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Lombardy is the most populated Italian region with 10,020,528 inhabitants in 2024 and 
the second wealthiest region in Europe, with a GPD of 440 billion euros. The region is 
enclosed by mountain ranges, with the Alps to the north and the Apennines to the 
south, forming a natural basin that hinders air circulation and limits atmospheric 
dispersion. Therefore, Lombardy’s high level of industrialization and high population 
density make it one of the most polluted regions in Italy and Europe. To help mitigate 
and control pollution levels, a robust network of high-frequency monitoring stations 
has been deployed across Lombardy by ARPA Lombardia, the regional environmental 
protection agency. On the other hand, air quality models often ensure a more even and 
larger coverage, and could both complement the ground measurements or provide a 
valid alternative in unmonitored areas. Specifically, the Copernicus Atmospheric 
Monitoring Service (CAMS) provides users with open data regarding air pollution 
forecasts or validated observations (reanalyses), in the form of maps covering 
Europe’s entire territory. The goal of this study is to use Lombardy as a case study to 
assess the validity of CAMS air quality data by comparing it with ground measurements 
from ARPA monitoring stations.

The analysis focuses on two years (2018 and 2019) and four key pollutants, with well-
established adverse health effects: nitrogen dioxide (NO2), ozone (O3), particulate 
matter with a diameter <10 μm (PM10), and particulate matter with a diameter <2.5 μm 
(PM2.5). 
For this analysis, the median ensemble derived from the 11 air quality data assimilation 
systems that constitute the CAMS European Air Quality Reanalysis product was 
selected for the statistical comparison, since ensemble products typically outperform 
individual models on average.
Two comparative approaches were developed: a map-to-map comparison, aligning 
daily interpolated data obtained from ARPA with CAMS validated reanalyses, and a 
station-to-map analysis, directly matching CAMS data with ARPA’s ground 
measurements. Statistical measures, including Pearson and Spearman correlation 
coefficients, Root Mean Square Error (RMSE), and Mean Bias Error (MBE), were 
employed to evaluate performance, with different types of data aggregation, both 
spatial (e.g. by province) and temporal. (e.g. by season).

The results from the map-to-map analysis show that CAMS data exhibits pollutant-
specific performance. NO2 had the strongest correlations (r = 0.6-0.9), while O3 
correlations were weaker (median r ~0.6, with a minimum below 0), with CAMS 
frequently underestimating concentrations in less populated regions. PM10 and PM2.5 
showed moderate correlations (r = 0.5-0.9), though CAMS tended to overestimate 
higher concentrations. A spatial analysis of the differences between the two datasets 
revealed that for NO2, PM10, and PM2.5, CAMS underestimated the pollutants 
concentration in the most populated areas of Lombardy, while Ozone was 
underestimated across the majority of the study area.

The station-to-map analysis yielded more promising results, with all pollutants 
demonstrating positive correlations (rNO2=0.6-0.9, rO3=0.9-1, rPM10=0.8-1, rPM2.5=0.85-1 
in 2018 and rNO2=0.6-0.9, rO3=0.9-1, rPM10=0.7-0.9, rPM2.5=0.7-0.9 in 2019). Performance 
was generally better in the Po Valley's flat, urbanized areas compared to the 
mountainous provinces, where correlations were weaker. Indeed, for all considered 
pollutants the majority of the ground stations with the lowest values of correlation are 
in the northern mountainous provinces. Further temporal aggregations revealed 
seasonal and hourly variations in performance. O3 correlations improved during peak 
concentrations (in summer and during the afternoons), while NO2 correlations 
declined during traffic peaks when the concentrations are higher.

While the map-to-map comparison paired homogeneous data types, it also presents 
numerous sources of errors, both original to the data (i.e. errors arising from the 
modeling and interpolation process done by ARPA to compute the maps) and 
introduced in the preprocessing phase (i.e. errors caused by the upsampling and 
reprojecting steps). In general, NO2 concentrations seem consistent between the two 
datasets, while the results for the other pollutants are less straightforward. Ozone has 
the worst correlation and it’s often significantly underestimated. For particulate 
matter, CAMS generally reports lower concentrations in the urbanized part of 
Lombardy, and higher values with respect to ARPA in the most rural parts of the region, 
with absolute differences rarely exceeding 5 μg/m3.

In the network-to-map comparison all the considered pollutants showed a positive 
correlation with the CAMS reanalyses. The provinces in the Po Valley have the best and 
most consistent results, which is likely attributable to the better accuracy in modeling 
the meteorological and aerodynamic parameters in the plain rather than in 
mountainous territories. Indeed, the stations in the alpine provinces often have low 
correlation values, and the stations at higher altitudes (>1000 m) are among the worst 
in the whole network.

Overall, the findings of the station-to-map analysis emphasize the potential of CAMS 
to be used as a supplementary or substitute tool for air quality monitoring, while also 
highlighting the limitations of the Copernicus model, particularly regarding the poorer 
performances of CAMS in areas characterized by uneven terrain and its bias during 
highly polluted periods. Indeed, the main finding of this research is that, while overall 
showing good values of correlation with ground measurements, for higher pollution 
levels CAMS data appears to consistently underestimate the values recorded by 
ground-based sensors. This trend suggests a potential systematic bias in CAMS 
estimates in conditions of elevated pollutant concentrations. Such 
underrepresentation of pollution severity is a cause for concern, as it may lead to 
underestimations of the associated risks to human health and the environment in 
decision-making and policy formulation.
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Fig. 1 - Lombardy’s geographic setting (borders
in red, Alps in blue and Apennines in yellow) 

Fig. 2 - Spatial distribution of the ARPA stations 
active in 2018 and 2019 divided by pollutants

Fig. 3 - Boxplot of Pearson’s correlation coefficient for 
the map-to-map comparison in 2018 and 2019
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Fig. 4 – Map of the median difference for each 
pollutant in 2018

Fig. 5 – Map of the median difference for each 
pollutant in 2019

Fig. 6 – Boxplot of Pearson’s correlation coefficient 
for the station-to-map comparison in 2018 and 2019

Fig. 7 – Boxplot of Mean Bias Error for the station-to-
map comparison in 2018 and 2019

Fig. 8 – NO2 statistics for 2018 and 2019 and median 
concentrations of NO2 per hour of the day

Fig. 9 – O3 statistics for 2018 and 2019 and median 
concentrations of O3 per hour of the day
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