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ABSTRACT:

Nowadays, the amount of open geospatial data delivered e.g. by private and public entities, such as environmental agencies, enables
outstanding possibilities to any user interested in investigating real-world phenomena. However, the availability of such information
presents several challenges in terms of its practical use. These are mainly connected to the heterogeneity of data sources, formats and
processing tools which have to be mastered by the user to obtain the desired results. As a relevant example, air quality monitoring
requires the integration of multiple data with different spatial and temporal granularities that are often distributed by more than
one provider using not uniform formats and access methods. Besides traditional air pollution ground sensors observations, novel
data sources have emerged. Among them, the Sentinel-5P mission of the European Copernicus Programme is one of the most
recent Earth Observation platforms providing estimates of air pollutants with daily global coverage. These estimates are promising
to foster air quality analysis and monitoring by complementing ground sensors observations. Therefore, the development of data
handling and analysis strategies - allowing users for a smooth integration of satellite and ground sensor observations - is key to
support future air quality studies. To that end, the present work investigates the use of the Open Data Cube as a single data endpoint
to incorporate ground sensors and satellite observations into local air pollution analyses. A preliminary implementation is presented

using the Lombardy region (Northern Italy) as a case study.

1. INTRODUCTION

Geospatial data has become a fundamental source of informa-
tion for governments, companies and organizations. Its relev-
ance mainly lies in the fact that it contributes to understand-
ing better world phenomena and the consequences that humans
activities have on Earth. A relevant example of the above,
among many possible others, is the use of modern geospatial
information for air quality monitoring (Faruque, 2019).

According to the European Environment Agency, every year
more than 430,000 premature deaths European Union can be
attributed to air pollution (EEA, 2020). The decline of air qual-
ity has pushed organizations such as the United Nations (UN),
to envisage actions for a peaceful and prosperous development
for future generations through the definitions of the Sustain-
able Development Goals (SDGs). Many SDGs stress the need
to reduce the negative impact of air pollution (e.g. 3, 11 and
13 that addressed directly well-being, sustainable communit-
ies and life on earth) (United Nations, 2020). In this context,
geospatial information support scientists to explore both effects
and causes of air pollution as well as empower the identification
of viable solutions. Significant public investments have pushed
Geographic Information Systems Science (GIS-science) to re-
trieve key information to accomplish these SDGs. A significant
example is the effort of national and international space agen-
cies, including the National Aeronautics and Space Adminis-
tration (NASA) and European Space Agency (ESA), in provid-
ing cutting-edge Earth Observation platform to support envir-
onmental monitoring, including air quality (Kansakar, Hossain,
2016).
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Although geospatial data can nowadays provide scientists and
policymakers with an outstanding amount and variety of in-
formation, there are still critical aspects that must be considered
such as accuracy, spatial-temporal resolution, accessibility, and
other factors that can affect the generation of impacting out-
comes (Fowlie et al., 2019). Furthermore, a key concern is con-
nected to the technical skills of end-users to proficiently take ad-
vantage of such information. This paper examines the example
of air quality observations by outlining current usage drawback
and identify Free and Open Source Software (FOSS) solutions
to assist users in air quality observations handling tasks. Indeed,
air quality observations are provided by many sources such as
satellite ground sensors which require to be integrated for both
global and local air quality analysis.

In this study, the Open Data Cube (ODC) data exploitation
architecture (Killough, 2018) is applied to integrate Nitro-
gen Dioxide (IVO) satellite estimates and ground sensors ob-
servations for the Lombardy region (Northern Italy; 23,844
km?). The Lombardy region is one of the most densely pop-
ulated areas in Europe and is heavily affected by air pollu-
tion. This area is a pollution hot-spot also due to its peculiar
micro-climatic features, mainly characterized by wind channel-
ling along the Po river valley, and frequent thermal inversions
in mountain areas, which do not allow the correct dispersion
of pollutants in the lower atmosphere (Diémoz et al., 2019).
Air quality ground sensors in the region are managed by the
Lombardy Region Environmental Protection Agency (ARPA
Lombardia) while considered satellite estimates are the ones
provided by the Sentinel-5P satellite of the European Coper-
nicus Programme (de Vries et al., 2016).

The presented work exploits ODC to integrate into a single en-
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dpoint both types of information thus leveraging their concur-
rent application into air quality monitoring, which is tradition-
ally performed using ground sensor observations only, while
exploitation of the modern satellite data assets has not been yet
considered by the local authority.

The remainder of the paper includes an overview of the ODC
software in Section 2. The description of data processing oper-
ations required by the ODC for the proposed data integration is
reported in Section 3. The development of the proposed ODC
application is included in Section 4. Finally, conclusions and
future work are included in Section 5.

2. THE OPEN DATA CUBE

A relevant example of a FOSS solution for managing differ-
ent data sources in a single tool is the ODC (Open Data Cube,
2021a). The ODC is available under Apache 2.0 license and it
is tailored to access, manage, and analyse mainly satellite Earth
Observation data. This software consists of a collection of Py-
thon tools acting as an intermediary layer between satellite data
and the end-user. The main objective is to provide access to
structurally complex files that alternatively would require high
expertise from the user, meaning that a significant amount of
time would be spent on data pre-processing instead of focus-
ing on the data analysis. This software makes available to the
user tools that can be used for data exploration, processing and
analysis (see Figure 1). The main ODC tools and assets are
summarized in Figure 1 and described in the following.

1. Command line tools: Available for developers to interact
with the ODC to support the system architecture,

2. Open Data Cube Explorer: A web application that allows
the user to interact with the satellite products available,

3. Open Data Cube Stats: Tool for statistical analysis of the
products contained in the ODC,

4. Web User Interface: Interaction interface to communicate
with the developed algorithms,

5. Jupyter Notebooks: Programming notebooks provided to
actively interact with the algorithms,

6. Open Geospatial Consortium (OGC) Web Services: Con-
nectors between non-OGC products and OGC products.
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Figure 1. High level overview of the ODC tools (Open Data
Cube, 2021a).

Existing implementations of the ODC are representative of
the advantages that the ODC provides. The most ma-
ture deployments mentioned in the official ODC document-
ation (Open Data Cube, 2021b) are the Digital Earth Aus-
tralia (https://www.ga.gov.au/dea), the Digital Earth Africa (ht-
tps://www.digitalearthafrica.org), the Swiss Data Cube (SDC,

https://www.swissdatacube.org, Figure 2) and Vietnam Open
Data Cube (https://datacube.vn). It is worth mentioning that
although these deployments are all based on the original tools
designed for the ODC, each of them both focuses on different
regions and consists of distinct approaches to the same set of
tools, this means that the backbone of each deployment is the
same, but the final product differs from one to another. Addi-
tional information on the features of the aforementioned ODC
applications can be found on the official ODC website (Open
Data Cube, 2021a).
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Figure 2. The SDC ODC Explorer (Open Data Cube, 2021a)

The current ODC implementation empowers end-users with
tools for managing a number of well-established data products,
including e.g Sentinel-2 and Landsat-8 satellite imagery, and
derived products. Support to other data, including Sentinel-
5P imagery and ground sensor air quality observations, is lim-
ited because built-in ingestion patterns for currently suppor-
ted products cannot be directly reused. Basically, the ad-
ditional development effort for integrating new data sources
into the ODC consist of adapting raw data to formats
(GeoTIFF or NetCDF) accessible by ODC core libraries (e.g.
Python Rasterio, https://rasterio.readthedocs.io and XArray,
http://xarray.pydata.org) and compiling metadata files for each
of the products.

The ODC application proposed in this work aims at deliver-
ing data ingestion patterns that can be used to address specific-
ally the Sentinel-5P air pollutants satellite estimates as well
as ground sensors observations that are here intended as geo-
referenced time series in tabular format (e.g. CSV) which is a
common exchange format for air quality ground sensor obser-
vations.

3. DATA DESCRIPTION

In this section, a description of both satellite and ground sensors
data used for the proposed integration into the ODC is provided.
The identified data pre-processing tasks are outlined accord-

ingly.
3.1 Air pollution monitoring from space

Concerning air pollution, the most recent mission providing
satellite estimates of tropospheric pollutants is the Sentinel-5P
which carries on board the TROPOMI (TROPOspheric Mon-
itoring Instrument), a multi-spectral imaging spectrometer, de-
veloped in a joint venture between the Netherlands Space Of-
fice and ESA (de Vries et al., 2016). Pollutants monitored by
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the Sentinel-5P include Carbon Monoxide (CO), NO-, Sul-
phur Dioxide (SO2), Ozone (O3), Methane (C'H4), Formalde-
hyde (HCHO), and aerosols. These measurements are per-
formed globally at a spatial resolution of 5km x 3.5km and a
daily temporal resolution. The data provided is regularly grid-
ded and supplied in NetCDF format. This format allows the
user to incorporate the estimates into the ODC without the need
of converting the format. the Sentinel-5P data are open and can
be downloaded through the Copernicus Open Access Hub (ht-
tps://s5Sphub.copernicus.eu).

The Sentinel-5P Level-2 products - as downloaded from the
data provider portal - requires to be resampled on a fixed grid in
contrast to, for example, Sentinel-2 images which are already
projected onto a UTM grid at Level-2. This prevents the dir-
ect ingestion of the product into the ODC by using the build-in
functionalities of the current implementation.

3.2 Air pollution monitoring from the ground

The second data source used in this work is ground sensor
air pollution measurements from ARPA Lombardia which
provides continuous measurement of air quality used by the
authority to compute indicators specified by current legisla-
tion (World Health Organization, 2006, European Commission,
2008).

The air pollution ground sensors network of the Lombardy
region is composed by 85 fixed stations (see Figure 3) con-
tinuously monitoring concentrations of SOz, NO., CO,
Particulate Matter (P M1 and PM5 5), O3 and Benzene within
the region. The observations are distributed through three
channels. The first two channels are the ARPA Lombardia
Web portal (www.arpalombardia.it) and the Lombardy region
Open Data Portal (www.dati.lombardia.it), where data can be
downloaded in CSV format. Lastly, data can be also accessed
through a dedicated Application Programming Interface (API,
dev.socrata.com/foundry/www.dati.lombardia.it/nicp-bhqi).
All the channels provide the measurements as georeferenced
time-series of air pollutant concentrations with a temporal
resolution of 1 hour.

Currently, the ODC is not meant to ingest geolocalized sensors
observations in their native format (CSV). Therefore, ARPA
data has to be transformed to make it compatible with the Py-
thon libraries that are used in the ODC and as mentioned before
in Section 2. Sensors are scattered points while gridded data is
requested by the ODC data ingestion procedure. To that end,
the pre-processing for ground sensors observations developed
in this work is designed to address this requirement and provide
layered grids suitable for comparison and integration with the
satellite products.

4. SATELLITE AND GROUND SENSOR DATA
INTEGRATION

Air quality monitoring requires the use of a variety of inform-
ation (e.g. satellite and ground observations) to analyse pol-
lutants spatial-temporal patterns (Heal et al., 2012). Therefore,
data integration is critical to air quality monitoring along with
the availability of data access tooling for the end-users.

The exclusive use of ground sensors for air quality monitoring,
source apportionment, and exposure modelling brings relev-
ant limitations (Kansakar, Hossain, 2016, Fatimah, 2016). The

85 920 95 100 108 no ns

A ARPA Lombardia
air quality station
= Lombardy region  ~

455 - - 455

450

- 450

245 © OpenStreetMap contributors - 445

85 90 95 100 105 0 ns

Figure 3. Locations of ARPA Lombardia Air Quality stations
(Oxoli et al., 2020)

main one is the limited spatial granularity and coverage of the
measurements which are representative only of the neighbour-
ing areas of the sensor network

Satellite data provide instead global spatial coverage but - cur-
rently - has limited time granularity and requires to be com-
plemented with ground sensors data because they are estimates
derived from spectral analysis of imagery and not actual con-
centration measures (Fowlie et al., 2019). Therefore, air quality
indicators cannot be directly computed from satellite observa-
tions by making their integration with ground observation a key
issue to be addressed.

4.1 Data pre-processing

In the presented case study, satellite and ground sensors NO»
data from January 1°% 2020 to April 14" 2021 were con-
sidered. The pre-processing procedure that is specific for two
data sources is detailed below.

4.1.1 Sentinel-SP Sentinel-5P data can be integrated into
the ODC with a minimum pre-processing. The approach ap-
plied in this work was to transform the highest-level product
available (Level-2) in the provider data portal to be sub-
sequently refined to Level-3. Level-2 data consists of geo-
located column measurements of the aforementioned pollutants
and indication of the quality measured at a pixel level among
other parameters. The conversion to Level-3 consists of sev-
eral data transformations that optimize the datasets that will be
contained in the ODC. The operation can be directly achieved
by using the HARP tool provided by the ESA Atmospheric
toolbox (https://atmospherictoolbox.org/harp) that implements
user-ready libraries to manipulate satellite data specifically cre-
ated for Sentinel products.

The first step is to clip the data on the desired area of interest
(AOI) avoiding to load the complete tile (half orbit) of the satel-
lite but a small portion of the acquired image. Additionally, a
filter is applied using the Quality Assurance value (qa-value).
In this study, the minimum quality value accepted for any pixel
is 75% to ensure the removal of cloudy scenes, snow and ice-
cover and problematic retrievals that may be present in the im-
ages. Finally, the bands are extracted. This is a procedure that
reduces the occupied memory space by more than 95% in the
in case of the tropospheric NO2 product for the Lombardy re-
gion (i.e. 400 MB for Level-2 full NetCDF and 25 MB for the
Level-3 processed NetCDF).
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4.1.2 Air quality ground sensors Ground sensor air qual-
ity measurements provided by the ARPA Lombardia network
were pre-processed following the steps described in the follow-
ing. The pre-processing for these observations is more intensive
than the Sentinel-5P due to their native format which is not cur-
rently supported by ODC build-in data ingestion functionalities,
as explained in Section 3.2.

1. Data procurement: ARPA Lombardia Air quality ground
sensors data are provided in tabular format and were down-
loaded through the API using Python. Data from years
previous to the current one (2021) are not served by the
API and had to be downloaded in CSV format manually.
The Pandas Python library (https://pandas.pydata.org) was
used to merge the whole files into a single table.

2. Data gridding: ODC ingestion requires data to be on a
regular spatial grid. This is imposed by the formats that
the ODC system uses (i.e. NetCDF or GeoTIFF). A grid
with a resolution of 0.01 degrees was selected according
to the minimum distance between all of the sensors. Once
the grid was created, sensor observations were assigned to
each pixel centre using the Nearest Neighbours interpol-
ation, appointing Null values to those pixels that do not
overlap with any sensor location.

3. Data formatting: Once the data is re-gridded it was expor-
ted to NetCDF. Despite being required by the ODC, this
format allows multi-layering of the information that was
exploited to stack multitemporal observations from each
sensor which constitutes the data cube. The peculiarity
of this step is that each day is stored in an independent
file, replicating the structure of satellite data. This implied
extracting sensor observations at the passage time of the
satellite (around 12:00 UTC for the Sentinel-5P) to obtain
a grid for each day of the time period to be compared with
the one provided by the satellite.

4.2 Integration into the Open Data Cube

Once the Sentinel-5P and ARPA Lombardia files have been pre-
processed they were input to the ODC system.

The ODC works by employing processing and visualization
tools that help the user access and manipulate geospatial data. It
is important to emphasize that the ODC is not a storage system,
instead, it is a platform that manages information contained in a
file system or database, acting as an intermediate layer between
the user and the files. For this reason, the ODC data integra-
tion consists of the indexing of NetCDF or GeoTIFF files in the
database by means of the metadata generation for each of the
target data file.

Data indexing into the ODC database consisted of two steps,
explained below, both depending on metadata files in YAML
format. These files are structured in EO3 format and help
the software understand how to manage and group each of
the files into a single-layered product that contains informa-
tion on the available data measurements, platform sensor and
names, geospatial extent and projection, acquisition time and
other metadata specified in the ODC documentation (Open Data
Cube, 2021b).

1. Product definition: The first step for the ODC index-
ing consisted in creating a group in the database called

product. This group helps the system to identify files be-
longing to a specific data source (e.g. satellite or ground
sensor) and a specific pollutant. Therefore two products
were created which identify both the Sentinel-5P and the
ARPA Lombardia NO, data. These products were further
referenced in the dataset indexing and in the measurements
extraction.

2. Dataset indexing: The final step for the data integration in
the ODC was to register each of the files in the indexed
database. In this part of the procedure, each NetCDF files
gets ingested into the ODC system to be extracted in future
steps. This consists of registering into the system a YAML
file that contains both measurements and product informa-
tion and it is used to group files into a single product.

The generation of the YAML files for each NetCDF is a manual
task that is prone to mistakes and can consume a large amount
of time. For this reason, automation is a fundamental step for
data indexing. The creation of YAML files and their associ-
ation to each NetCDF was implemented by means of a Python
script that read each of the available NetCDF files to extract its
properties and transcribe them into a template YAML file and
finally runs the ODC command to ingest the NetCDF and the
associated metadata.

4.3 Data integration results and application

The result of data pre-processing and integration can be ac-
cessed through any exploratory data analysis Python tool that
can be run programmatically using live scripting e.g. in a Jupy-
ter Notebook.

A first approach to the data exploration concept is depicted in
Figure 4, where the Juypter Notebook is used to explore the
ground sensors product for N O, (called here ARPA_NO?2). Fig-
ure 4 shows how the XArray Python library can be used for
extracting data according e.g. to their acquisition time and
coordinates that are used as indexes for accessing the ODC
products content.

product_ARPA = 'ARPA NO2'

ds_ARPA = dc.load(product = product ARPA, output_crs="EPSG:4326", resolution=(8.01, 8.81))
ds_ARPA = ds_ARPA.where(ds ARPA['valore'] != -9999)

ds_ARPA
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(latitude: 155, longltude: 244, time: 475)
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Figure 4. Example of the extraction of ARPA Lombardia NO;
ODC product using the XArray library in a Jupyter Notebook

Further than data exploration, an example of correlation ana-
lysis between the ARPA Lombardia and the Sentinel-5P data
was performed by leveraging exclusive the generated ODC
products as follows. Both datasets were extracted using XAr-
ray and overlaid. Data for the whole analysis period (January
1%¢,2020 to April 14", 2021) were considered in this test. The
Pearson’s correlation coefficients between N O, satellite estim-
ates and ground sensors observations at each sensor’s location
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were computed using Pandas. Results are reported in Figure 5
and provide insight on the quantitative comparability of the two
air quality observations (Oxoli et al., 2020) by suggesting the
ODC as a valuable tool to perform such investigations.
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Figure 5. Map of Pearson’s correlation coefficients computed
between the time-series of N Oz observations from the sensors
and the Sentinel-5P at each ARPA Lombardia sensor location in
the Lombardy region.

The outcome of the presented work demonstrates that integra-
tion of new data sources into the ODC is possible, although a
pre-processing procedure is needed to comply with the system
requirements. The designed data ingestion procedure is prom-
ising to extend the capabilities of the ODC to data different from
satellite Earth Observation.

The proposed data integration of Sentinel-5P and ARPA Lom-
bardia ground sensor data is critical for the considered case
study on air quality monitoring. The enabled possibility of con-
current access and analysis of the two types of observations
through a unified data endpoint opens newsworthy possibilit-
ies to scientist and local authorities to unpin the capabilities of
cutting-edge informational assets - such as the one provided by
the modern EO platforms - alongside their operational routines
based on traditional ground sensors data.

5. CONCLUSION AND FUTURE WORK

This paper presented a procedure to integrate heterogeneous air
quality observations, such as satellite and ground sensors data,
into the ODC system. The integration was tested in support of
the local air quality monitoring in the Lombardy region, with
the aim of demonstrating the advantages of the ODC approach
for enabling ground and satellite-based information being syn-
ergically employed to foster air quality monitoring, studies and
policy-making by demanding to end-users less specific skills
for data access and manipulation.

Data integration is one of the current challenges when dealing
with geospatial data, especially because data heterogeneity (i.e.
coming from different sources in different formats) require the
users to understand the delivered data by the different providers
increasing the analysis complexity. To that end, the ODC is
identified as a state-of-art support system to deliver analysis-
ready data. The ODC system has currently been adopted op-

erationally by few organizations, and it still doesn’t incorpor-
ate most of the satellite data and none of the non-satellite data
sources. However, the system can be adapted to these data
through automatic procedure tailored to different data integra-
tion needs.

Future work will focus on ingesting into the ODC other air qual-
ity measurements that have not been considered in this work.
In parallel, the operational application of the proposed tools
and data will be investigated through the interaction with local
stakeholders, including ARPA Lombardia. Questions regarding
the computing infrastructure to support both the development
and publication of the ODC instance will be also addressed to
guarantee the end-users access to a large amount of information
and analysis tools remotely.
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