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Project Timeline

Phase 1: Phase 2: Design, Phase 3:
Feasibliltiy & implementation, Operations, Extende_d _System
Requirements verification and validation and WorldSoils Maintenance
definition testing analysis

2020 2021 2022 2024 &2025 2026 2027
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Objective

® A pre-operational cloud system for
predicting and monitoring topsoil SOC
content over Europe, leveraging:

o The Sentinel 2 image archive.
o Environmental covariates.
o The LUCAS soil data set.

Predictions are provided through a public
graphical user interface.

m Results published in GEODERMA.

A European soil organic carbon monitoring
system leveraging Sentinel 2 imagery and the
LUCAS soil data base.
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Browser https://qui.world-soils.com/

o Data visualisation and inspection

o Data download
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https://doi.org/10.1016/j.geoderma.2024.117113
https://doi.org/10.1016/j.geoderma.2024.117113
https://doi.org/10.1016/j.geoderma.2024.117113
https://gui.world-soils.com/

Feasibility background

= EO capacities to measure SOC and soil properties
o SOC prediction models
o Laboratory spectral models vs remote sensing signal
o Combining EO based prediction and Digital Soil Mapping.

\\u European
> ) Environment
r/ Agency

JRC Q\%

= Stakeholders’ requirements EUROPEAN COMMISSION
o Questionnaire for system and scientific regs.
- Implementation options.

] _ " %Wallonle
- Desirable requirements beyond project’s scope. service public
SPW
= Baseline > ,
o Steering Committee, National Soil Reporting Centres (BE, CZ, ‘ }U‘ : SWRI
HE) and End Users . \
o Requirements Workshop - system and product requirements. UKZUZ\
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https://world-soils.com/wp-content/uploads/2021/10/GMV-WORLDSOILS-URCWR_v1.0-Workshop-Report.pdf

System Components

m Spectral models for croplands and digital soil mapping approach for forest and grassland.
m Pixel-based uncertainty measures - 50m in pilot regions; 100m for Europe.

m Predicted SOC, evaluated against data from National Reporting Centres in three regions
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Validation

Steps
Model Attribution Testing - To provide unbiased accuracy estimation of how well pixels
are classified into model categories

Cross-validation of algorithms - To assess the generalization ability of the SOC
prediction models and minimize overfitting

Monitoring and uncertainty assessment - To assess the reliability of prediction
uncertainty for both SOC models

Evaluation in 3 pilot regions > An approximation of independent validation
Continental product - not validated. No comparative data other than LUCAS.

Take aways

Beyond global performance indicators (R2, RMSE, RPIQ), pixel-based uncertainty and
bare soil count (as a proxy for composite reliability) are important for assessing
system performance.

Bare soil frequency is a promising indicator for detecting regenerative agriculture
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Validation - 1. Model Attribution Testing

= Method
» Regional SOC data categories - perennial/tree crops, annual/non-tree crops, and grasslands.

» Land cover data - plotted against the assigned SOC prediction models.
» Kappa index - used to assess accuracy.

= Results (2019-2021)

Pilot Region Overall accuracy Kappa Coeficient

Wallonia 0.94 0.80
Czech Republic 0.95 0.79
Macedonia Tree crops: 83.4% correctly classified as permanently vegetated.

Annual crops: 59.3% correctly classified as bare soil

= Tree crops misclassification: Evergreen character and spectral mixtures mean pure bare soils are not

visible. Annual crops (cereals) may have high plant residues.
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Validation - 2. SOC prediction algorithms

= Method
» Tenfold cross-validation was performed using LUCAS and WoSIS as reference data.
» Dataset divided into ten subsets. Nine sets used for training. One for testing in each iteration.

» Accuracy metrics calculated on the test set of each fold, and their mean values were used as
primary performance indicators

= Results

(g kg™1) 909%

Bare SOII 0.41 18.07 0.77 0.08 58.27 1.30 0.73 0.97

0.28 67.35 1.58 -1.97 120.78 1.18 0.34 0.94

» Bare soil model - fair prediction. High SOC content values remain difficult to predict and are often
underpredicted

> P. vegetated model - lower performance but in line with other continental models gw
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Validation - 3. Uncertainty Assessment

Key metrtic > Prediction Interval Coverage Probability (PICP)
> Ideal Scenario: PICP equals the Prediction Interval (PI) level (e.g., 90% PICP for a 90% PI).

> Interpretation: PICP > PI-level indicates overly pessimistic uncertainty, while PICP < PI-level
indicates optimistic uncertainty.

Uncertainty Estimation Approaches

» Permanently vegetated - Quantile Random Forests (QRFs)

> Bare soil > Custom CNN model

Results

» Croplands > average SOC=10 g kg-1, uncertainty < 2.5 g C kg-1.

» Field boundaries or roads = Higher uncertainty is registered

> The pixel-based uncertainty is useful for assessing within-field SOC variation.
>

The system's pixel-level uncertainty does not reach the 90% threshold preferred by stakeholders
for decision-making.

Czech Republic: 319% of pixels within 90% uncertainty range.
Wallonia: 43%o.
» Macedonia: 54%.

Y Vv
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Validation - 4. Evaluation in Pilot Regions

= 50m Product > Bare soil vs Vegetated soil model evaluation
performed against independent reference SOC dataset in agricultural
soils provided by the NRCs:

= Wallonia: very high model accuracy
» Overprediction tendency for values above 80 g kg-1 (outliers).
» Performance (without outliers): R2=0.5, RPIQ =1.46 to 1.69.
» RMSE: 8.4-9.0 g kg-1, due to poorer prediction of SOC>25 g kg-1.
» Bias: Small (-0.33 to -1 g kg-1)

m Czech Republic: models' tendency to overpredict SOC values
» Performance: R2=0.1, RPIQ=0.8.
High RMSE: 6.93-7.32 g kg-1, due to poorer prediction of SOC>25
g kg-1.
» Bias: Small

= Macedonia: SOC overprediction in croplands with tree crops.
Attribution to permanently vegetated model, not reflecting
Mediterranean tillage practices
» Annual crops: predicts constant SOC content of ~15 g kg-1.
» Large uncertainty in predictions; 40% of annual crops attributed to
vegetated model; half of validation points had bare soil count in the
critical range for uncertainty
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Results

= EUROPEAN TOPSOIL SOC CONTENT AND UNCERTAINTY, 100m.
= REGIONAL TOPSOIL SOC CONTENT AND UNCERTAINTY, 50m.

EO Product Pixel Resolution Minimum Mapping Periodicity and EO
(meters) Unit (MMU, ha) data
1. European topsoil SOC content Integrating 3-years of
: : 100 m 1 ha Sentinel 2 data.
2. SOC pixel base uncertainty
2018-2020,
3. Regional topsoil SOC content )
50 m 0.25 ha 2019-2021,
4. SOC pixel base uncertainty 2020-2022.
Forest Cropland Grassland (0 boy ool
#7)
ol gt
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Results - Continental

Continental Topsoil SOC and Uncertainty

SOC (g kg™) Uncertainty
ratio
>180 >10

0 . 0
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Results — Wallon Region
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The SOC content prediction in croplands
and grasslands of the Walloon region
predicted by the Worldsoils product.
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Uncertainty intervals of the predicted SOC
content expressed as the ratio of the
interquantile range (P95-P5) to the median for
cropland and grassland soils in Wallonia.
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Results — Wallon Region

Uncertainty ratio
0-0.25
0.25-0.5
0.5-0.75

£X\Community Maps Cont

Zoom in of the uncertainty intervals
of the predicted SOC content expressed
as the ratio of the interquantile
range (P95-P5) to the median
interquartile range.

Area: North of Wallonia.
Field borders of croplands, indicated.

Validated against regional data set
of soil fertility analyses

Portfolio and product description card at https://world-soils.com/resources/portfolio/
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Extended Worldsoils Objectives

March 2025 to May 2026 >

1. Improve models (masking bare soil and semi-arid agriculture with tree coverage).

and SOC products over extended areas in America, Africa and Asia;

N

Design, test and validate an EO based model to measure the SOC/clay ratio,

Improve SOC map resolution to 50m or better, as required by stakeholders

W

Enhance the processing infrastructure to the technical requirements of the system

Ul

. Transfer the soil compositing processor, tools and algorithms to ESA’s

Application Propagation Environment (APEx), and

6. Adapt the GUI to handle the new index SOC/Clay ratio.
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Expected Outputs

ESA LPS 2025

Product Algoriths and Maps at 50 m pixel

(or better), for the period 2018-2022

Improved SOC prediction maps and uncertainty

Europe

Wallonia

Macedonia
America

New SOC/Clay ratio map and uncertainty

Bare soil mask

Mean reflectances composite

Soil reflectance composite

1.
2.
3.
4.
5.
6.

Bare soil frequency
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Data Sets for Extended Areas

Central Jilin Province, NE China
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Area: ca. 49,600 km2

Soil types: Phaeozem, Chernozem
Sample size: 1158

Available data: SOC, Vis-NIR spectra
Sampling year: 2021

24/06/2025

Brazil

Piracicaba Region, Sao Paulo State,

Brazil

Piracicaba region: a\,\ab\“ﬁ Piracicaba pedologic soil map
N le 1:100.000
- 2598 km? of area \°g\°"\ 1598 k'

- 921 samples (0-20 cm)

ped®

State of Sao Paulo
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Area: 2598 km2

Soil types: Oxisols, Ultisols, Inceptisols
Sample size: 921

Available data: SOC, Vis-NIR spectra
Sampling year: 2022

i

i
i

NRRRNRRNORRR G
E i JrEpEsty

L[]
131330085

P2 2223
{32

agnv



New Pipeline Elements

(1) (2) (3) (4) (5) (6) (7)
Input Data SCMaP Intermediate Modelling Intermediate Post-processing Final SOC
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Calendar to Release

2025
Apr May Jun Jul Aug Sep Oct

Nov

2026

Dec Jan Feb Mar Apr

May

L ——

Implementation:
Coding, Training &
Testing, Cloud

adjustments, GUI

Production:
Deployment, SOC Maps
& SOC/Clay ratio Maps.
VO Products release

ESA LPS 2025 24/06/2025

Validation: Deployment,
SOC Maps & SOC/Clay

ratio Maps V1 Products

release
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Thank youl!

On behalf of:

Bas van Wesemael, Asmaa Abdelbaki, Eyal Ben-Dor, Sabine Chabrillat, Pablo d’Angelo, Jose A.M. Dematte, Giulio Genova, Asa
Gholizadeh, Uta Heiden, Paul Karlshoefer, Robert Milewski, Laura Poggio, Marmar Sabetizadeh, Adrian Sanz, Peter Schwin,
Nikolaos Tsakiridis, Nikolaos Tziolas, Daniel ZiZalai.

For details, please contact Julia Yagle at mjyague@gmv.com
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Cloud System Architechture
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Docker images
(processors)

-

End Users
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