
A. Global performance statistics for the NO2 annual 
mean
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MOTIVATION

Air pollution is a leading environmental risk: ~7 million 
premature deaths annually [1]

Urban complexity: cities are critical hotspots with high spatial 
variability at fine scales

High-resolution gap:  68% of the Catalan population lives in 
urban areas where regional models do not resolve air 
pollutants exposure [2]

New European Directive 2024/2881: stricter legal thresholds 
and sets a strategic support for modelling

Current limitation: high-resolution products often lack 
uncertainty quantification

We aim to develop an uncertainty-aware, high-
resolution framework for an integrated urban air 

quality and exposure assessment
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METHODOLOGY
Stratified approach

Two different models are trained with traffic-influenced and
background-industrial environments to better capture local 

emission patterns [3]
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The Sabadell case of study
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Progressively coarser towards the regional background
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Outputs

• Weighting process:

Comparison of Uncertainty Quantification (UQ) 
methods

𝑀 = 𝑤 · 𝑀்௥௔௙௙௜௖ + 1 − 𝑤 · 𝑀஻௔௖௞௚௥௢௨௡ௗ

A. Bootstrapping

Observational error 
following FAIRMODE 
recommendations [4]

Resample 
input data

Iteration convergence analysis

N iterations
Downscaling methodology

Distribution of probability of the downscaled NO2 concentrations

B. Residual modelling

Random Forest residual ~ similarity index [5] + covariates
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Following the legal threshold set 
by the EU (20 𝜇𝑔/𝑚ଷ)

RESULTS
RMSE (𝝁𝒈/𝒎𝟑)𝑹𝟐MB (𝝁𝒈/𝒎𝟑)

5.240.690.31CALIOPE

3.370.830.38Downscaled

B. Uncertainty Quantification

±𝟑𝝈 (99,7 %)±𝟐𝝈 (95 %)±𝟏𝝈 (68 %)

10090.659.4Bootstrapping

98.495.367.2Residual M.

• Both UQ techniques slightly overestimate observations.
• The residual modelling approach shows a better fit to the 

expected distribution, while bootstrapping yields a higher error 
variance. However, both correctly capture the distribution 
width.

• High-resolution downscaling: the integration of satellite data 
and traffic information enhances previous regional models, 
successfully capturing street-level NO2  patterns.

• Uncertainty quantification validation: residual modelling 
performs better at monitoring sites, while bootstrapping better 
captures the spatial patterns of uncertainty. 

• High uncertainty at NO2 hotspots: The absence of monitoring 
stations in high-pollution hotspots restricts model training on 
peak values and hinders direct validation of urban traffic 
extremes, increasing uncertainty.

• Health & exposure possibilities: the integration of UQ and
high-resolution data enables robust health studies in areas
previously limited by coarse information, establishing a new
standard for local-scale NO2 exposure assessment.

• Policy framework: Uncertainty Quantification is crucial for 
informed decision-making.
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CONCLUSIONS

• Leave-One-Out Cross-Validation (LOOCV)

High-resolution UQ and NO2 concentration maps for Catalonia’s 947 municipalities (2024 annual mean)
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