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Abstract

Effective air quality monitoring is crucial for assessing pollution levels and mitigating associated health risks, particularly in densely
populated urban environments. Traditional ground-based monitoring stations provide accurate data but lack the spatial coverage
necessary for comprehensive city-wide analysis. This study presents an integrated approach that combines satellite observations,
atmospheric composition models, and ground sensor data within the Open Data Cube framework. The Open Data Cube system
facilitates data access, processing, and analysis by structuring multi-source air quality information into a unified data endpoint. The
Metropolitan City of Milan serves as a case study to evaluate this framework’s potential. The results highlight the feasibility of
this approach with the potential of enhancing operational air quality assessments to empower future monitoring services, including
real-time applications and improved data accessibility for decision-making and public communication.

1. Introduction

Air pollution is recognized as the greatest environmental threat
to global health and a critical sustainability challenge, closely
linked to several United Nations Sustainable Development
Goals (e.g., 3.9 and 11.6). Rising concentrations of common
air pollutants, including Particulate Matter (PM), Ozone (O3),
nitrogen dioxide (NO2), and sulfur dioxide (SO2), have been
associated with increased hospital admissions. Overall, the de-
terioration of air quality is exacerbating the burden of respir-
atory and cardiovascular diseases and global mortality, even at
low exposure levels (European Environment Agency, 2023).

In urban areas worldwide, air quality is a major concern due
to high population density and the concentration of transport-
ation and industrial activities, which together increase expos-
ure levels and related health risks. While both natural and an-
thropogenic factors contribute to ambient air pollution, it is es-
tablished that anthropogenic factors are primarily responsible
for most air pollutant emissions. Given the severity of the is-
sue, it is crucial to develop and empower comprehensive sys-
tems for continuous air quality monitoring, thereby providing
decision-makers and regulators with accurate and up-to-date in-
formation on pollutant concentrations, emission sources, and
spatiotemporal trends, to support the formulation of targeted
policies and mitigation strategies (Chen et al., 2024). Conven-
tionally, ground sensor measurements have been employed to
monitor air quality. However, advancements in technology have
led to the utilization of novel methods that leverage also non-
conventional data from satellites and atmospheric composition
models.

Ground measurement sensors provide reliable and direct assess-
ments of pollutant concentrations at specific locations. These
sensors enable the collection of high-precision data essential
for regulatory compliance and local air quality assessments.
Advancements in technology have introduced novel methods
that complement traditional ground-based monitoring by integ-
rating non-conventional data sources, such as satellite remote
sensing and atmospheric composition models. Satellite obser-

vations offer extensive spatial coverage and enable the continu-
ous tracking of air pollution patterns at both regional and global
scales. Meanwhile, atmospheric composition models incorpor-
ate multiple data sources, including meteorological variables
and emission inventories, to simulate pollutant dispersion and
predict air quality trends. These approaches provide valuable
insights into pollutant composition, transport mechanisms, and
long-term trends, addressing gaps left by ground-based monit-
oring networks (Oxoli et al., 2024). The integration of multiple
air quality data is promising for the development of a system
capable of capturing various properties of air quality phenom-
ena, wherein each component addresses a specific characteristic
of the issue at different resolutions, thereby providing distinct
information that can be synthesized to create a comprehensive
view of the situation. Nevertheless, the integration of these di-
verse data sources presents significant challenges, necessitat-
ing the consideration of additional variables, such as meteor-
ological observations, to enhance the reliability of air quality
monitoring systems at both local and regional scales (Chen et
al., 2024).

In view of the above, this study aims to contribute to the de-
velopment of frameworks for the integration of multi-source air
quality data, including satellite, atmospheric composition mod-
els, and ground-based sensors, to enhance air quality monitor-
ing within future smart city governance practices. It is worth
noticing that while the integration of databases with varying
resolutions may yield complex information, the objective of this
work is not to create a comparative database; rather, it is to es-
tablish a database that will be enriched by its inputs.

The proposed data management system for this integration is
the free and open-source software Open Data Cube (ODC).
The ODC eliminates the necessity for data pre-processing by
the end user and mitigates the time and complexity associated
with accessing gridded air pollution observations, along with
any additional air quality-related variables (Cedeno Jimenez et
al., 2021). By structuring multi-source air quality data into an
efficient and scalable data handling framework, the ODC facilit-
ates querying, visualization, and analysis, making it a powerful
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tool for researchers, policymakers, and environmental agencies.

An experimental implementation for the Metropolitan City of
Milan (Northern Italy) and its surroundings is presented as
a case study. This region, characterized by high population
density and significant anthropogenic emissions, represents a
relevant testbed for evaluating the effectiveness of integrating
ground-based, satellite, and model-derived air pollution data
within the ODC framework. The results from this study are ex-
pected to enhance traditional air quality monitoring practices by
offering more comprehensive and near-real-time insights into
pollutant distribution and trends.

2. Materials and Methods

2.1 Study Area

The Metropolitan City of Milan, located in the Lombardy re-
gion (Northern Italy), serves as the focal point for this research.
Milan is located within the Po Valley (Figure 1), a region char-
acterized by high urbanization and industrialization, as well as
geomorphological conditions that hinder the dispersion of air
pollutants (Raffaelli et al., 2020). As of 2024, the metropol-
itan area of Milan is home to approximately 3 million resid-
ents, making it the second most populous city in Italy, follow-
ing Rome. Previous research has indicated that transportation
and land use are among the primary contributors to air pollu-
tion, particularly through the exacerbation of traffic congestion
in densely populated urban areas (Meroni et al., 2021) such as
Milan. The large population and the necessity for an efficient
public transportation system and urban design in this context
heighten the risk of exposure to elevated pollution levels. Con-
sequently, Milan serves as an exemplary case for the develop-
ment and calibration of new monitoring initiatives. Given these
characteristics, similar approaches can be implemented in other
cities facing comparable conditions.

Figure 1. Map displaying the Metropolitan City of Milan within
the Po Valley boundary.

2.2 Air Quality Data

The air pollutant species considered in this study include SO2,
O3 carbon monoxide (CO), nitrogen oxides (NOx), Particulate
Matter (PM2.5 and PM10), and ammonia (NH3), all of which
are recognized as significant pollutants by the World Health Or-
ganization (World Health Organization, 2021). CO is known to
be toxic to humans and can lead to a reduction in blood oxygen

levels. NOx is associated with the formation of haze, respir-
atory diseases, and a deterioration in air quality. SO2 contrib-
utes to the formation of acidic gases that can adversely affect
infrastructure and natural habitats. Although O3 is a naturally
occurring key component of the atmosphere, elevated concen-
trations can result in smog formation. PM is linked to lung
cancer and cardiovascular diseases, while NH3, at high con-
centrations, can induce respiratory and skin irritations (Sharma
et al., 2013).

Meteorological variables encompass temperature, wind, precip-
itation, solar radiation, humidity, and surface pressure. These
variables are considered in relation to the concentration and
spatial distribution of pollutants (Zhang, 2019). However,
they are not regarded as direct contributors to pollutant form-
ation, a relationship that remains unexplored in the present
study. The data analyzed pertain to the years 2022 and 2023,
which were incorporated during the initial implementation of
the system. The selection of satellite, model, and ground-
sensor data sources prioritized the highest available temporal
and spatial resolution, while also ensuring that the datasets
were open-license and programmatically accessible from au-
thoritative sources. The datasets of interest for this research in-
clude Sentinel-5P, Copernicus Atmospheric Monitoring System
(CAMS), European Centre for Medium-Range Weather Fore-
casts (ECMWF) global atmospheric reanalysis (ERA-5-Land),
and the Lombardy Region Environmental Protection Agency
(ARPA) ground sensors network.

2.2.1 Satellite data: Sentinel-5P Sentinel 5P (S5P) satel-
lite, launched on October 13, 2017, marks the first Coperni-
cus mission dedicated to atmospheric monitoring. This mission
is characterized as a single-satellite initiative that is equipped
with the Tropospheric Monitoring Instrument (TROPOMI), an
optical device capable of measuring ultraviolet, visible, short-
wave infrared, and near-infrared spectral bands. This capab-
ility facilitates the measurement of various significant atmo-
spheric gases. Due to its spatial resolution of 5.5 km by 3.5
km, effective since August 2019, S5P is particularly effective
for studying air pollution in urban areas. The satellite oper-
ates in a sun-synchronous orbit at an altitude of 824 km above
the Earth’s surface, and its 2,600 km-wide swath enables it to
observe the entire planet on a daily basis. TROPOMI is ori-
ented at a 30-degree angle to optimize its Earth observation
capabilities. Data from S5P are disseminated to users at two
levels: Level-1B (L1B), which includes geo-located, radiomet-
rically corrected top-of-atmosphere data along with solar irra-
diances, and Level-2 (L2), which provides geophysical atmo-
spheric parameters. The data are made available through two
distinct methods based on their timing: Near Real-Time (NRT)
data, accessible three hours post-sensing, and Non-Time Crit-
ical (NTC) data, which undergoes specific calibrations for en-
hanced accuracy and is available twelve hours after sensing
(Bodah et al., 2022, Prunet et al., 2020, Virta et al., 2023,
Zheng et al., 2019). L2 NTC validated data were selected
and downloaded utilizing the Copernicus Application Program-
ming Interface (API) (https://documentation.dataspace.
copernicus.eu/APIs/OData.html) in Python. This data en-
compasses the total vertical columns of SO2, O3, and CO, as
well as the tropospheric column of nitrogen dioxide NO2. It
is important to note that L2 data are organized according to
the timing of the measurements and do not conform to a fixed
spatial grid (Schneider et al., 2021). To enhance data manage-
ment, further processing was conducted using the HARP tool-
box (https://atmospherictoolbox.org/harp) to establish
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a standardized spatial grid. HARP is specifically designed for
reading, processing, and inter-comparison of remotely sensed
data. The data were resampled at a resolution of 1 km by 1
km, which has been deemed appropriate for the objectives of
this study. This resampling process employs average weight-
ing, whereby the toolkit generates bins based on the specified
coordinates, and the values of the new bins correspond to the
weighted averages of overlapping pixels from the L2 S5P data.
Furthermore, HARP is applicable for additional processing
steps relevant to our research. According to the documenta-
tion for each product, a quality assurance value has been estab-
lished for each parameter to filter out low-quality pixels. This
value is determined based on instrument performance, environ-
mental conditions, and algorithm sensitivity. Lastly, HARP can
be employed to blend acquisitions in overlapping regions. In in-
stances where multiple images have been acquired for a given
area of interest, HARP will produce a blended output based on
the weighted averaging of those pixels. The code is designed
to save the final files in NetCDF format, which is essential for
integration into the ODC.

2.2.2 Atmospheric Composition Models: Copernicus At-
mosphere Monitoring Service To accurately capture the
variations within the Earth system, it is essential to consider all
components of the system and their interactions. These com-
ponents include the atmosphere, ocean, cryosphere, land, and
biosphere. However, for specific objectives, it may be appro-
priate to focus on only a subset of these components when de-
veloping a model (Lahoz, 2003). General Circulation Models
(GCMs) are particularly useful for this purpose, as they can
simulate large-scale circulations across the entire planet over
various time scales (Rafkin et al., 2001). GCMs can serve as
the foundational framework for designing atmospheric models.
On a large scale, the atmosphere can be regarded as being in
a state of equilibrium; thus, any model should account for the
fact that atmospheric conditions are typically in balance (Laur-
itzen et al., 2011). These models will manage the physical and
chemical processes occurring in the atmosphere through the ap-
plication of numerical techniques (Trini Castelli et al., 2017),
which may be either linear or non-linear. The CAMS air qual-
ity forecast (https://ads.atmosphere.copernicus.eu/
datasets/cams-europe-air-quality-forecasts) is an
example of a model designed to monitor atmospheric composi-
tion at both global and regional scales.

The regional air quality production of the CAMS is of partic-
ular interest in this study. This production is based on the en-
semble of eleven state-of-the-art numerical models (Copernicus
Atmosphere Monitoring Service, 2025). The regional model of
CAMS provides a four-day forecast and daily analyses for the
European territory at ten altitude levels, ranging from 0 to 5000
meters above sea level. For the daily analyses of air pollut-
ants, the system utilizes observations from one day prior and
assimilates them with the models. The system is capable of
integrating all models or a selection of models based on the re-
quirements and requests of the user to produce the final product.
In instances where all models are utilized, the median value of
all individual outputs is calculated, which, according to current
documentation, yields the most accurate results. The model
inputs consist of meteorological forecasts from the ECMWF
Integrated Forecasting System (IFS), while chemical boundary
conditions are derived from the CAMS IFS-TM5 global pro-
duction. Additionally, CAMS provides emission information
(Douros et al., 2023).

CAMS regional data is provided at a spatial resolution of 0.1

by 0.1 degrees, with an hourly frequency. Data can be accessed
through either an API or the website. For the purpose of sim-
plicity and to facilitate automated access, we have chosen to
utilize the ADS API from the cdsapi library in Python (https:
//cds.climate.copernicus.eu/how-to-api). The pollut-
ants of interest include PM2.5, PM10, SO2, NOx, CO, O3,
and NH3, which were retrieved at the surface level within the
model’s analysis mode. Although the CAMS system is limited
in its ability to capture detailed information due to its relatively
coarse spatial resolution, it has demonstrated significant effect-
iveness by integrating various databases, thereby playing a cru-
cial role in pollution control and risk assessment (Casciaro et
al., 2022). In this study, the capabilities of CAMS will be em-
ployed at its original resolution to monitor larger-scale trends.

2.2.3 Meteorological Models: ERA-5-Land Weather is
often perceived as a transient phenomenon that influences short-
term decision-making. However, it is equally important to ex-
amine the historical development and variability of weather
patterns, as this knowledge can enhance our understanding of
the relationship between weather and climate (Slivinski, 2018).
One effective method for acquiring historical weather data is
through atmospheric reanalyses. These reanalyses are gener-
ated using assimilation techniques that integrate observational
data with numerical weather prediction models. In recent years,
the significance of reanalyses has increased in the study of
meteorological information. Although the results produced by
reanalyses may closely resemble those obtained from direct ob-
servations and measurements, a key distinction lies in the fact
that the uncertainties and errors associated with reanalyses are
less well understood compared to those related to conventional
measurements (Parker, 2016).

ERA-5 Land dataset (https://cds.climate.copernicus.
eu/datasets/reanalysis-era5-land) features a spatial
resolution of 9 km, derived from downscaled meteorological
forcing data from ERA-5, and is integrated with the land sur-
face model numerically. Since it is computed under a single
simulation and is not coupled with the atmospheric module of
ECMFW IFS, it can be efficiently rerun and updated in a short
timeframe if any modifications occur in the land component.
The dataset provides information for 50 variables globally at an
hourly frequency. As recommended by the provider at the time
of writing this manuscript, the uncertainty fields corresponding
to the ERA-5 dataset should be utilized as the uncertainty field
for ERA-5 Land, as specific uncertainty fields for ERA-5 Land
are not available. This limitation arises from the initial plan
to present uncertainty fields based on a 10-member ensemble
run; however, preliminary experiments indicated unrealistically
low values due to the limited spread exhibited by the ERA-5
forcing fields (Dalla Torre et al., 2024, Gomis-Cebolla et al.,
2023, Clelland et al., 2024, Copernicus Climate Change Ser-
vice, 2025). Data can be accessed through the Climate Data
Store (CDS) API, and a code has been developed to facilitate
semi-automated retrieval. The retrieved components include
temperature, wind, precipitation, and pressure. Through the
CDS, it is possible to obtain the data in NetCDF format, which
is suitable for integration into the ODC.

2.2.4 Ground-sensors: ARPA Ground sensors are utilized
to collect measurements from the near-Earth surface. They are
extensively employed for meteorological and air quality assess-
ments. These sensors can be either fixed at a specific location
or mobile, allowing for easy relocation. Compared to other
measurement types, ground sensors exhibit greater reliability,
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as their uncertainty is more comprehensible and quantifiable.
Furthermore, they can be integrated with various systems, such
as models, as previously discussed in relation to these measure-
ment types. Ground measurements play a crucial role in valid-
ation due to their accuracy and are frequently included in stud-
ies that rely on measurements from sources other than ground
sensors.

For this research, the ARPA Lombardy sensor network (https:
//www.arpalombardia.it/temi-ambientali/aria) has
been employed (Figure 2). ARPA operates in each Italian
region with each agency responsible for its data processing and
dissemination to users. The ARPA Lombardy network primar-
ily consists of fixed sensors; however, it also includes a limited
number of mobile sensors. The stations within this network are
capable of measuring air quality, meteorological parameters, or
both, and access to their data is publicly available (Maranzano,
2022). Users can either submit a request through the website to
obtain specific parameters of interest from designated stations
or utilize an API to generate the required data.

Figure 2. Locations of ARPA Lombardy air quality stations.
Retrieved from: https://www.arpalombardia.it/

temi-ambientali/aria/stazioni-fisse.

The data collected in this study from the ARPA includes
PM10, PM2.5, SO2, NO2, CO, O3, NH3, temperature,
wind, precipitation, solar radiation, and humidity. After down-
loading, the data are not immediately suitable for integration
into the ODC and must be interpolated onto a regular grid. To
achieve this, a grid has been established over the metropolitan
area of Milan. The grid resolution has been determined to en-
sure that only one monitoring station is located within each grid
cell, with the station’s value assigned to that cell. Consequently,
the minimum distance between all stations was measured to
identify the optimal resolution, which has been set at 1 km.
However, given that the radius of influence for the stations is
typically large and the measurements from the stations do not
exhibit significant variability, in cases where it is unavoidable
to have more than one station within a grid cell, the mean value
of the measurements will be considered appropriate for repres-
enting the grid cell value.

3. Open Data Cube Implementation

The ODC (https://www.opendatacube.org) is an open-
source tool designed to simplify working with large-scale satel-
lite imagery and Earth observation data. It provides a structured

framework for accessing, processing, and analyzing geospatial
datasets over time, making it easier to track environmental ob-
servation patterns. The ODC helps transform raw geospatial
data into ready-to-use datasets. It works by organizing grid-
ded geospatial data into a multi-dimensional data structure (data
cube) where each axis typically represents time, space, and
additional variables like the data type. Data can be imported
into the ODC from NetCDF or GeoTIFF formats. The ODC
provides built-in API for data query, analysis, and download
which can be accessed using Python scripting.

The ODC system provides a single end-point with analysis-
ready data. For this project, the ODC helped the end-user to
skip the data cleaning and processing procedure (Figure 3).
This integration ensures structured data storage, enabling seam-
less querying and retrieval in an array-based format.

Figure 3. Schematic of the Open Data Cube data integration
workflow.

The ODC integration began with the installation of the ODC
in the local server. This consisted of setting up the ODC Post-
greSQL databases, installing the related Python libraries and
setting up the virtual environments from which the ODC will
provide the end-point. Secondly, the ingestion process began
with defining a new data Product in ODC. This Product acts as
a logical container that groups datasets under a common struc-
ture, facilitating metadata assignment and data indexing. Al-
though it does not store data itself, it plays a crucial role in
query execution by serving as a reference layer for dataset man-
agement.

Next, a custom Python processing pipeline was developed to
automate data preparation. This pipeline converts each CSV
file into a NetCDF, format compatible with the Python Xar-
ray library (https://docs.xarray.dev) and generates a cor-
responding YAML metadata file. The metadata file captures
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key attributes such as coordinate reference system, resolution,
format, and content type. Once processed, both files are system-
atically registered in the ODC PostgreSQL database and linked
to their respective Product. The same procedure was done with
GeoTIFF files, which can be natively run inside the ODC.

Figure 4. Example of a Sentinel-5P ODC Product access and
visualization through Python scripting.

Given the large volume of files used in this study, automa-
tion was essential to streamline the ingestion workflow. The
ODC’s API then facilitated spatial and temporal queries, allow-
ing efficient data extraction using Product names as identifiers.
The queried datasets returned as Xarray objects, enabled further
statistical exploration of geospatial time series, as demonstrated
in the subsequent analysis.

The implementation of the ODC will furnish the research com-
munity with a rigorous database sourced from various origins
for air quality monitoring, while also offering user-friendly ac-
cess to the community. This initiative will enable the integra-
tion of additional subject areas, allowing them to leverage the
database for their specific applications. The establishment of
the ODC will facilitate the development of a rigorously valid-
ated resource that can be continuously updated with new ac-
quisitions, thereby enhancing its utility across diverse contexts.
The code for ODC data preparation is available on GitHub
(https://github.com/gisgeolab/geoair_odc).

4. Conclusion and Outlook

The developed ODC instance establishes a comprehensive air
quality data management system by integrating data from vari-
ous sources specific to the Metropolitan City of Milan. A sig-
nificant advantage of the ODC system, in contrast to traditional
methods of data downloading and processing, is its capacity
to enable end-users (e.g., air quality monitoring agencies and
researchers) to implement automated pipelines for data con-
sumption within a unified platform. This functionality effect-
ively reduces the time required for repetitive operations associ-
ated with data harmonization. Each data source utilized in this
study has demonstrated its ability to capture a substantial sig-
nal relevant to the analysis of air quality phenomena. Although
these sources may contain uncertainties or deficiencies in in-
terpreting certain aspects, their integration has proven valuable,
as they collectively encompass different dimensions of the air
quality concept. The final outcome has been instrumental in
enhancing awareness of the importance of air quality monitor-
ing and can be utilized across various sectors. Furthermore, the
developed methodology is highly adaptable and can be imple-
mented in other regions, requiring only updates tailored to the
specific area of interest.

The future direction of this research will concentrate on refin-
ing the source code and developing comprehensive document-
ation for the implemented ODC instance, with a particular em-
phasis on enhancing procedures for the retrieval and integration
of multi-sensor data, including real-time capabilities. Given the
limited number of ground sensors, a cost-effective network of
sensors will be established to improve the diversity of cover-
age provided by ground measurements. These measurements
are crucial for validating other data sources and enhancing the
overall accuracy of the system. These advancements aim to fa-
cilitate the integration of the proposed framework into future
air quality monitoring systems, thereby contributing to more
effective urban air quality management and supporting the de-
velopment of improved public health protection services.
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