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• Quality assessment of LC maps is coordinated by CEOS WGCV LPV LC focus group

• In September 2025, the LC focus group released a new Good Practice Validation Protocol

• This protocol is largely focused on LC map’s quality assessment based on confusion matrices

• Indicators of per-pixel quality (specifically, metrologically rigorous per-pixel uncertainties) are 
needed for propagation to downstream applications of LC maps

Confusion matrix

Main limitation: confusion 
matrix provides no 

information on per-pixel 
quality of LC maps

Quality assessment of land cover (LC) maps

https://lpvs.gsfc.nasa.gov/PDF/CEOS
_WGCV_LPV_Land_Cover_protocol

_Sept2025_V1.pdf
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• For more typical EO products (i.e., quantitative products such as surface reflectance, land or sea surface 
temperature), the estimation of per-pixel metrologically rigorous uncertainties and their validation can be performed by 
following the QA4EO guidelines

Uncertainty estimation

Validation of uncertainties

𝐸𝐸𝑁𝑁 =
𝜌𝜌1 − 𝜌𝜌2

𝑘𝑘 𝑢𝑢12 + 𝑢𝑢22 + 𝑢𝑢comp2

https://qa4eo.org/docs/2_Metrology
_Document.pdf

Metrologically rigorous uncertainties and their validation

Not directly applicable to categorical variables

https://qa4eo.org/docs/2_Metrology_Document.pdf
https://qa4eo.org/docs/2_Metrology_Document.pdf


NB the interest towards categorical variables has been growing in the metrology 
community in recent years:

• the 4th VIM is expected to have an entire chapter on categorical variables
• uncertainty and other metrological concepts have been discussed in several 

international standards and metrology-related publications

• is focused on quantities

• only exception - GUM-4 on 
Conformity assessment (a 
special case of categorical 
variables) 

https://doi.org/10.59161/JCGM1
00-2008E

The GUM 

https://www.bipm.org/documents/20
126/2071204/JCGM_200_2012.pdf

The VIM
3rd edition 

• is focused on quantities

• provides a definition of categorical 
variables (i.e., nominal properties)

• clarifies that the term 
measurement (and therefore 
measurement uncertainty) does 
not apply to categorical variables

• does not provide an alternative 
uncertainty term that would be 
applicable to categorical variables

• QA4EO guidelines represent the adaptations of the authoritative metrological documents for EO domain 

Categorical variables in metrology

https://doi.org/10.59161/JCGM100-2008E
https://doi.org/10.59161/JCGM100-2008E
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Due to the lack of metrological guidance from the VIM and the GUM (and the QA4EO) for categorical 
EO products, we need to start with answering the basic questions:

Q1: What are uncertainties for categorical variables?

Q2: To what extent are the principles of uncertainty estimation and validation developed for 
quantities transferable to categorical variables? 

Categorical variables in EO



• Q1: What are uncertainties for categorical variables?
• Uncertainty can be fully expressed by Probability Mass Function (PMF)

• Q2: To what extent are the principles of uncertainty estimation and validation
           developed for quantities transferable to categorical variables?

• Similarly to quantities, the combined uncertainty for categorical variables can be 
obtained by propagating all contributing sources of uncertainty

https://arxiv.org/abs/2504.03359

submitted to Metrologia in March 2025

Categorical variables in EO

https://arxiv.org/abs/2504.03359


• Q2: To what extent are the principles of uncertainty estimation and validation developed for quantities 
transferable to categorical variables?

Categorical variables in EO

Replace with per-pixel 
uncertainties of LC maps

Include uncertainties 
of reference data

𝐸𝐸𝑁𝑁 =
𝜌𝜌1 − 𝜌𝜌2

𝑘𝑘 𝑢𝑢12 + 𝑢𝑢22 + 𝑢𝑢comp2

Categorical variables 
Adaptation of “classifier calibration” method

Quantitative variables  
Equivalence ratio



• A new ESA project delivered by NPL, with the objective of developing innovative concepts for assessing the quality of 
various EO products following the principles of metrology. Including:

 WP1: AI for Cal/Val
 WP2: Metrology Tools, Training and Support
 WP3: Metrology for Land Cover Classification
 WP4: CEOS-PVP
 WP5: Uncertainty Analysis for Altimetry

• The three objectives of WP3 is
• to implement a prototype framework for metrologically rigorous estimation of per-pixel uncertainties of LC maps
• to implement a prototype framework for the validation of these uncertainties
• to define the pathway for applying the FRM concept to LC maps

ESA Met4EO (Metrology for Earth Observation) project



• We are using the processing chain of CLMS CLCplus Backbone LC product 
as a foundation (with some modifications)

• developed by Copernicus Land Monitoring Service (CLMS)
• high resolution (10 m) product of European land cover
• is produced

• based on a time series of Sentinel-2
• 8 bands and 4 spectral indices

• B1, B3, B4, B5, B8, B9, B11, B12

• NDVI, NDWI, NDMI, NBR 

• by Temporal Convolutional Neural Network (TempCNN) classifier
• training data: LUCAS, existing CLMS LC products, photo-

interpretation of VHR, etc.
• 11 basic LC classes

ESA Met4EO project

LC classification



ESA Met4EO project

CLCplus Backbone LC product (training stage)

S2 Level-2 images
(images with less 
than 80% clouds)

Masking with 
SCL masks

Masked and 
resampled S2 

Level-2 images

S2 Level-2 
equidistant time 

series data

• Level-2 uncertainty
• Geolocation uncertainty • Uncertainty of 

temporal interpolation

Masked S2 
Level-2 
images

Filtered 
labelsLC labels

• Labelling uncertainty
• Geolocation 

uncertainty of labels
• Uncertainty of 

label filtering

• Model uncertainty

Resultant model 
TempCNN model

Resampling 
to 10 m

Temporal 
interpolation (10-

day intervals)

Label filtering (by 
Cleanlab outlier 

detection algorithm)

Training a 
TempCNN 

model



ESA Met4EO project

Uncertainty propagation framework

• Sentinel-2 Level-2 uncertainty
• based on SIAC atmospheric correction

• Geolocation uncertainty
• Sentinel-2 positional accuracy
• positional accuracy of a typical GPS 

sensor

• Temporal interpolation uncertainty
• Gaussian Processes (being refined)
• Bootstrap resampling (being refined)

Band 8



• Noteworthy efforts in the same direction – estimating metrologically rigorous per-pixel uncertainties of LC 
maps – are currently being made by the ESA CCI MRLC team

Other efforts on bringing metrology to LC mapping

https://doi.org/10.1016/j.rse.2025.114875

https://doi.org/10.1016/j.rse.2025.114875


Conclusions

• Land cover represents a categorical variable

• Uncertainty evaluation and validation of uncertainties for such variables are currently not covered by the 
GUM and the VIM (and consequently by the QA4EO)

• In this presentation, we showed the ongoing efforts dedicated to addressing this gap
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