D.2.3.2.3: Mean C-factor for different land uses, based on remote sensing (Panagos et al., 2015c). 

 
 
 
Table D.2.3.3.4: C-factors per land use per country in Europe (Panagos et al., 2015c) 
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The same land-cover class may have different C-factors due to variations in vegetation density.  
 
Fcover is a vegetation layer available in the Copernicus programme and normalized in the range [0ς1], 

which describes the % of soil covered by any type of vegetation. It is used to calculate: 

 

( ) ( ) (1 )NonArable landuse landuse coverC Min C Range C F= ³ ³ -     (12) 

 

Based on this approach, the C-factor reaches its maximum value when the Fcover is equal to 0 (no 

vegetation protection, and high risk of erosion) and its minimum value when the Fcover is equal to 1 

(soil is fully covered by vegetation). 

 
 

5.2.6.5 P-factor (support practices factor) 
 
Map available at: Support Practices factor (P-factor) for the EU - ESDAC - European Commission 
(europa.eu) (ESDAC) (Resolution: 1 km) 
 
Methodology is described in (Panagos et al., 2015d). At the European level, the effect of support 
practices (compulsory for farmers to receive incentives under the CAP-GAEC) on soil loss were 
assessed by P-factor estimation taking into account a) contour farming b) maintenance of stone walls 
and c) grass margins. 
 
The P-factor in the RUSLE2015 model is estimated as the product of 3 sub-factors: 
 

c sw gmP P P P= ³ ³     (13) 

 
where Pc is the contouring sub-factor for a given slope of a field, and Psw is the stone walls 
sedimentation sub-factor (known as terrace sub-factor), and Pgm is the grass margins sub-factor 
(known as strip cropping sub-factor and includes effects of grass buffer strips). Pc values as a function 
of slope are provided in Table D.2.3.2.5. 
 
Table D.2.3.2.5: Pc values as function of slope (Panagos et al., 2015d). 

 
 
For Psw, Panagos et al (2015e) arrived at an estimate of 0.32-0.71, depending on stone wall density. 

https://esdac.jrc.ec.europa.eu/content/support-practices-factor-p-factor-eu
https://esdac.jrc.ec.europa.eu/content/support-practices-factor-p-factor-eu


Deliverable D2.3.2  

                       
 

¢Ƙƛǎ ǇǊƻƧŜŎǘ Ƙŀǎ ǊŜŎŜƛǾŜŘ ŦǳƴŘƛƴƎ ŦǊƻƳ ǘƘŜ 9ǳǊƻǇŜŀƴ ¦ƴƛƻƴΩǎ Horizon 2020 
research and innovation programme under grant agreement N° 862695
 
 
 
 
 
  33 

For Pgm, Panagos et al (2015e) assumed that grass margins trap on average half of the sediments 
compared to those trapped by stone walls. Thus, depending on the density of grass margins, the Pgm-
factor will vary from 0.66 to 0.85. Table D.2.3.2.6 gives values of Psw and Pgm. 
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Table D.2.3.2.6: Density of stone walls and grass margins along a transect (LUCAS database) and assigned P-factor (Psw is 
stone walls sub-factor, Pgm is grass margins sub-factor) values for Europe (Panagos et al., 2015d). 

 
 
An Appendix is included with some details and scripts. 
 

5.2.7. Interpretation 
 
Panagos et al. (2020) used 2 Mg ha-1 yr-1 as threshold for sustainable soil loss, and 11 Mg ha-1 yr-1 as 
threshold for severe erosion. Baritz (EEA, 2023) considered 2 Mg ha-1 yr-1 a suitable threshold for 
shallow soils and 4 Mg ha-1 yr-1 for deep soils. As also discussed in Baritz (EEA, 2023), other authors 
consider 5-10 Mg ha-1 yr-1 as moderate erosion, and >10 Mg ha-1 yr-1 as severe erosion. Based on this, 
we propose the following classes for the legend of the soil erosion map: 
 
0-2 Mg ha-1 yr-1: no soil erosion (0) 
2-5 Mg ha-1 yr-1: slight soil erosion (1) 
5-10 Mg ha-1 yr-1: moderate soil erosion (2) 
> 10 Mg ha-1 yr-1: severe soil erosion (3) 
 
For the soil erosion control map, the difference between the erosion map with C-factor = 1 (soil 
erosion without vegetation) and C-factor according to land use, crop type and management (soil 
erosion with vegetation) is calculated: 
 
Soil erosion control = Soil erosion without vegetation ς soil erosion with vegetation 
 
For the soil erosion control map, two types of legend are possible, both with their own advantages 
and disadvantages: 
 

-  Absolute: The legend could, like for soil erosion, be given in Mg ha-1yr-1 of soil erosion that is 

avoided. Class boundaries might need to be different and should have the possibility for 

negative change (though this would not be expected). This provides information on the true 

reduction, but less on the change in severity or the exceedance of thresholds. 

-  Classes: The legend could be expressed in change of erosion class, e.g. -1 means erosion class 

has decreased 1 class (e.g. from >10 to 5-10 Mg ha-1 yr-1). As not all erosion classes have the 

same range, and the range for the higher classes is largest, not all changes may be visible in 

the resulting map. 
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Legends for both methods are best defined once the range of results is available. For starting, 
possible classes are suggested in Table D.2.3.2.7. 
 
Table D.2.3.2.7: Classes for soil erosion control map. Note that negative values indicate that erosion has increased due to 
vegetation; this is unlikely but model-wise it is possible. 

Absolute (Mg ha-1 yr-1) Classes 

values legend values legend 

< -5 Large increase -3 Large increase 

-5 - -1 Small increase -2 Moderate increase 

-1 - 1 No change -1 Small increase 

1 - 5 Small decrease 0 No change 

> 5 Large decrease 1 Small decrease 

  2 Moderate decrease 

  3 Large decrease 

 
As mentioned before, the rates simulated by RUSLE refer to rill and interrill erosion and do not 
include the effects of gully erosion, streambank erosion or deposition. As such, the results of RUSLE 
cannot be compared to sediment yield data from catchments, unless assumptions are made for 
these other processes (such as on the sediment delivery ratio). 
We would also like to point out that soil erosion control as used in the cookbook cannot be used 
directly to evaluate the effect of measures in comparison to arable fields without measures. This 
because the calculation compares a situation without vegetation (C=1) to a situation with vegetation 
(C smaller than 1). Arable fields generally do not have zero vegetation (except perhaps at some 
specific moments). Thus, arable fields already have a C-factor below 1; measures that improve 
vegetation cover would result in a further reduction of the C-factor. 
In the absence of validation data, the best way to evaluate the result is to compare the input maps 
with the output map to see whether results are in line with expectations (e.g., higher erosion for 
steeper slope, higher erodibility, higher erosivity, poorer cover, etc.), in combination with expert 
opinion on predicted absolute values and predicted erosion patterns. 
 

5.2.8. Further reading 
Brown, L. C., Foster, G. R., 1987. storm Erosivity Using Idealized Intensity Distributions. Transactions 

of the ASAE 30, 0379ς0386. https://doi.org/10.13031/2013.31957 

Desmet, P.J.J., Govers, G., 1996. A GIS procedure for automatically calculating the USLE LS factor on 
topographically complex landscape units. J Soil Water Conserv 51, 427ς433. 

Panagos, P., Ballabio, C., Poesen, J., Lugato, E., Scarpa, S., Montanarella, L., Borrelli, P., 2020. A Soil 
Erosion Indicator for Supporting Agricultural, Environmental and Climate Policies in the 
European Union. Remote Sens (Basel) 12, 1365. https://doi.org/10.3390/rs12091365 

Panagos, P., Borrelli, P., Meusburger, K., 2015a. A New European Slope Length and Steepness Factor 
(LS-Factor) for Modeling Soil Erosion by Water. Geosciences (Basel) 5, 117ς126. 
https://doi.org/10.3390/geosciences5020117 
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5.3. Soil sealing 

 

5.3.1. Selected indicators 
 
Degree of soil sealing (ha ha-1). Proportion of an area that is covered by artificial, (semi-)impermeable 
materials. 
 

5.3.2. Selected methodology 
 
Level 1: semi-automatic classification process of multitemporal images and photointerpretation; Level 
2 machine learning model 
 
Elaborated by: Daniela Smiraglia, Kasper Cockx, Sabina Asins-Velis, Luca Congedo, Cecilie Foldal, Ines 
Marinosci, Katrien Oorts, Nicola Riitano, Paolo De Fioravante, Francesca Assennato, Michele Munafò 
 

5.3.3. Scope/output 
 
{ƻƛƭ ǎŜŀƭƛƴƎ ƛǎ άǘƘŜ ǇŜǊƳŀƴŜƴǘ ŎƻǾŜǊƛƴƎ ƻŦ ǎƻƛƭǎ ōȅ ōǳƛƭŘƛƴƎǎΣ ŎƻƴǎǘǊǳŎǘƛƻƴǎ ŀƴŘ ƭŀȅŜǊǎ ƻŦ ŎƻƳǇƭŜǘŜƭȅ ƻǊ 
partly impermeable artificial material (asphalt, concrete, etc.). It is the most intense form of land take 
and is a hardly reversible process. Soil seaƭƛƴƎ ƛǎ ŎŀǳǎƛƴƎ ƭƻǎǎ ƻŦ ŜǎǎŜƴǘƛŀƭ ǎƻƛƭ ŜŎƻǎȅǎǘŜƳ ŦǳƴŎǘƛƻƴǎέ 
(Huber et al., 2008; Prokop et al., 2011; Stolte et al., 2015; Tobias et al., 2018).  
Artificial materials and covers of the following land use classes are taken into consideration: buildings, 
paved roads, train railroads, airports, ports, impervious non-built areas and sports fields, paved 
greenhouses, and landfill sites. 
The degree of soil sealing is the proportion of an area (ha ha-1) that is covered by artificial, (semi-
)impermeable materials. To assess the soil threat (ST) of soil sealing, it is helpful to compare the degree 
of soil sealing through time (ha ha-1 yr-1). 
To map and assess the degree of soil sealing at the national level, a hierarchical approach is proposed:  

- Level 1: semi-automatic classification process of multitemporal satellite images. The methodology 

uses vegetation and backscatter indices calculated over time series of images, and decision rules. 

The semi-automatic classification supports the subsequent photointerpretation phase based on 

national orthophotos and other free VHR satellite images (e.g. through Google Earth or Bing 

services). The final maps are the product of a binary classification (sealed/not-sealed) having 10 m 

spatial resolution; 

- Level 2: a case study for Flanders (Belgium) as an example of a more detailed mapping methodology 

is proposed for supporting users in generating more detailed mapping products, if needed. 

 

5.3.4. Data and harmonization 
 
Level 1 
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¶ It is recommended to use the Copernicus Land Monitoring Service High Resolution Layer 

Imperviousness 2018 as reference data to start the procedure, as this layer has a 10 m resolution 

and is available for EU countries. 

Go to 

https://land.copernicus.eu/en/products/high-resolution-layer-imperviousness/imperviousness-

density-2018#download 

ŀƴŘ ǎŜƭŜŎǘ ȅƻǳǊ ά!ǊŜŀ ƻŦ ƛƴǘŜǊŜǎǘέ ŀǘ мл Ƴ ǊŜǎƻƭǳǘƛƻƴΣ ǘƘŜƴ ǇǊŜǎǎ ά!ŘŘ ǘƻ ŎŀǊǘέ ōǳǘǘƻƴ ŀƴŘ Ŧƻƭƭƻǿ 

the instruction for downloading. 

Unzip the files and open the files in a GIS software, like QGIS. 

¶ Sentinel 1 and Sentinel 2 tiles of the period to monitor (follow the instructions in chapter 4); 

¶ Administrative boundaries shapefile; 

¶ VHR images and orthophotos to support photointerpretation; 

¶ grid (2x2 km) shapefile to support the photointerpretation 

 

Level 2 
Annual soil sealing maps of Flanders (Belgium) 
In order to monitor the evolution of sealed surfaces, and thus the effectiveness of sealing-related 
policy measures, in Flanders (Belgium), a method was developed for automatically generating annual 
and spatially detailed (1 m resolution) soil sealing maps for this rŜƎƛƻƴΦ ¢ƘŜǎŜ ƳŀǇǎ ŎƻƳōƛƴŜ άƪƴƻǿƴέ 
sealing from administrative databases (buildings and transport infrastructure) with modelled sealing 
based on artificial intelligence. 
 
Large-scale Reference Database 
¢ƘŜ άŀŘƳƛƴƛǎǘǊŀǘƛǾŜƭȅ ƪƴƻǿƴέ ǎƻƛƭ ǎŜŀƭƛƴƎ ǿŀǎ ŘŜǊƛǾŜŘ ŦǊƻƳ ǘƘŜ Large-scale Reference Database (LRD, 
Grootschalig Referentiebestand), the digital topographic reference map for Flanders. Different (parts 
of) vector layers of the LRD were selected for delineating buildings, roads, railways and water (see 
Cockx et al. (2022) for more details). For each year for which an annual soil sealing map was prepared, 
the LRD state on 31 December of the year under consideration was used. 
 
Aerial imagery 
CƭŀƴŘŜǊǎΩ ŀŘƳƛƴƛǎǘǊŀǘƛǾŜ ŘŀǘŀōŀǎŜǎ Řƻ ƴƻǘ όŀŘŜǉǳŀǘŜƭȅύ ŎƻǾŜǊ ǇŀǊƪƛƴƎ ƭƻǘǎΣ ǇǊƛǾŀǘŜ ŘǊƛǾŜǿŀȅǎ ŀƴŘ 
garden terraces, which are a substantial part of the sealed area in Flanders. Hence, a machine learning 
model was built for deriving these types of sealing from aerial imagery. For this purpose, the publicly 
available medium-scale annual winter aerial images between 2012 and 2020 of Flanders, available in 
418 map sheets with a 25 cm resolution, were used. 
 

5.3.5. Software 
 
Level 1  
¶ A Google Earth Engine account is required to process the data, as the procedure is written in 

Python. It can be requested at the following link: https://code.earthengine.google.com/register. It 

is available free of charge for non-commercial and research projects 

(https://earthengine.google.com/noncommercial).  

https://land.copernicus.eu/en/products/high-resolution-layer-imperviousness/imperviousness-density-2018#download
https://land.copernicus.eu/en/products/high-resolution-layer-imperviousness/imperviousness-density-2018#download
https://www.vlaanderen.be/digitaal-vlaanderen/onze-oplossingen/basiskaart-vlaanderen-grb
https://www.vlaanderen.be/datavindplaats/catalogus/orthofotomozaiek-middenschalig-winteropnamen-0
https://code.earthengine.google.com/register
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After the registration and authentication, open the following link, which is a Google Colab 
Notebook:  
https://colab.research.google.com/drive/1Ychh0u2zd0A8DHvjvkoLGF1lZVCPnlAo?usp=sharing 
It contains detailed instructions and the Python code required for the monitoring of soil sealing as 
described in Luti et al. (2021). 

¶ Any GIS software package.  If QGIS is used as suggested later, you need to install the following 

plugins:  

- Semi-Automatic Classification: The plugin offers three important functions to support 
photointerpretation: the display of multi-temporal images in Google Earth, the display of multi-
temporal Sentinel-2 images and the use of keyboard shortcuts for faster switching on and off of layers 
in QGIS. In addition, you can visualize the GE images by linking the view of the QGIS project to the 
Google Earth software; 

- QuickMapServices: the plugin allows you to view images from Google, Bing and other sources in QGIS. 
The basemaps are useful as a support for the photo interpreter, but cannot be used for 
photointerpretation, since the date of acquisition of the different portions of the basemap is not 
known; 

- Topology Checker: the plugin is useful for identifying topological errors in geometries, such as wrong 
intersections, overlaps and invalid geometries. The plugin is necessary for verifying the final 
photointerpretation. 

 

Level 2  
For Flanders, a machine learning model was built using the semantic segmentation of the U-Net model 
(Ronneberger et al., 2015). The actual training of the model was done with TensorFlow (Abadi et al., 
2015) in Python. All other calculations and processes were written and executed in R or Python. 
 

5.3.6. Application 
 
Level 1  
Study area and monitoring period definition 

First, we define a study area. The monitoring process implemented in this cookbook works on the 

geometric boundaries defined by a Sentinel-2 tile that must be specified. 

It is required to define the monitoring period in order to detect changes between two years: 

¶ Year 1, named "previous year" 

¶ Year 2, named "reference year" 

For example, Year 1 can be 2018 and Year 2 can be 2019, so that the changes between these years are 

monitored. In particular, the methodology considers the changes that occurred between March of the 

previous year and March of the reference year because of reporting requirements. 

In addition, a shifted period starting from June to December is considered, to also detect the changes 

that occurred after the start of the reference year. 

Enter the reference year. The monitoring dates will be automatically defined according to the 

reference year. 
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Sentinel-2 methodology for change detection related to vegetation removal 
The processing of Sentinel-2 images involves the calculation of the NDVI indices in the reference year 

and previous year, with the aim to detect a difference in values that may be related to vegetation 

removal because of soil sealing. 

The first step is the selection of Sentinel-2 images for the three periods (reference year, previous year 

and shift period). 

In Google Earth Engine, the groups of images such as Sentinel-2 time series are called collections. 

Selecting the images by a date range produces a new collection. 

 

Sentinel-2 pre-processing 

Pre-processing involves the masking of clouds identified in the image, which must be removed from 

the image to avoid outliers in the calculation of vegetation indices. The masking function will be 

executed on every image in the collection. In Google Earth Engine, a function can be applied to all the 

images by using the method map. 

 

Sentinel-2 NDVI calculation 

The NDVI is calculated for each image in the three collections, producing 3 new collections of NDVI 

rasters. 

As an example, we can display the NDVI raster calculated for the first image in the collection (Fig. 

D2.3.2.4) of the reference year (with dark green colors for low NDVI values and light green for high 

NDVI values). We can see the clouds masked as NoData (transparent) in the raster. 

 

 
 
Figure D2.3.2.4: NDVI raster for the first image in the collection 

 

Calculation of maximum NDVI in the period range 

As described in Luti et al. (2021), we calculate the maximum NDVI value per pixel for each period. 

In Google Earth Engine, the method.reduce applied to the function ee.Reducer.max() allows for 

calculating the pixel based maximum of the collection (i.e. the three periods). 

 

Calculation of the NDVI difference and the change mask 

Now we can calculate the NDVI difference between the previous year and reference year, as well as 

the NDVI difference between the previous year and the shift period. 
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We can display the difference between the previous year and reference year in the map (Fig. D2.3.2.5), 

with green color representing NDVI values increasing between the previous and reference year, and 

red colors representing NDVI values decreasing between the previous and reference year. 

 

 
Figure D2.3.2.5: NDVI difference between the previous year and reference year in the map. 

 

Calculate the Sentinel-2 change map 

The calculated maximum NDVI and NDVI difference between the previous year and reference year is 

then used to calculate the mask of changes with a conditional statement: 

 

where 

NDVI difference > 0.2 

and 

maximum NDVI for reference year <= 0.3 

 

Therefore, pixels where the NDVI difference is higher than 0.2 and the maximum NDVI for the 

reference year is lower or equal to 0.3 are considered. 

The same calculations are performed between the previous year and the shift period. 

We can display the mask of possible changes related to the removal of vegetation (Fig. D2.3.2.6). The 

possible changes are displayed in red and represent pixels where the NDVI decreased between the 

previous year and reference year. This condition can frequently happen in the case of crop fields, 

causing false positives. 

The Sentinel-1 processing (described in the following paragraph) aims to reduce these false positives. 
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Figure D2.3.2.6: Mask of possible changes related to the removal of vegetation 

Sentinel-1 methodology for change detection related to buildings and infrastructures 

The Sentinel-1 Ground Range Detected (GRD) data are used to detect possible changes, related to 

buildings or infrastructures, that increase the backscatter values. The Sentinel-1 polarization VV 

(vertical transmit/vertical receive) is used for mapping possible changes. 

In addition, a soil cover mask is created to reduce the false positives of the Sentinel-2 change map. The 

Sentinel-1 polarization VH (vertical transmit/horizontal receive) is used for detecting these surfaces. 

First, Sentinel-1 images intersecting the Sentinel-2 tile are selected. The ascending and descending 

orbits are processed separately to avoid backscatter differences influenced by the geometry of the 

observation. 

 

Sentinel-1 pre-processing 

In the Sentinel-1 pre-processing phases, pixel values lower than -30 dB were considered outliers and 

therefore removed from the images. 

 

Calculate a mask to reduce false change detection 

Sentinel-1 backscatter values are related to surface characteristics such as roughness. Therefore, it is 

possible to map pixels having flat surfaces such as bare soil, which are not related to soil sealing, to 

reduce false positives in the Sentinel-2 change map. 

¢Ƙƛǎ ǇǊƻŎŜǎǎ ƛƴǾƻƭǾŜǎ ŎŀƭŎǳƭŀǘƛƻƴ ƻŦ ǘƘŜ ƴǳƳōŜǊ ƻŦ ƻōǎŜǊǾŀǘƛƻƴǎ ǿƘŜǊŜ ǘƘŜ ǇƛȄŜƭ ōŀŎƪǎŎŀǘǘŜǊ ǾŀƭǳŜ Җ -

нл όƛΦŜΦ Ŧƭŀǘ ǎǳǊŦŀŎŜǎύ ŦƻǊ ǘƘŜ ǊŜŦŜǊŜƴŎŜ ȅŜŀǊ ŀƴŘ ǇǊŜǾƛƻǳǎ ȅŜŀǊΦ ! ǇƛȄŜƭ ƛǎ ƳŀǎƪŜŘ ŀǎ ΨŦƭŀǘ ǎǳǊŦŀŎŜΩ ƛŦ ǘƘƛǎ 

condition occurs for more than 30% of the valid observations for both the reference and previous 

years. 

We can display the Sentinel-1 flat mask in green colour (Fig. D2.3.2.7), which represents mainly crop 

fields and vegetated areas. 
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Figure D2.3.2.7: Sentinel-1 flat mask in green colour 

 

Sentinel-1 change detection 

Change detection using Sentinel-1 involves the calculation of several statistics such as the median of 

backscatter values (VV polarization) of the previous year and reference year, calculated separately for 

ascending and descending orbits. 

Then, the following conditional statement is evaluated separately for ascending and descending orbits: 

 

where 

  median of reference year - median of previous year >= 0.1 

and 

  median of reference year < -9 

and 

  NDVI of reference year < 0.5 

 

The above condition also takes into account the NDVI for excluding vegetated areas from the possible 

changes. Therefore, the mask of possible soil sealing is calculated where both ascending and 

descending masks are verified.  

 

Mask of possible soil sealing 

The mask of possible soil sealing is the result of the overlay between the masks obtained from Sentinel-

2 (related to vegetation removal) and Sentinel-1 (related to building and infrastructures). 

 

The result is a raster having the following values: 

1) Possible changes identified by both Sentinel-1 and Sentinel-2 methodologies (very probable 

changes) 

2) Possible changes identified by Sentinel-1 methodology 

3) Possible changes identified by Sentinel-2 methodology 

4) Possible changes identified by Sentinel-2 methodology with shift period (less probable) 
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We can display the possible changes with the following colors (Fig. D2.3.2.8): 

¶ blue: Possible changes identified by both Sentinel-1 and Sentinel-2 methodologies (very probable 

changes) 

¶ red: Possible changes identified by Sentinel-1 methodology 

¶ orange: Possible changes identified by Sentinel-2 methodology 

¶ yellow: Possible changes identified by Sentinel-2 methodology with shift period (less probable) 

 

False positives can occur, in particular on crop fields. 

 

 
 
Figure D2.3.2.8: Mask of possible soil sealing changes 

 

Save the mask to Google Drive 

We can save the output to Google Drive, which therefore can be downloaded for the next steps of 

ǇƘƻǘƻƛƴǘŜǊǇǊŜǘŀǘƛƻƴΦ ¢ƘŜ ǊŀǎǘŜǊ ƛǎ ǎŀǾŜŘ ƛƴ ŀ ŘƛǊŜŎǘƻǊȅ ƴŀƳŜŘ ΨƭŀƴŘ consumption ƳŀǎƪΩ ƛƴ ǘƘŜ DƻƻƎƭŜ 

Drive main path. 

The process can take a few minutes. The progress can be monitored at 

https://code.earthengine.google.com/tasks. 

 
Photointerpretation of orthophotos and GE images 
The photointerpretation and manual editing (drawing of polygons) is carried out using a GIS software 
(e.g. QGIS).  
The suggested classification nomenclature follows the Eagle nomenclature for LCC Land Cover 
Component slightly modified (https://land.copernicus.eu/en/eagle?tab=document_archive). The 
hierarchical scheme is based on three levels (Table D.2.3.2.8) and the user can choose which legend 
level to adopt. The third level defines different kinds of permanent and reversible soil sealing. It is 
appropriate when very high-resolution images are available. The first and second level are used in other 
cases where the image spatial resolution is not adequate or if the user chooses a less detailed level.  
 
  

https://colab.research.google.com/corgiredirector?site=https%3A%2F%2Fcode.earthengine.google.com%2Ftasks
https://colab.research.google.com/corgiredirector?site=https%3A%2F%2Fcode.earthengine.google.com%2Ftasks
https://land.copernicus.eu/en/eagle?tab=document_archive
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Table D.2.3.2.8: Legend of soil sealing classification 

1   Artificial Surfaces 

11   Sealed Artificial Surfaces  

111) Buildings  

112) Transport infrastructure (paved roads) 

113) Rail networks 

114) Airport installations (including their associated access infrastructures) 

115) Sea port installations (including their associated access infrastructures) 

116) Other sealed areas without buildings (squares, parking lots, sports fields, concrete or asphalt 

surfaces, etc.)  

117) Permanent paved greenhouses 

118) Dump sites 

12   Non-Sealed Artificial Surfaces 

121) Unpaved roads 

122) Construction site and other beaten earth lands (squares, parking lots, sports fields, 

permanent material storage areas, etc.)  

123) Extractive sites that are not renaturalized  

124) Quarries in groundwater 

125) Solar panels (ground-mounted) 

126) Other artificial coverage not connected to agricultural activities (if removed, the initial 

condition of soil is restored) 

2   Other Surfaces (Biotic/Vegetation, Water, Natural Material) 

 
The photointerpretation must be carried out at a scale at least between 1:2,000 and 1:4,000, increasing 

the zoom level during editing where necessary.  

After starting QGIS, you need to configure your workspace by installing and activating some important 
plugins: 

¶ Semi-Automatic Classification: lets you visualize the GE images by linking the view of the QGIS 

project to the Google Earth software. 

¶ QuickMapServices: lets you visualize Google, Bing and other QGIS source images. 

¶ Topology Checker: lets you look over your vector files and check the topology with several topology 

rules. 

 
To facilitate the photointerpretation phase, the following input data are needed: 

¶ administrative boundaries shapefile; 

¶ WMS services relating to Sentinel-2 data, VHR images and orthophotos to support 

photointerpretation; 

¶ the soil sealing raster of the previous period (e.g. HRL Imperviousness 2018); 

¶ the raster file of the mask; 

¶ grid (2x2 km) shapefile (to support the editing) to mark the photointerpreted squares (Fig. 

D2.3.2.9). In order to check the area of interest in a systematic, complete and organised manner, it 

is useful to use a grid shapefile. With a monitor of at least 20" it is advisable to use a 2x2 km grid. 
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In the grid attributes table, you need to create a field ("integer" type and 1 character long) to be 

filled in as you proceed with the inspection of the grid check as done. After having checked the 

square and after having identified and reported any errors or changes in the area, select the square 

and mark the corresponding field in the attributes table with the code 1. In this way, the checked 

area will be covered, and you will move on to the next square (Fig. D2.3.2.9); 

 

 
 

Figure D2.3.2.9: Grid shapefile to mark the photointerpreted squares 

 

¶ empty shapefile in which to add the photointerpreted polygons. The editing of the vector polygons 

is done on a single shapefile, containing a field for the year to be monitored (i.e. the reference year) 

and in which to insert the class code of identified polygons. 

 
Then you can start with the editing tool and proceed with drawing the polygons and subsequently 

filling in the corresponding row in the attribute table with the classes from Table D.2.3.2.8.  

 

Here some examples of photointerpretation (Fig. D.2.3.2.10 and Fig. D.2.3.2.11): 
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a) b) 

  
 
Figure D.2.3.2.10: Basemap of the previous year (a) and the reference year (b). Black pixels = soil sealing map of the previous 
year, yellow pixels = mask of possible changes, purple line = photointerpreted polygon. 

a) b) 

  
c) d) 

  
Figure D.2.3.2.11: Basemap of the previous year (a), the reference year (b), mask of possible changes (c), mask of possible 
changes and photointerpretation (d). Black pixels = soil sealing map of the previous year, yellow pixels = mask of possible 
changes, purple line = photointerpreted polygon. 
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!!!! When comparing the mask with a high resolution image, the raster may not perfectly cover the 
edges of a paved area or building. This may depend on a shift between the image and the raster or on 
the rasterization process and the resolution of the mask file raster. In this case, it is not an omission 
error (Fig. Figure D.2.3.2.12). 
 

  
 
Figure D.2.3.2.12: Example of an omission error (left). The yellow polygons (right) are not omissions. 

 
!!!! Tunnels and bridges (over water bodies or natural soil) are not to be considered soil sealing and if 
reported in the mask, must be corrected. 
 
!!!! Low density photovoltaics. 
Many ground-mounted photovoltaic fields have a spacing between the rows that can sometimes be 
greater than the size of the panels themselves. In this case, it is not possible to map the site with a 
single polygon (class 125), due to the considerable presence of not-sealed area. It is recommended to 
measure the distance between the panels and the size of the panels themselves: 
ω LŦ ǘƘŜ ǎǇŀŎŜ ōŜǘǿŜŜƴ ǘƘŜ ǇŀƴŜƭǎ ƛǎ ǎƳŀƭƭŜǊ ǘƘŀƴ ǘƘŜ ǎƛȊŜ ƻŦ ǘƘŜ ǇŀƴŜƭǎ ǘƘŜƳǎŜƭǾŜǎΣ ǘƘŜ ŀǊŜŀ Ŏŀƴ ōŜ 
mapped with a single polygon (class 125); 
ω LŦ ǘƘŜ ǎǇŀŎŜ ōŜǘǿŜŜƴ ǘƘŜ ǇŀƴŜƭǎ ƛǎ ƎǊŜŀǘŜǊ ǘƘŀƴ ǘƘŜ ǎƛȊŜ ƻŦ ǘƘŜ ǇŀƴŜƭǎ ǘƘŜƳǎŜƭǾŜǎ ŀƴŘ ǘƘŜ ǎƛȊŜ ƻŦ ǘƘŜ 
row is thought to be close to 5 meters (i.e. a size that is assumed to be able to cover half the pixel), 
polygons on each row can be drawn. 
 
!!!!  Final check of the file for topological errors. 
 
At the end of the photointerpretation process, the data are converted into raster format (10 m spatial 
resolution) by attributing the class to each pixel based on the prevalent coverage within that pixel. 
The final step concerns the combination of the raster file of the previous year and the raster file of 
changes to obtain the updated Soil Sealing Map. 
In QGIS, use the Raster Calculator tool. The statement can be written as follows: 
 
if ("Previous_year" <> 0, "Previous year", "Change") 
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Accuracy assessment 
The accuracy assessment of the final soil sealing raster is carried out based on the Olofsson 
methodology (Olofsson et al., 2014). This approach is widely used in literature and involves the 
identification of a sample of points through stratified random sampling, its photointerpretation using 
very high-resolution satellite data and the extraction of a confusion matrix. 
The sample size (n) is calculated using the equation reported by Olofsson et al. (2014): 
 

ὲ
t

                                                                       (1) 

 
where:  
Wi = area proportion of each class i derived from the map of interest; 

Si = standard deviation of stratum i, ὛὭװ ЍὟὭρװ ὟὭ; 
Ui = user accuracy of class i; 
S(Ô) = target standard error.  
The Wi for each class is the ratio between the area of the class i and the total area (W) of the map and 

ɫὡὭ ρ .  
 
The total number of the considered classes (c) depends on the classification level adopted for the 
mapping. For the first classification level mapping activity, c = 2 (sealed and unsealed land), while the 
number of classes increases if a higher level of deǘŀƛƭ ƛǎ ŎƻƴǎƛŘŜǊŜŘΦ ¢ƘŜ ΨǳƴǎŜŀƭŜŘ ƭŀƴŘΩ Ŏƭŀǎǎ Ƴǳǎǘ ōŜ 
included among the classes to be validated. 
The Si influences the sample size, and its value is related to Ui. A conservative scenario can be assumed, 
considering Ui= 0.6 for all classes; higher initial values of Ui lead to a reduction in the sample size. 
An S(Ô) value of 0.01 was assumed, as suggested by Olofsson et al. (2014), corresponding to a 
confidence interval of 1%.  
The points are then allocated among each of the land cover classes through a stratified sampling. The 
number of points attributed to each class is assumed to be equal to the average between the equal 
and area proportional distribution: 
 

ὲ
ẗ

                                                                   (2) 

 
where:  

Wi = area proportion of each class i derived from the map of interest ɫװὡὭװ  ;ρװ
n = sample size; 
c = total number of classes; 
ni= number of points attributed to each class. 
 
Points must be photointerpreted with very high-resolution images relating to the reference period of 
the classification (ground truth). The photointerpretation followed a pixel-based approach, assigning 
to each point the class on which it exactly falls.  
After photointerpretation, two values will be associated with each point:  

¶ the value at the point derived from the soil sealing map;  

¶ the ground truth value attributed during the photointerpretation phase.  
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Starting from the above values, it is possible to extract a confusion matrix, in which the rows 
correspond to the classified data classes (the soil sealing map to be validated) and the columns to the 
reference data classes (the ground truth). 
All elements on the diagonal represent correctly classified points, while elements outside the diagonal 
are classification errors: 
- Omission errors (O.E.), i.e. what part of a certain class has not been mapped. It is associated with 

producer accuracy (P.A., the relationship between the points of the class i that are correctly 

classified by the reference data and the total points mapped in the class by the reference data) and 

is calculated based on the columns; (3)  

- Commission errors (C.E.), i.e. what part has been incorrectly attributed to a given class. It is related 

to user accuracy (U.A, the relationship between the points of the class i that are correctly classified 

by the reference data and the total points mapped in the class by the ground truth data) and is 

calculated based on the rows. (4) 

 
In detail: 

ὕάὭίίὭέὲװὩὶὶέὶװ  ρὖȢὃȢ                                                                                  (3)װ

ὅέάὭίίὭέὲװὩὶὶέὶװ  ρὟȢὃȢ                                                                                  (4)װ
 
Accuracy assessment can be carried out according to two main practical approaches: 

¶ Calculating the sample size and allocating the points on the classes using a spreadsheet and creating 

ǘƘŜ Ǉƻƛƴǘǎ ƛƴ ǘƘŜ 9{wL !ǊŎDL{ tǊƻ DL{ ŜƴǾƛǊƻƴƳŜƴǘ ǳǎƛƴƎ ǘƘŜ άŎǊŜŀǘŜ ŀŎŎǳǊŀŎȅ ŀǎǎŜǎǎƳŜƴǘ Ǉƻƛƴǘǎέ 

ŎƻƳƳŀƴŘ ŀƴŘ ƎŜƴŜǊŀǘƛƴƎ ǘƘŜ ŎƻƴŦǳǎƛƻƴ ƳŀǘǊƛȄ ǳǎƛƴƎ ǘƘŜ άŎƻƳǇǳǘŜ ŎƻƴŦǳǎƛƻƴ ƳŀǘǊƛȄέ ŎƻƳƳŀƴŘΤ 

¶ Conducting the entire procedure using the Semi-Automatic Classification Plugin for QGIS according 

to the procedure described in https://fromgistors.blogspot.com/2019/09/Accuracy-Assessment-

of-Land-Cover-Classification.html. 

 
Elaboration of soil sealing indicator (%) 
The percentage of soil sealing (p) is calculated using the equation: 
 
p = Atot/As * 100 
 
Where Atot ƛǎ ǘƘŜ ǎǘǳŘȅ ŀǊŜŀΩǎ ǘƻǘŀƭ ŀǊŜŀ ŀƴŘ !s is the sealed area. 
 

Level 2 
Automatic generation of annual soil sealing maps for Flanders (Belgium) 
To derive soil sealing in Flanders for each year, a hierarchical decision chain was set up for assigning 
ŜŀŎƘ ǇƛȄŜƭ ǘƻ ΨǎŜŀƭŜŘΩ ƻǊ ΨǳƴǎŜŀƭŜŘΩ όError! Reference source not found.3). First, information was c
ƻƭƭŜŎǘŜŘ ŦǊƻƳ CƭŀƴŘŜǊǎΩ [ŀǊƎŜ-ǎŎŀƭŜ wŜŦŜǊŜƴŎŜ 5ŀǘŀōŀǎŜ ό[w5ύ ŀƴŘ ǇǊƻŎŜǎǎŜŘ ŀǎ ǘƘŜ άŀŘƳƛƴƛǎǘǊŀǘƛǾŜƭȅ 
ƪƴƻǿƴέ ǎƻƛƭ ǎŜŀƭƛƴƎ ŦƻǊ ŜǾŜǊȅ ȅŜŀǊΦ Lƴ ǘƘŜ ƴŜȄǘ ǎǘŜǇΣ ǎƻƛƭ ǎŜŀƭƛƴƎ ǿŀǎ ƳƻŘŜƭƭŜŘ ǳǎƛƴƎ ŀ ƳŀŎƘƛƴŜ ƭŜŀǊƴƛƴƎ 
model. Finally, the information from the previous steps was combined to produce an annual soil 
sealing map. 
 

https://fromgistors.blogspot.com/2019/09/Accuracy-Assessment-of-Land-Cover-Classification.html
https://fromgistors.blogspot.com/2019/09/Accuracy-Assessment-of-Land-Cover-Classification.html
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Figure D.2.3.2.13: hǾŜǊǾƛŜǿ ƻŦ ǘƘŜ ǎŜǉǳŜƴǘƛŀƭ ǎǘŜǇǎ ŦƻǊ ŎƻƳǇƛƭƛƴƎ CƭŀƴŘŜǊǎΩ ŀƴƴǳŀƭ ǎƻƛƭ ǎŜŀƭƛƴƎ ƳŀǇΦ ¢ƘŜ ǘƘƛŎƪ ŀǊǊƻǿǎ 
ƛƴŘƛŎŀǘŜ ǘƘŜ ǎŜǉǳŜƴŎŜ ƻŦ ǘƘŜ ŘŜŎƛǎƛƻƴ ŎƘŀƛƴ ŦƻǊ ŀǎǎƛƎƴƛƴƎ ŀ ǇƛȄŜƭ ǘƻ ΨǎŜŀƭŜŘΩ ƻǊ ΨǳƴǎŜŀƭŜŘΩΦ 

 
Processing of administrative soil sealing 
aǳŎƘ ƻŦ CƭŀƴŘŜǊǎΩ ǎƻƛƭ ǎŜŀƭƛƴƎ ƛǎ ŎƻǾŜǊŜŘ ōȅ ǘƘŜ [w5 ǿƛǘƘ ƘƛƎƘ ŀŎŎǳǊŀŎȅ ŀƴŘ ŀǘ ŀ ƘƛƎƘ ǳǇŘŀǘŜ ŦǊŜǉǳŜƴŎȅΦ 
It includes buildings, roads and railways, of which we are certain they seal the soil. Conversely, data 
from the LRD on water also provide information oƴ ǿƘŀǘΩǎ ŎŜǊǘŀƛƴƭȅ ǳƴǎŜŀƭŜŘΦ ¢ƘŜ ǿŀǘŜǊ ŀƴŘ ōǳƛƭŘƛƴƎ 
layers from the LRD could be used directly. In contrast, roads and railways required additional 
processing to arrive at a usable layer. The finally obtained water, building, road and railway layers were 
converted to 1 m grid cells. These administratively known sealed and unsealed layers were given 
priority in the decision chain over the modelled soil sealing (Error! Reference source not found.3). P
ixels covered by the administrative soil sealing were assigned their value based on that layer. 
Information from the modelled soil sealing was ignored in this process. 
 
The water ό²ǘȊύ ƭŀȅŜǊ ƻŦ ǘƘŜ [w5 ǿŀǎ ǳǎŜŘ ǘƻ ŎƻƴǎƛŘŜǊ ǿŀǘŜǊ ŎƻǳǊǎŜǎ ŀƴŘ ǿŀǘŜǊ ǎǳǊŦŀŎŜǎ ŀǎ ΨǳƴǎŜŀƭŜŘΩΦ 
Lǘ ǿŀǎ ŀǘ ǘƘŜ ǾŜǊȅ ǘƻǇ ƻŦ ǘƘŜ ƘƛŜǊŀǊŎƘȅ ŦƻǊ ŀǎǎƛƎƴƛƴƎ ŀ ǾŀƭǳŜ ǘƻ ǘƘŜ ŀƴƴǳŀƭ ǎƻƛƭ ǎŜŀƭƛƴƎ ƳŀǇΩǎ ǇƛȄŜƭǎΦ 
 
For buildingsΣ ǘƘŜ DōƎΣ Dōŀ όΨŀŦŘŀƪΩΣ ΨǳƛǘōǊŜƛŘƛƴƎΩΣ ΨǾŜǊŘƛŜǇƛƴƎΩύΣ Yƴǿ όΨŎŀōƛƴŜΩΣ ΨǎŎƘƻƻǊǎǘŜŜƴΩΣ 
ΨǿŀǘŜǊǘƻǊŜƴΩΣ ΨǎƛƭƻΩΣ ΨƻǇǎƭŀƎǘŀƴƪΩΣ ΨŎƘŜƳƛǎŎƘŜ ƛƴǎǘŀƭƭŀǘƛŜΩΣ ΨƻǾŜǊōǊǳƎƎƛƴƎΩύ ŀƴŘ ¢Ǌƴ όΨǾŜǊƘŀǊŘΩύ ƭŀȅŜǊǎ ŦǊƻƳ 
the LRD were used. Since the water layer takes precedence over all other layers, bridges over water 
ǿŜǊŜ ŎƭŀǎǎƛŦƛŜŘ ŀǎ ΨǳƴǎŜŀƭŜŘΩΦ ¢Ƙƛǎ ƛǎ ƛƴ ƭƛƴŜ ǿƛǘƘ ǘƘŜ ŘŜŦƛƴƛǘƛƻƴ ƻŦ ǎƻƛƭ ǎŜŀƭƛƴƎΣ ǿƘƛŎƘ ǊŜǉǳƛǊŜǎ ŀ ǎƻƛƭ ǘƻ 
ōŜ ŘƛǎǘǳǊōŜŘ ƛƴ ƻǊŘŜǊ ǘƻ ōŜ ŎƻƴǎƛŘŜǊŜŘ ΨǎŜŀƭŜŘΩΦ ¢ƘŜ ōǳƛƭŘƛƴƎ ƭŀȅŜǊ ǘƻƻƪ ǇǊŜŎŜŘŜƴŎŜ ƻǾŜǊ ŀƭƭ ǳƴŘŜǊƭȅƛƴƎ 
layers in the decision chain. 
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The road (Wbn) polygons from the LRD often contain unsealed parts of e.g. motorways and 
roundabouts. As no polygon dataset of the purely sealed parts of roads existed at the time of the study, 
an algorithm was developed for deriving them (see Cockx et al. (2022: 8-9)). 
 
As with the road layer, the railroad (Sbn) layer of the LRD includes unsealed parts. Similar to the road 
algorithm mentioned above, additional layers were therefore used for excluding these unsealed zones 
(see Cockx et al. (2022: 10)). 
 
Modelling of soil sealing 
9ǾŜƴ ǘƘƻǳƎƘ ǘƘŜ [w5 ƭŀȅŜǊǎ ƛƴ ǘƘŜ ǇǊŜǾƛƻǳǎ ǎǘŜǇ ŀƭǊŜŀŘȅ ŎŀǇǘǳǊŜ ŀ ƭŀǊƎŜ ǇŀǊǘ ƻŦ CƭŀƴŘŜǊǎΩ ǎƻƛƭ ǎŜŀƭƛƴƎΣ ŀ 
significant proportion in the form of e.g. car parks, private driveways and garden terraces is not 
(adequately) included in administrative databases. Lƴ ƻǊŘŜǊ ǘƻ ŀŎŎƻǳƴǘ ŦƻǊ ǘƘƛǎ άǊŜƳŀƛƴƛƴƎέ ǎƻƛƭ ǎŜŀƭƛƴƎ 
in Flanders, a machine learning model was developed. Specifically, semantic segmentation was chosen 
based on the U-Net model (Ronneberger et al., 2015). First, training data were created for teaching 
the model to detect soil sealing. Then, a modelled soil sealing map was created based on the model 
results. Finally, a continuity correction was also performed for ensuring a temporally consistent result. 
First, the training was conducted by manually labelling soil sealing on parts of the available aerial 
images for Flanders between 2012 and 2020. For this purpose, areas of 1,024 x 768 pixels were 
randomly cut from the orthophotos. An assessor then labelled the sealed soil (ground truth) in these 
areas on a tablet using specifically developed software (Fig. D.2.3.2.14). A total of 1,007 images of 4.92 
ha each were labelled, corresponding to a total labelled area of 4,950 ha. After some initial tests, 
additional labelled material was selectively added for those instances where the model performed less 
accurately. 
 

a) b) c) 

   

Figure D.2.3.2.14: Example of the labelling procedure: (a) image to be labelled, (b) display during labelling, (c) labelling 
result. 

 
70% of the labelled images were assigned to the training set. Based on this, the model was trained to 
detect soil sealing on already known as well as new orthophotos. The remaining 30% served as a test 
set to validate the model's results. 
 
The training data and corresponding labelling results were cut into smaller pieces for smoother 
processing by the model. To maximize ǘƘŜ ǘǊŀƛƴƛƴƎ ŘŀǘŀΩǎ ǾŀƭǳŜΣ ǎƛȄ ǇŀǊǘƛŀƭƭȅ ƻǾŜǊƭŀǇǇƛƴƎ ǎǳō-areas of 
512 x 512 pixels were derived from each original image of 1,024 x 768 pixels. For this purpose, the 
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clipping window was shifted 256 pixels each time horizontally or vertically. Finally, all clipped images 
were also rotated 90°, 180° and 270° to obtain four times more material: 16,896 clipped images in the 
training set and 7,272 in the test set. The actual training of the model was done with TensorFlow (Abadi 
et al., 2015) in Python. Since no substantial improvement in accuracy was observed after 10 epochs ς 
corresponding to submitting all images from the training set to the model once ς training was stopped 
there. 
A modelled soil sealing map was created for each year from 2012 to 2021 based on predictions by the 
trained model. Each 32,000 x 20,000 pixel map sheet was split into 512 x 512 pixel sub-areas (see 
above) for optimal performance. However, unwanted patterns may appear when merging model 
ǊŜǎǳƭǘǎ ŘǳŜ ǘƻ ƛƴŀŎŎǳǊŀŎƛŜǎ ƛƴ ǇǊŜŘƛŎǘƛƻƴǎ ŀǘ ǘƘŜ ƛƳŀƎŜǎΩ ŜŘƎŜǎΦ ¢ƘŜǊŜŦƻǊŜΣ ǘƘŜ ǇǊŜŘƛŎǘƛƻƴǎ ǿŜǊŜ 
repeated on an offset version of the map sheet based on a horizontal and vertical shift of 256 pixels. 
This yielded a total of 5,040 512 x 512 pixel images per map sheet (2,520 without and 2,520 with 
offset). For each pixel, the average of the prediction with and without offset was calculated for a more 
reliable result with fewer artefacts. The obtained probabilistic map was then converted to a binary 
modellŜŘ ǎƻƛƭ ǎŜŀƭƛƴƎ ƳŀǇΦ CƻǊ ǘƘƛǎ ǇǳǊǇƻǎŜΣ ǇƛȄŜƭǎ ǿƛǘƘ ǾŀƭǳŜǎ ōŜƭƻǿ рл҈ ǿŜǊŜ ŎƭŀǎǎƛŦƛŜŘ ŀǎ ΨǳƴǎŜŀƭŜŘΩ 
ŀƴŘ ǘƘƻǎŜ ǿƛǘƘ ǾŀƭǳŜǎ ƻŦ ŀǘ ƭŜŀǎǘ рл҈ ŀǎ ΨǎŜŀƭŜŘΩΦ ¢Ƙƛǎ ōƛƴŀǊȅ ƳŀǇ ǿŀǎ ŎƻƴǾŜǊǘŜŘ ǘƻ м Ƴ ǊŜǎƻƭǳǘƛƻƴ ŦƻǊ 
faster processing in the following steps. 
 
A separate procedure was followed for military domains and nuclear sites. Since aerial images from 
2016 onwards were blurred in these areas, all corresponding pixels in the modelled soil sealing map 
ǿŜǊŜ ŎƻƴǎƛŘŜǊŜŘ ΨǳƴǎŜŀƭŜŘΩΦ DƛǾŜƴ ǘƘŀǘ ƛƴŦƻǊƳŀǘƛƻƴ ƻƴ ǿŀǘer, buildings, roads and railways (taken 
from the LRD database) is prioritized in the decision chain, and other soil sealing in these zones is 
limited, this produces a useful final result for these areas. 
 
The method proposed resulted in modelled soil sealing maps for a series of consecutive years, so that 
ŜŀŎƘ ǇƛȄŜƭΩǎ ŜǾƻƭǳǘƛƻƴ ƻǾŜǊ ǘƛƳŜ ŎƻǳƭŘ ōŜ analyzedΦ ¢Ƙƛǎ ǎƘƻǿŜŘ ǘƘŀǘ ǘǿƻ ŎƘŀƴƎŜǎ ƛƴ ŀ ǇƛȄŜƭΩǎ ǎƻƛƭ 
ǎŜŀƭƛƴƎ ƻǾŜǊ ǘǿƻ ȅŜŀǊǎ όƛΦŜΦ ΨǎŜŀƭŜŘΩ Ҧ ΨǳƴǎŜŀƭŜŘΩ Ҧ ΨǎŜŀƭŜŘΩ ŀƴŘ ΨǳƴǎŜŀƭŜŘΩ Ҧ ΨǎŜŀƭŜŘΩ Ҧ ΨǳƴǎŜŀƭŜŘΩύ 
were almost always due to inaccuracies in the modelled soil sealing map. Therefore, a continuity 
correction was implemented for eliminating these discrepancies. Specifically, the binary assignment 
όΨǎŜŀƭŜŘΩκΨǳƴǎŜŀƭŜŘΩύ ŦƻǊ ŜŀŎƘ ǇƛȄŜƭ ōŀǎŜŘ ƻƴ ǘƘŜ ƳƻŘŜƭƭŜŘ ǎƻƛƭ ǎŜŀƭƛƴƎ ƳŀǇ ǿŀǎ ŎƻƴǎƛŘŜǊŜŘ ŦƻǊ ǘƘŜ ȅŜŀǊ 
under consideration, the year before and the year after (Error! Reference source not found..9). For t
he previous year, the corrected label was used to reduce the probability of inaccuracies multiplying 
over time. If the label for the previous and the following year was the same, but differed for the year 
under consideration, that pixel was corrected. In all other cases, the original label was retained. 
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Table D.2.3.2.9: Continuity correction of the pixels of the modelled soil sealing map. 

Corrected label 
previous year 

Original label 
year under 
consideration 

Original label 
next year 

Corrected label 
year under 
consideration 

unsealed sealed sealed remains sealed 

sealed unsealed unsealed remains unsealed 

unsealed sealed unsealed turns to unsealed 

sealed unsealed sealed turns to sealed 

 
Compiling the annual soil sealing maps and assessing their accuracy 
In the final step, the administrative and modelled soil sealing were compiled to an annual 1 m soil 
sealing map (Fig. D.2.3.2.15). The administrative soil sealing took precedence over the modelled 
ƛƴŦƻǊƳŀǘƛƻƴ ƛƴ ŀǎǎƛƎƴƛƴƎ ΨǎŜŀƭŜŘΩ ƻǊ ΨǳƴǎŜŀƭŜŘΩΦ ¢ƘŜ ƻōǘŀƛƴŜŘ ŀƴƴǳŀƭ ǎƻƛƭ ǎŜŀƭƛƴƎ ƳŀǇΩǎ ŀŎŎǳǊŀŎȅ ǿŀǎ 
determined using the same test set as for the validation of the machine learning model. However, the 
images from 2012 were first removed from this test set, because no annual soil sealing map could be 
prepared for that year due to the absence of LRD information. The selectively added labelled data for 
improving the model were also excluded because they were not sampled randomly. The remaining 
images were then manually checked for accuracy. If the assessor had labelled too much or too little 
soil sealing, this image was not used. Images showing trees completely covering roads were also not 
ŎƻƴǎƛŘŜǊŜŘΦ LƴŘŜŜŘΣ ŀǎǎŜǎǎƻǊǎ ƘŀŘ ōŜŜƴ ƛƴǎǘǊǳŎǘŜŘ ƴƻǘ ǘƻ ƭŀōŜƭ ǘƘŜǎŜ ŎƻǾŜǊŜŘ ǊƻŀŘǎ ŀǎ ΨǎŜŀƭŜŘΩΣ ǎƛƴŎŜ 
the model would not learn correctly from them. However, these roads do appear in the annual soil 
sealing map based on the road algorithm. 
Finally, 159 labelled images remained, representing 782 ha for the years between 2013 and 2020. 
Based on this test set, the annual soil sealing map obtains an accuracy of 97.8%. This value is probably 
an overestimate, as the labelled data may contain small errors. The largest differences compared to 
the ground truth are situated at the edges of soil sealing, e.g. a road that is labelled just slightly 
narrower or wider than what eventually shows up on the annual soil sealing map. 
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Figure D.2.3.2.15: Extract of the annual soil sealing map of Flanders of 2021 for the city of Mechelen. 

 

5.3.7. Interpretation 
In contrast to other soil indicators, baselines and thresholds for soil sealing are not soil science based, 
but rather policy based (e.g. in relation to the 'no net land take' target, EU 2013). Only a few European 
countries have set baselines and target values for soil sealing and land take, in most cases less strict 
than the EU target of 'no net land take by 2050'. Some EU member states voluntarily have set 
intermediary targets on net land take reduction by 2030. So far, only Flanders (Belgium), Luxembourg 
and Switzerland have set targets in line with the EU objective (EEA, 2023) (Table D.2.3.2.10). 
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Table D.2.3.2.10: Current targets and baselines for soil sealing/land take in selected European countries (source: EEA 2023 
modified) 

Target  Indicator  Source  

Achieve no net land take by 2050  Land take (km²) per 3-year period  EU  
Roadmap to a resource efficient Europe (a)  

To decrease land take gradually: 
2016: baseline of 6 ha/day 

2025: interim target of 3 ha/day 
2040: final target of 0 ha/day ('land take 

neutral') 
To stabilise soil sealing in zones dominated 

by land take by 2050 compared to 2015 
To reduce soil sealing by 20% in open space 

zoning by 2050 compared to 2015 

Average annual land take measured in 
hectares per day 
 
Annual sealed surfaces measured in 
hectares and in percentage of the total area 

Flanders (Belgium)  
Strategic vision of the Spatial Policy Plan of 
Flanders (b)  

To reduce annual land take to 2.5 ha/day by 
2030 and to compensate unavoidable soil 
sealing  

Average annual land take measured in 
hectares per day  

Austria 
Austrian government programme 
2020Ȥ2024 (c)  

To reduce land take for settlements and 
traffic routes to less than 30 ha/day by 2030 
(at present 52 ha/day as a 4-year average 
from 2016 to 2019)  

Average annual land take measured in 
hectares per day  

Germany 
German sustainability strategy 2016 (d)  

To reduce land consumption from 1.3 
ha/day (average 2000-2006) to 1 ha/day by 
2020 and 0 ha/day by 2050  

Average annual land take measured in 
hectares per day  

Luxembourg (e)  

To halve land take at the expense of 
agricultural land until 2020 and reduce 
urban sprawl  

Average annual land take measured in 
thousand hectares per year in metropolitan 
areas  

France (f)  

To stop net land (soil) take ('use') by 2050  Not yet defined  Switzerland (g)  

  
Notes:   
(a) EC, 2011, Communication from the Commission 'Roadmap to a Resource Efficient Europe' (COM(2011) 571 final of 20 September 2011).p. 15, milestone 4.6).  
(b) Strategic vision of the spatial policy plan of Flanders (https://www.vlaanderen.be/publicaties/beleidsplan-ruimte-vlaanderen-strategische-visie-geillustreerde-
versie), p. 36.  
(c) Austrian government programme 2020-2024 (https://www.bundeskanzleramt.gv.at/bundeskanzleramt/die-bundesregierung/regierungsdokumente.html), p. 
104.  
(d) German sustainability strategy 2016 (https://sustainabledevelopment-deutschland.github.io/en/11-1-a).  
(e) Un Luxembourg durable pour une meilleure qualité de vie (https://environnement.public.lu/dam-assets/documents/ developpement-durable/Un-
Luxembourg-plus-durable-pour-une-meilleure-qualite-de-vie-2010.pdf), p. 35.  
(f) The law of agricultural and fishery modernization (https://artificialisation.biodiversitetousvivants.fr).  
(g) Schweizerischer Bundesrat (2020, p. 22). This target implements SDG target 15.3 and the Seventh Environment Action Programme (no net land take). 

Compensation measures included, however, are based on qualitative requirements and measures rather than area related. Soil sealing is used as an indicator for 

land take until a national soil functions map is available. 
 
In Italy, some soil sealing limits have been established at the municipality level:  
- Brescia: minimum values for the extension of permeable green areas, ranging from 15% in the town 
centre to 35% in residential areas;  
- Padua: 30Ȥ40% permeability in residential areas, 70% for parking areas and 90% for green public areas 
based on 'surface permeability' according to land use classes;  
- Parma: minimum standards for 'surface permeability' of 75% for private gardens and 15-50% for 
commercial areas.  
¢ƻ ǘǊǳƭȅ ǳƴŘŜǊǎǘŀƴŘ ǎƻƛƭ ǎŜŀƭƛƴƎΣ ƛǘΩǎ ƛƴǘŜǊŜǎǘƛƴƎ ǘƻ ŀǎǎŜǎǎ ƛǘ ƴƻǘ ƻƴƭȅ ŀǘ the country level, but also in 

administrative regions, municipalities or ecoregions. This spatial distribution information could be 

relevant for landscape planning, supporting urban strategies aimed at containing soil sealing and 

connecting environmental sustainability and future urban development. 

At the local level, urban morphological trends and expansions patterns, such as urban densification 

(new artificial sealing of soil within an urban area) and urban sprawling (low-density settlement 
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expansion over larger regions), can be distinguished. Also in this case, thresholds for soil sealing, for 

instance for a defined land use pattern (core city, peri-urban area, rural area), have neither been 

defined nor implemented. 

 

5.3.8. Further reading 
Abadi, M., Agarwal, A., Barham, P., Brevdo, E., & Chen, Z. (2015). TensorFlow: Large-Scale Machine 

Learning on Heterogeneous Distributed Systems. 

Cockx, K., Pieters, J., Willems, P., Vanacker, S. (2022). Jaarlijkse bodemafdekkingskaart Vlaanderen: 
Technisch rapport. Vlaams Planbureau voor Omgeving. 
https://archief.onderzoek.omgeving.vlaanderen.be/Onderzoek-3331558  

European Parliament, Council of the European Union. European Union Decision No 1386/2013/EU of 
the European Parliament and of the Council of 20 November 2013 on a General Union 
9ƴǾƛǊƻƴƳŜƴǘ !Ŏǘƛƻƴ tǊƻƎǊŀƳƳŜ ǘƻ нлнл ά[ƛǾƛƴƎ ǿŜƭƭΣ ǿƛǘƘƛƴ ǘƘŜ ƭƛƳƛǘǎ ƻŦ ƻǳǊ Ǉƭŀnet. Off. J. 
Eur. Union 2013, 353, 171ς200 

EEA (2023). Soil monitoring in Europe τ Indicators and thresholds for soil health assessments. EEA 
Report No 08/2022. doi: 10.2800/956606. 
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practices for estimating area and assessing accuracy of land change. Remote Sensing of 
Environment, 148: 42-57. https://doi.org/10.1016/j.rse.2014.02.015. 
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Segmentation. In N. Navab, J. Hornegger, W. M. Wells, & A. F. Frangi (Red.), Medical Image 
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International Publishing. https://doi.org/10.1007/978-3-319-24574-4_28 
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5.4. Greenhouse gas (GHG) and climate regulation including carbon 
sequestration 

 

5.4.1. Selected indicators 
 
Based on the previous evaluation of SERENA T2.3, the Net Ecosystem Productivity (NEP) has been 
proposed as the pragmatic indicator of GHG assessment. NEP is defined as the difference between 
gross primary productivity (GPP) and total ecosystem respiration (in the gas flux measurements 
framework this is also called net ecosystem exchange, NEE). 
 

5.4.2. Selected methodology: 
 
The overall NEP calculation considers GPP, net primary productivity (NPP), autotrophic respiration (Ra) 
and heterotrophic respiration (Rh), i.e. ecosystem respiration (RECO) as follows: 
NEP = NPP-Rh 
NPP = GPP ς Ra, 
NEP= GPP-Ra-Rh = GPP - (Ra+Rh), where Ra+Rh = RECO 
NEP = GPP-RECO 
whereas in a detailed GHG flux analyses NEP is defined as the instantaneous measurement of net 
ecosystem exchange (NEE) where NEP = - NEE measured on a per second basis). 
 
Elaborated by: Eduardo Medina-Roldán, Liia Kukk, Sylwia Pindal, and the SERENA GHG Working 
Group  
 

5.4.3. Data and harmonization 
 
The development of the GHG indicator methodology analysis included several stages. Firstly, a whole 
documentation review based on the NEP applications from the different member states (MSs) as 
reported in T3.1. Within such internal review, it was considered that the NEP analyses/methods 
reported by the different SERENA MS were not suitable for further national/regional scale analysis, 
since they were mainly derived from data-intensive mechanistic models (the Inter-task Group 
suggestion was to avoid this). Aǘ ŀ ǎŜŎƻƴŘ ǎǘŀƎŜΣ ŀƴ άŜȄǘŜǊƴŀƭέ ƭƛǘŜǊŀǘǳǊŜ ǊŜǾƛŜǿ ǿŀǎ ōŀǎŜŘ ƻƴ ²Ŝō ƻŦ 
Science (WOS) Platform through different queries (non-exhaustive, non-systematic). Here, global and 
EU-scale traditional climate-related statistical models, light use efficiency (LUE) models, ecosystem 
process models as well as more simple empirical models were further analysed. Although C-fix, CASA 
as well as several empirical models were selected as promising NEP models for developing the 
cookbook, it was concluded that their data requirements were too heavy for a cookbook (other Inter-
task Group rule). This is why it was decided to develop a new empirical relation with spatially explicit 
variables; correlating the FLUXNET database (eddy covariance flux measurements) data with MODIS 
(Moderate Resolution Imaging Spectroradiometer) terrestrial primary production products and 
climatic variables also in spatially-exhaustive databases. Fluxnet is a research network with detailed 
NEE measurements for several stations distributed all over the world (https://fluxnet.org/sites/site-
summary) with measurements differing in temporal range between them (from one year to slightly 
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more than a decade). Since our focus was relating MODIS products to Fluxnet measurements, we 
concentrated on the MOD17A2HGF GPP collection.  Such values are based on the radiation use 
efficiency approach and represent composited 8-day interval observations where GPP is calculated 
and rendered at a 500 m spatial resolution 
(https://lpdaac.usgs.gov/documents/495/MOD17_User_Guide_V6.pdf). The availability of the MODIS 
products and of the Fluxnet database limited our empirical relation to the period 2001-2014 (when 
both Fluxnet and MODIS data are available). This time window determined that the date of other data 
products that were used should be close to those dates. Other attempts have been made to relate 
MODIS and Fluxnet GPP data (Verma et al. 2015, Verma et al. 2014), but here we add a recent soil 
moisture database to improve the relationship. The approach tried to minimise the use of command 
line/computing language tools (such as R, yet another suggestion to develop cookbooks), and it relies 
more strongly on open GIS tools.      
 

5.4.4. Scope/output 
 
The cookbook states a relation between the component of NEP in the form: 
Y = Bi * Xi 
The current GHG cookbook is based on: (1) a statistical empirical relationship between the Fluxnet 
GPP database and MODIS GPP products with environmental covariates, only for areas growing 
wheat. Note that here, NEE (and thus NEP) does not include the C as part of GPP exported with the 
harvest of the crop, and this should be included if one wants to determine the C emissions 
separately. The empirical relation is a multiple regression that includes only significant terms, mainly 
average temperature (average of monthly minimum and maximum temperature), and soil moisture 
content. Other spatial environmental covariates such as precipitation were not statistically significant 
and were thus left out. (2) The second relation to derive ecosystem respiration (RECO) was done with 
a thermal performance model that uses only average temperature to calculate RECO. The first large 
part of the cookbook considers the GPP analysis. GPP evaluation includes the average temperature 
and soil moisture raster analysis (layers reprojection etc.) in QGIS, MODIS GPP products conversion 
to raster format and resampling temperature and soil moisture in R package, and further empirical 
GPP calculation of harmonized raster layers in QGIS.  
In the second step of the NEP analysis, the ecosystem respiration (RECO) is calculated, and the final 
NEP calculation is done by subtracting RECO from GPP. The final, third step is the linking of the 
results to the EU 2018 crop layer where land cover is equal to wheat croplands as this is the kind of 
vegetation used to develop the empirical model. 
 
Relate the results to the EU 2018 crop layer 
 
Table D.2.3.2.11 below provides a brief description of the data to be used. Note that the indicator 
will be calculated for the year 2014 only in this example. This is because this is the last year when 
Fluxnet data are available and are close to the date for the EU 2018 crop types layer. This assumes 
that the value space (NEP and the other environmental variables) for which the statistical 
relationship was derived did not change significantly for 2018 (an assumption that seems 
reasonable).  
  

https://lpdaac.usgs.gov/documents/495/MOD17_User_Guide_V6.pdf
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Table D.2.3.2.11:  Data requirements and how to acquire them 

 
1Step 6 in the cookbook 
2Full address link to folder: https://creagov.sharepoint.com/:f:/r/sites/SERENAEJP-
SOIL/Documenti%20condivisi/General/WGs/Cookbook/ClReg_GHG/data_for_application/moisture_data?csf=1&web=1&e=KpWgfP 
3Full address link to folder: https://creagov.sharepoint.com/:f:/r/sites/SERENAEJP-
SOIL/Documenti%20condivisi/General/WGs/Cookbook/ClReg_GHG/data_for_application/WorldClim_tempdata?csf=1&web=1&e=2MkH
Mp 
4Full address link to folder: https://creagov.sharepoint.com/:f:/r/sites/SERENAEJP-
SOIL/Documenti%20condivisi/General/WGs/Cookbook/ClReg_GHG/data_for_application/WorldClim_tempdata?csf=1&web=1&e=2MkH
Mp 

https://creagov.sharepoint.com/:f:/r/sites/SERENAEJP-SOIL/Documenti%20condivisi/General/WGs/Cookbook/ClReg_GHG/data_for_application/moisture_data?csf=1&web=1&e=KpWgfP
https://creagov.sharepoint.com/:f:/r/sites/SERENAEJP-SOIL/Documenti%20condivisi/General/WGs/Cookbook/ClReg_GHG/data_for_application/moisture_data?csf=1&web=1&e=KpWgfP
https://creagov.sharepoint.com/:f:/r/sites/SERENAEJP-SOIL/Documenti%20condivisi/General/WGs/Cookbook/ClReg_GHG/data_for_application/WorldClim_tempdata?csf=1&web=1&e=2MkHMp
https://creagov.sharepoint.com/:f:/r/sites/SERENAEJP-SOIL/Documenti%20condivisi/General/WGs/Cookbook/ClReg_GHG/data_for_application/WorldClim_tempdata?csf=1&web=1&e=2MkHMp
https://creagov.sharepoint.com/:f:/r/sites/SERENAEJP-SOIL/Documenti%20condivisi/General/WGs/Cookbook/ClReg_GHG/data_for_application/WorldClim_tempdata?csf=1&web=1&e=2MkHMp
https://creagov.sharepoint.com/:f:/r/sites/SERENAEJP-SOIL/Documenti%20condivisi/General/WGs/Cookbook/ClReg_GHG/data_for_application/WorldClim_tempdata?csf=1&web=1&e=2MkHMp
https://creagov.sharepoint.com/:f:/r/sites/SERENAEJP-SOIL/Documenti%20condivisi/General/WGs/Cookbook/ClReg_GHG/data_for_application/WorldClim_tempdata?csf=1&web=1&e=2MkHMp
https://creagov.sharepoint.com/:f:/r/sites/SERENAEJP-SOIL/Documenti%20condivisi/General/WGs/Cookbook/ClReg_GHG/data_for_application/WorldClim_tempdata?csf=1&web=1&e=2MkHMp


Deliverable D2.3.2  

                       
 

¢Ƙƛǎ ǇǊƻƧŜŎǘ Ƙŀǎ ǊŜŎŜƛǾŜŘ ŦǳƴŘƛƴƎ ŦǊƻƳ ǘƘŜ 9ǳǊƻǇŜŀƴ ¦ƴƛƻƴΩǎ Horizon 2020 
research and innovation programme under grant agreement N° 862695
 
 
 
 
 
  61 

5Full address link to folder: https://creagov.sharepoint.com/:f:/r/sites/SERENAEJP-
SOIL/Documenti%20condivisi/General/WGs/Cookbook/ClReg_GHG/data_for_application/EU2018_croplandmap_wheat?csf=1&web=1&
e=Yz9stt 

 

5.4.5. Software 
 
The cookbook has as little command code as possible, as it was decided to use an open source GIS 
desktop version to do most of the job. However, some steps require the use of R (mainly for 
downloading MODIS products, and for resampling spatial rasters). Yet, it requires some basic GIS and 
R familiarity. For instance, for GIS working with projections and reprojections. For R, starting a 
session in a working directory, stating the patch to files to be uploaded, among others.        

¶ A recent installation of R: https://cran.r -project.org/(installation instructions can be found in 

the website, for Windows: https://cran.r-project.org/doc/manuals/r-patched/R-

admin.html#Installing-R-under-Windows). Packages RMODISTools  (Tuck et al., 2014) and R 

terra  (Hijmans et al., 2022) should be installed. For installing packages within R see: 

https://cran.r-project.org/doc/manuals/r-patched/R-admin.html#Installing-packages  (you 

Ƨǳǎǘ ƴŜŜŘ ǘƻ ƘŀǾŜ ŀŘƳƛƴ ǊƛƎƘǘǎ ŀƴŘ Ǌǳƴ ŎƻƳƳŀƴŘ άƛƴǎǘŀƭƭΦǇŀŎƪŀƎŜǎόύέ ǿƛǘƘƛƴ ȅƻǳǊ w ǎŜǎǎƛƻƴύΦ 

For example, use install.packages('RMODISTools') and install.packages('terra') to install both 

backages separately. When selecting a CRAN mirror, choose a location near you for faster 

downloads. 

¶ Detailed information about QGIS is available at  https://en.wikipedia.org/wiki/QGIS. A recent 

installation of QGIS: qgis.org In Windows you can install either the stand alone installation 

Desktop version: https://qgis.org/downloads/QGIS-OSGeo4W-3.36.0-1.msi, but the 

installation with GRASS is highly recommended (check installation options) as it provides 

some more efficient algorithms for some of the tasks. Double check system requirements as 

they might vary for different operating systems. The latest version of QGIS also includes 

GRASS and SAGA GIS (both downloaded with QGIS and included in the QGIS folder). 

 

5.4.6. Application 
 
The method relies on the empirical relation derived from spatially explicit products of MODIS GPP 
(Running and Zhao 2019) and other co-variates with Fluxnet (FLUXNET 2023) measures in stations 
with historical land cover with wheat (even if in rotation with other crops). More details of the 
development of such relation are shown somewhere else (Appendix I can be consulted here: Link to 
Zenodo Repository The empirical relation should not be seen as an explanatory one, but just an 
empirical relation given the covariates and datasets used. A number of different possible ways to 
produce the final result could have been picked (Fig. D.2.3.2.16), but here the order is such that a 
single R session is used to produce some few estimates of the indicator (3 or 4 each timeέ1). A more 

 
1An approach to produce an annual estimate is possible, but it would be more practical to do it within a code environment. Also, it was 

seen the annual indicator accumulates error. 

 

https://creagov.sharepoint.com/:f:/r/sites/SERENAEJP-SOIL/Documenti%20condivisi/General/WGs/Cookbook/ClReg_GHG/data_for_application/EU2018_croplandmap_wheat?csf=1&web=1&e=Yz9stt
https://creagov.sharepoint.com/:f:/r/sites/SERENAEJP-SOIL/Documenti%20condivisi/General/WGs/Cookbook/ClReg_GHG/data_for_application/EU2018_croplandmap_wheat?csf=1&web=1&e=Yz9stt
https://creagov.sharepoint.com/:f:/r/sites/SERENAEJP-SOIL/Documenti%20condivisi/General/WGs/Cookbook/ClReg_GHG/data_for_application/EU2018_croplandmap_wheat?csf=1&web=1&e=Yz9stt
https://cran.r-project.org/
https://cran.r-project.org/doc/manuals/r-patched/R-admin.html#Installing-R-under-Windows
https://cran.r-project.org/doc/manuals/r-patched/R-admin.html#Installing-packages
https://en.wikipedia.org/wiki/QGIS
https://qgis.org/downloads/QGIS-OSGeo4W-3.36.0-1.msi
https://doi.org/10.5281/zenodo.14002497
https://doi.org/10.5281/zenodo.14002497
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general R script to derive NEP for the whole number of 8-d periods in a whole year and summarise 
them statistically has been designed for those more familiar with R Link to Zenodo Repository  

 
Figure D.2.3.2.16: Flowchart of the main steps used to derive the estimates of GPP, RECO, and NEP, as well as the 
spatialization of NEP. 

 

https://doi.org/10.5281/zenodo.14002497
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First part: GPP 
Step1. Define an area of interest.  
This is needed to set the area for which MODIS products will be downloaded. The estimates of GPP 
are derived from local NEE observations scale up to a broader spatial extent by the spatially 
exhaustive covariates. This, and the fact that some of the data layers are rather heavy, makes it more 
appropriate for analysis of regional extensions (as opposed to National-level extensions for larger 
countries). The example included in this cookbook are for the area of the lowland plains of the 
Emilia-Romagna region (ERR) in N Italy. This region has a WE extent of around 280 km and a NS one 
of around 150 km. We need the extension of the area of interest to determine the extension of the 
MODIS GPP products to use, which in turn will define the spatial extent in which the analysis will be 
carried out. Because there is a 200 km x 200 km limit on the extent in which the MODIS GPP products 
can be downloaded in R MODISTools (the library used to automatize the process), one has to figure 
out the number of MODIS tiles to be downloaded for larger areas, and their spatial location and 
extent to cover the AOI (area of interest). If your AOI is smaller than 200x200 km you can skip this 
step. In the example below for Emilia-Romagna, this was done with QGIS ('QGIS Desktop' from the 
downloaded folder). The ERR border area (CRS:WGS84) is imported into QGIS, its extent is defined by 
the corners of the region (this can be seen in the layer properties) (Figs. D.2.3.2.17 and D.2.3.2.18). 
Note that this info will be used later in step 6, so keep it in a folder you can easily find.  
 

 
 
Fig. D.2.3.2.17: Selecting AOI layer properties (in WGS84) to see its spatial extent.  

 



Deliverable D2.3.2  

                       
 

¢Ƙƛǎ ǇǊƻƧŜŎǘ Ƙŀǎ ǊŜŎŜƛǾŜŘ ŦǳƴŘƛƴƎ ŦǊƻƳ ǘƘŜ 9ǳǊƻǇŜŀƴ ¦ƴƛƻƴΩǎ Horizon 2020 
research and innovation programme under grant agreement N° 862695
 
 
 
 
 
  64 

  
 
Fig. D.2.3.2.18: AOI layer properties information showing spatial extent. 

 
With the extent information, the information on the location and extension to acquire the MODIS 
products can be obtained by dividing the area into sectors (in the ERR example it is 2 sectors, with 
the information of the coordinates in the location of two quarters of the AOI extent done using a 
vector point layer, Fig. D.2.3.2.19). 
 

 
 
Fig. D.2.3.2.19: Example of determining location of coordinates and extension of tiles to acquire MODIS products.    
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A polygon can even be created with the AOI extent to clip the World Climate rasters later on to 
process them more quickly (Figs. D.2.3.2.20- D.2.3.2.22). 
 

 
 
Fig. D.2.3.2.20: Creating a polygon that covers the AOI that can be then used for clipping other rasters I.   

 

 
 
Fig. D.2.3.2.21: Creating a polygon that covers the AOI that can be then used for clipping other rasters II. 
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Fig. D.2.3.2.22: Creating a polygon that covers the AOI that can be then used for clipping other rasters III. 

 
Step 2. Keep in mind the number of period(s) to be analysed 
This(these) period(s) is(are) the 8-day dates that coincide with the calendar days when MODIS 
products are available (Table D.2.3.2.12). The ranking of indicators exercise indicated that NEP 
should be estimated on an annual basis. This implies that the whole 45 8-d periods should be 
estimated and summed up to obtain the indicator on an annual basis. However, analyses showed 
that the small deviations from each 8-d NEP estimation over accumulate unacceptably when the 8-d 
periods are aggregated to calculate annual NEP. Two alternatives were proposed with the current 
statistical approach developed. (1) To single out single 8-d periods that can be considered 
representative of the variation in the annual process (e.g., summer peaks, and winter lows), For this 
it is recommended to do 3-4 8-d periods each time if using GIS, instead of the 45 for data 
management considerations, but each partner can decide on this. This estimation focuses only on 
2014 data to be close to the last publicly available observations of Fluxnet (Pastorello et al., 2020) 
ŀƴŘ ǘƘŜ 9¦ нлму ŎǊƻǇǎ ƳŀǇ όŘΩ!ƴŘǊƛƳƻƴǘ Ŝǘ ŀƭΦΣ нлнмύΦ The second approach is more data intensive, 
and as such it is based on an R script. In this second approach, long-term variation in NEP values  
(2010-2014) are averaged and their central and dispersion values can be used to single out the 
representative single 8-d periods that capture the annual variation in NEP (see D3.3 example for Italy 
for more details) Table D.2.3.2.12 also offers information on the period when soil moisture rasters 
should be averaged, and the months to use for World Climate products too. For the example shown 
here, a single period of January was selected, with end-date on January 9th. With this information 
one must select the day of year when soil moisture products need to be averaged (days of year 2-9) 
and then months of the World Climate dataset to be used (January in this case). If the other two 
periods of January were going to be done (those ending on 17th and 25th), the dates to average the 
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moisture data would be: 10th -17th, and 18th-25th, whereas the climate data to be used would be still 
those corresponding to January. 
 
Table D.2.3.2.12: Information on the periods when MODIS GPP products are available for 2014, and the time of other datasets 
to be used for estimating GPP. This information applies to all regions, not only to the example. 
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Step 3. Produce average temperature raster(s) from World Climate maximum and minimum 
temperature rasters 
Load to QGIS the World Climate maximum and minimum temperature rasters that correspond to the 
period(s) selected (in the example case, this corresponds to January). Optionally, the polygon with 
the AOI extent generated before as shown in Figs. D.2.3.2.20-D.2.3.2.22 can be used to clip the 
World Climate data (Figs. D.2.3.2.23-D.2.3.2.26) with the option Clip Raster by Mask Layer in the 
Raster option of the menu before performing raster algebra operations to make the processes 
quicker (including reprojection and import into R). QGIS has the option to do batch operations so 
that both maximum and minimum temperatures can be clipped at the same time (Figs. D.2.3.2.23-
D.2.3.2.26)*. 
 

 
 
Figure D.2.3.2.23: Clipping World Climate temperature rasters with the polygon with the AOI extent created before. 
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Figure D.2.3.2.24: The clipping can be processed as a batch process where more than one raster can be clipped at once. 

* If both raster maps as well as polygons (AOI boarder and well as polygon with the AOI extent) do 
not appear in the same window, open all layers one by one and save polygons with the same 
coordinate system as raster maps (EPSG:4326 - WGS 84): select layer, right click Export, Save features 
as etc. Do not forget to select the folder and add file name within the option File name. 
 

 
 
Figure D.2.3.2.25: As a batch process, several rasters can be used as input layers and processed at once by clicking on the 
add row option (plus sign). 
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Figure D.2.3.2.26: Save the World Climate temperature clips in a folder whose location you are aware of, otherwise the 
layers will be saved only temporarily*. 

* If the system gives an error notice, the common problems could be one of the following: layer edits are not saved (select 
and save layer edits), layer is in RAM memory (export the layer and save permanently in the folder), attribute table includes 
additional features (open the attribute table with the right click on the layer and delete additional features, save layer edits) 

 
Once you have the temperature clips (recommend it) or with the full temperature raster files, go to 
the Raster option in the menu and click on Raster Calculator, a pop-up window will come where you 
need to introduce the information to do the average of the temperature layers (Figure D.2.3.2.27). 
Here you must define your temperature raster inputs, the operation to be performed, and the 
location and name of the output raster.  
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Figure D.2.3.2.27: Raster calculator showing the required elements to produce an average temperature layer for the AOI 
(raster input layers, raster operation, and raster output). 

 

 
 
Figure D.2.3.2.28: Result of the raster calculator averaging temperature clipped layers. 

 
Step 4. Reproject average temperature raster(s) 
The input data used have different coordinate reference system specifications (see Table D.2.3.2.12). 
This their reprojection is needed. Since MODIS and the soil moisture data are in the sinusoidal 
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projection (equal-area), it is more practical to reproject all other CRS (coordinate reference system) 
into it. To do so a wkt file with the soil moisture CRS specification is provided (Table D.2.3.2.12). 
Detailed instructions on how to work with projections in QGIS are given here: 
https://docs.qgis.org/3.28/en/docs/user_manual/working_with_projections/working_with_projections.html. Here for brevity, download the wkt file 
όάƳƻƛǎǘǳǊŜψŘŀǘŀǎŜǘΦǿƪǘέύ ƛƴ ŀ ŘƛǊŜŎǘƻǊȅΦ Lƴ vDL{ Ǝƻ ǘƻ Options in the Settings option of the menu 
(Figure D.2.3.2.29). 
 

 
 
Figure D.2.3.2.29: Selecting the Options item from menu. 

In the pop-up window, go to User Defined CRS (Fig. 15), and click on the plus sign to add a new user 
defined CRS. Name the new CRS (in the example in Figure D.2.3.2.30Σ ǘƘƛǎ ƛǎ άƳƻƛǎǘǳǊŜψŘŀǘŀψ/w{έύΦ 
The format should be WKT, and within the text box, you should copy (e.g. from WKT opened in 
aƛŎǊƻǎƻŦǘ bƻǘŜōŀŘύ ŀƴŘ ǇŀǎǘŜ ǘƘŜ ŎƻƴǘŜƴǘǎ ƻŦ ǘƘŜ ǿƪǘ ŦƛƭŜ άƳƻƛǎǘǳǊŜψŘŀǘŀǎŜǘΦǿƪǘέ ǇǊƻǾƛŘŜŘ ƛƴ ǘƘŜ 
sharepoint (large highlighted rectangle in Figure D.2.3.2.30). Click on OK and this will create the CRS 
we will use. 
 
 
 

https://docs.qgis.org/3.28/en/docs/user_manual/working_with_projections/working_with_projections.html
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Figure D.2.3.2.30: Defining a user CRS in QGIS. 

 
Once the CRS has been created, select Warp (Reproject) from the Raster menu (Figure D.2.3.2.31): 
 

 
 
Figure D.2.3.2.31: Reprojecting the World Climate raster layer. 

 
In the reprojection pop up window define (1) the input raster to be reprojected (the average 
temperature raster clip), (2) the reprojected raster output (name and directory), (3) the resampling 
method (in this case bilinear as the input is numeric), and (4) the target CRS created from the WKT 
file (Figure D.2.3.2.32). 
 
























































































