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ABSTRACT:

Scientific evidence has demonstrated that deterioration of ambient air quality has increased the number of deaths worldwide by
appointing air pollution among the most pressing sustainability concerns. In this context, the continuous monitoring of air quality
and the modelling of complex air pollution patterns is critical to protect population and ecosystems health. Availability of air quality
observations has terrifically improved in the last decades allowing - nowadays - for extensive spatial and temporal resolved analysis
at both global and local scale. Satellite remote sensing is mostly accountable for this data availability and is promising to foster air
quality monitoring in support of traditional ground sensors measurements. In view of the above, this study compares observations
from the Sentinel-5P mission of the European Copernicus Programme (the most recent Earth Observation platform providing open
measurements of atmospheric constituents) with traditional ground measurements to investigate their space and time correlations
across the Lombardy region (Northern Italy). The correlation analysis focused on nitrogen dioxide. The use of data collected during
the COVID-19 pandemic allowed for a parallel exploration of the lockdown effects on nitrogen dioxide emissions. Results show a
marked decrease in nitrogen dioxide concentrations during the lockdown and an overall strong positive correlation between satellite
and ground sensors observations. These experiments are preparatory for future activities that will focus on the development of
satellite-based air quality local prediction models, aiming at improving the granularity of the ground-based information available

for air quality monitoring and exposure modelling.

1. INTRODUCTION

Atmospheric pollution has been largely recognized by the sci-
entific community as a primary threat to human health and eco-
systems and represents a pressing sustainability concern, dir-
ectly connected to many Sustainable Development Goals (e.g.
3.9 and 11.6) (Rafaj et al., 2018). Several studies in the literat-
ure have addressed the analysis of this complex phenomenon by
paving the way to the development of global and local policies
to mitigate its negative effects (Kuklinska et al., 2015). These
studies have provided consolidated evidence linking the in-
crease in the concentration of widely diffused pollutants, in-
cluding coarse and fine particulate matter (PMio and PM> 5),
ozone (O3), nitrogen dioxide (N O2), and sulfur dioxide (SO-),
with the growth in hospital admissions and cardiovascular dis-
eases. As a result, it has been proved that air quality deteriora-
tion has increased the number of deaths worldwide even at low
levels of exposure (Brunekreef, Holgate, 2002). Most of the
air pollutants and greenhouse gases have increased their pres-
ence in the lower atmosphere during the last decades as a dir-
ected result of the growth of core production and consumption
systems such as road transport, power plants, industry, farm-
ing, and households (Duque et al., 2016). In this context, the
continuous improvement of air quality monitoring methods and
techniques features a critical aspect to protect population and
ecosystems health.

Air quality monitoring is traditionally performed utilizing fixed
ground sensors networks, which represents the primary air qual-
ity data source to many national and local authorities. The use
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of permanent ground sensors networks allows for continuous
measures thus enabling computations of air quality indicators
required by the current legislation (WHO, 2006). Nevertheless,
the exclusive use of permanent ground sensors denotes several
limitations to optimal monitoring of air pollutants (Kim et al.,
2020). The main reason is that observations from fixed ground
sensors limit the spatial granularity and coverage of the meas-
urements. This often results in patchy monitoring across re-
gions covered by the sensor networks, thus impacting on ex-
posure assessments which on the contrary would require fine-
scale and spatialized observations to be performed. Moreover,
ground sensors networks imply high installation and mainten-
ance costs and the increase sensors densities to achieve bet-
ter spatial coverage is often unfeasible to many local networks
managing authorities.

According to the above, modern air quality research has fo-
cused on two main aspects that can be summarized in the design
of cost-effective technologies to improve air quality monitor-
ing capacity and accuracy and, in parallel, to the enforcement
of methodological component connected to air quality metrics,
source apportionment analysis, and exposure models (Heal et
al., 2012). In fact, atmospheric pollution monitoring has been
empowered in recent years with satellite sensors that are cap-
able of providing daily high-resolution air pollutants estimates
on a global scale. The growing availability of satellite atmo-
spheric observations that are distributed as open-data, above
others the recent Sentinel-5P mission of the European Coperni-
cus Programme (Koch, Bydekerke, 2018), enforces the interest
in exploiting satellite remote sensing to support air quality mon-
itoring. Despite applications on a global scale, the spatial and
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temporal resolution provided by the Sentinel-5P is promising
for employment to air quality monitoring also at a local scale.

With this in mind, this work presents a preliminary investiga-
tion on the contribution of satellite estimates as an alternative
or a complementary data source for local air quality monitor-
ing. Observations from the Sentinel-SP were compared with
authoritative fixed ground sensors observations from the Lom-
bardy region (Northern Italy) as a case study. The main ob-
jective was to quantify space-time correlations and trade-offs
between satellite estimates and ground measurements. In the
first place, the correlation analyses focused on NOs, one of
the most diffused and monitored air pollutant that is generally
produced as a result of road traffic and other fossil fuel combus-
tion processes. Data from the periods January - May 2019 and
January - May 2020 were analyzed. The periods include the
COVID-19 pandemic lockdown in Italy. This choice allowed a
parallel exploration of the lockdown effects on air quality and
provided insights into correlations between ground and satel-
lite observations also under an anomalous emissions scenario.
A significant reduction of NO2> concentrations was observed
during the lockdown with respect to the same period of the pre-
vious year. Early results show a marked positive correlation
on average between satellite and ground observations justifying
the interest in further researching on the topic.

The paper continues as follows. Section 2 discusses assets
and liabilities of air quality analyses from space by introdu-
cing state-of-art methods for employing satellite observations
into ground-level air pollution monitoring. Section 3 describes
data, correlation experiments and results for the Lombardy re-
gion case studies. Conclusion and future work are outlined in
Section 4.

2. AIR QUALITY MONITORING FROM SPACE

Concerning the technological aspects of air quality monitor-
ing, significant advances have been achieved in recent years
through the amelioration of ground sensors hardware perform-
ance and sampling accuracy, with a concurrent reduction of
costs and sizes, of both fixed and portable equipment. However,
the technological frontier that currently is most attracting the
attention of both scientists and policymakers worldwide is the
satellite remote sensing (Heal et al., 2012, Chance et al., 2019).
Nowadays, atmospheric observations from space can provide
daily high-resolution air pollutants estimates on a global scale.
Satellite-based estimates are of utmost importance especially
for rural areas with limited ground-level measurements, where
they best promise to fill the data gap for assessing long-term
human exposure, avoiding high economic investments by the
managing authorities to increase the sensors networks dens-
ity. Furthermore, satellite-based estimates can provide useful
information on air pollution spatio-temporal dynamics even in
areas where sensors density is high (Kim et al., 2020).

Satellite remote sensing for air quality monitoring has a long
history starting from the *80s with application to the analysis of
large-scale air pollution episodes (Martin, 2008). This evolved
in the current satellite constellations with higher spatial and
temporal resolution capabilities (e.g. 5.5 km pixel resolu-
tion and 1 day revisit time provided by the Sentinel-5P) and
the upcoming geostationary missions promising to further re-
duce the gap with the ground-based monitoring (Kim et al.,
2020). As a consequence, air quality metrics and modelling

are evolving to merge this increased data availability by coup-
ling traditional models with data science techniques including
machine-learning (Chen et al., 2019, Analitis et al., 2020, Liu
et al., 2020). The fact is that satellite estimates are not dir-
ect measures of air pollutants but are derived from the spectral
signatures of each atmospheric constituent by making numer-
ical models a necessary mean to infer physical quantities out
of them. The complex dynamics of air pollutants in the atmo-
sphere further introduces uncertainties into models and - in turn
- affects the reliability of satellite estimates especially to local-
scale air quality applications (Fowlie et al., 2019). In parallel to
the improvement of satellite platforms and retrieval algorithms
to infer physical quantities, the development of statistical meth-
ods to empower ground-level air quality monitoring with satel-
lite estimates represents a key task to fully unlock the potential
of atmospheric remote sensing into practical applications.

In general terms, statistical methods must be capable of model-
ling relationships between the ground measurements and satel-
lite observations by providing a reliable estimation of air pol-
lutants concentrations at locations without ground sensors (Liu
et al., 2020). These relationships are highly variable both in
space and time due to the concurrent influence of heterogeneous
factors including land use characteristics, microclimatic condi-
tions, and anthropogenic emissions patterns, among others. To
that end, latest studies in the literature have proposed the ad-
option of machine-learning and geostatistics algorithms to ac-
count for complex correlations between air pollutants ground-
level concentrations, satellites estimates and possible inform-
ative covariates (Liu et al., 2020). Combined methods based
on satellite estimates, including geographically and temporally
weighted neural networks and random forests-based spatial re-
gressions, have produced a general improvement in the predic-
tion accuracy of ground-level air pollution (Chen et al., 2019,
Li et al., 2020, Liu et al., 2020). The development of sophist-
icated and high-resolution models is favoured by the growing
availability of air quality records (both from ground and satel-
lites sensors) and ancillary covariates as open-data, as well as
open software tools and infrastructure enabling outstanding op-
portunities for data retrieval and processing (Harris, Baumann,
2015).

Nevertheless, preliminary knowledge of complex air pollution
spatio-temporal patterns remains critical to the development of
the above methods. With this in mind, this works aims at invest-
igating local space and time correlations between ground-level
air pollutants measures and the Sentinel-SP satellite estimates
(see Section 3). The final goal is to quantify underlying patterns
in the data which may later be employed to select best model-
ling strategies to empower ground-level air quality monitoring
with satellite observations.

3. SENTINELS-P AND GROUND-BASED
OBSERVATIONS COMPARISON

The case study selected for this work focuses on the correlation
assessment between N O satellite estimates from the Sentinel-
5P and the authoritative ground measurements available for the
Lombardy region (Northern Italy, ~23.000 Km?, see Figure
la). The Lombardy region is characterized by an unfavour-
able geographical context for air pollution and ranks among the
most polluted areas in Europe. Most of the population (~10
million people) is located in the Po River basin (plain area)
which is bordered on three sides by mountains that limit air
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mass exchanges (see Figure 1b). In addition, the Lombardy re-
gion counts many industrial facilities and intensive road trans-
port activities strongly contributing to air pollution in the area
(Carugno et al., 2016). NO> emissions are primarily due to
fossil fuel burning and, accordingly, the NO; is among the
most diffused air pollutants in the study region. Two analysis
period were selected for the correlation analyses; respectively
the months January - May in the years 2019 and 2020. Fur-
ther than the computation of correlation between satellite and
ground observations, the selected periods allowed for parallel
quantification of COVID-19 lockdown effects on NO2, which
from March 9 to May 18, 2020, caused a massive reduction of
both industrial and transport activities in the Lombardy region.

3.1 Data

3.1.1 Gound-sensors data Air quality monitoring is per-
formed in the Lombardy region by the Regional En-
vironmental Protection Agency (ARPA Lombardia, ht-
tps://www.arpalombardia.it) through its air quality sensors net-
work. The network is composed of more than 100 fixed ground
stations (see Figure la) providing hourly ground-level meas-
ures of pollutants concentrations [pg/m?®], including NOx,
PMio, PM> 5, Os, and SO,. Data are available starting from
the year 2000 and they are freely distributed under CC-BY
license through the Lombardy Region Open Data portal (ht-
tps://www.dati.lombardia.it). Data can be downloaded in CSV
format using the Open Data portal web interface or in JSON
format through a dedicated open Application Programming In-
terface (API, http://dev.socrata.com).

NO; hourly concentrations for the analysis periods the and
sensors metadata (including geographic coordinates) were
downloaded using the open API through Python scripting. 83
sensors were considered according to the availability of com-
plete time-series measurements provided in the analysis peri-
ods. Data were arranged in tabular format (Pandas DataFrame)
using the premier free and open Python library Pandas (ht-
tps://pandas.pydata.org), and its spatial extension GeoPandas
(https://geopandas.org). A single DataFrame containing N O
hourly concentrations for each sensor was thus obtained and
linked to a second DataFrame including sensors metadata.

3.1.2 Sentinel-5P data Satellite estimates of NO» con-
centrations were retrieved from the European Space Agency
(ESA) Sentinel-5P multispectral mission. The Sentinel-5P
was launched on October 13, 2017, and represents the first
mission of the European Copernicus Programme that deliv-
ers measurements of atmospheric constituents with the aim
of improving the European Union’s capacity for air qual-
ity monitoring (Koch, Bydekerke, 2018). Sentinel-5P data
products are freely distributed by the Copernicus Programme
and can be downloaded through its Data Access Hub (ht-
tps://scihub.copernicus.eu). Data are available from mid-2018
and consists of Level-1B and Level-2 products providing a spa-
tial resolution of 5.5 km (along-track) x 3.5 km (across-track)
with global coverage and revisit time of 1 day. Level-2 products
consist of troposphere trace gases estimates, including NOa,
O3, SO2, carbon monoxide (CO), methane (C H4), and formal-
dehyde (C'H20O), together with aerosol and could indexes. Data
are distributed in NetCDF-4 format with an open-data license.
A single full-orbit (2600 K'm strip) Level-2 observation has a
size in memory varying between 0.1 and 2 GB (depending on
the product) and contains a variety of metadata such as quality
bands and sensor parameters. The data products are provided
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Figure 1. (a) Lombardy region area and ARPA Lombardia air
quality sensors locations (coordinates reference system:
WGS84). (b) Lombardy region zonation schema adopted by
ARPA Lombardia for air quality analysis (source:
https://tinyurl.com/yy538ruu). Metropolitan areas comprise the
most populated cities in the region (Milan, Bergamo, and
Brescia)

in three different data streams: the near-real-time stream, the
offline stream and the reprocessing stream. Near-real-time data
are available within 3 hours after data acquisition and are meant
for rapid use but provide lower quality as compared to the other
data streams. Offline data are available within a few days after
the acquisition as for the data final version from the reprocessed
stream (Romahn et al., 2020). For long-term trend analysis, the
offline and reprocessed data streams are suggested. Accord-
ingly, the data used in the presented work was the Sentinel-5P
Level-2 N O tropospheric column [mol /m?] product form the
offline stream.

The NetCDF-4 files containing daily estimates of the N O3 tro-
pospheric column were downloaded from the Copernicus Data
Access Hub for the analysis periods. First, raw data were
pre-processed to remove low-quality observations by consid-
ering only observations with a quality assurance value greater
than 0.75 (ga value, available as metadata for each Sentinel-5P
product). This quality threshold is suggested by (Romahn et
al., 2020) to discriminate cloud-free and snow-ice free obser-
vations. Second, a geographic subset covering the Lombardy
region was created for each of the Sentinel-5P product. Qual-
ity filters and the geographic subsets extraction were performed
using the xArray Python library (http://xarray.pydata.org) along
with the free and open-source software HARP - data har-
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monization toolset for scientific Earth observation data (ht-
tps://github.com/stcorp/harp). Finally, time-series of NO, tro-
pospheric column daily observations were sampled from the
pre-processed NetCDF files at each ARPA Lombardia sensor
location and stored in a Pandas DataFrame.

3.2 Data Processing

The pre-processing operations produced two DataFrames con-
taining geolocated time-series of N O concentrations [g/m>]
from ARPA Lombardia sensors (hourly observations) and N O,
tropospheric columns product of Sentinel-5P [mol/m?] (daily
observations).

Daily averages were computed for the ARPA Lombardia
sensors and compared between the two study periods to assess
the COVID-19 lockdown effects on NO> concentrations. Res-
ults are discussed in Section 3.3.1.

ARPA Lombardia sensors have an hourly sensing time period
while the satellite passage each day happens between 10:00
AM to 1:00 PM GMT+0 according to the Sentinel-5P sun-
synchronous orbit. An iterative procedure was implemented to
average the hourly sensors’ observations over a time-window
and use this average for computing correlations with the satel-
lite observations. The Pearson’s correlation coefficient p, was
computed from the pairwise comparison of each sensors time-
series and the corresponding satellite time-series, by averaging
the hourly sensor observations on moving time-windows with
different sizes (from 1 to 24 hours). p, ranges between 1 and
-1; where 1 indicates a perfect positive correlation, O no correl-
ation, and -1 perfect negative correlation (Schober et al., 2018).
The average of p, coefficients obtained at each iteration (i.e.
for each considered time-window position and size) was com-
puted. The time-window that produced the strongest average
correlation was identified by looking at the highest among the
computed p, averages. For the presented case study, the selec-
ted time-window for averaging hourly observations of ARPA
Lombardia sensor was between 10:00 AM to 2:00 PM GMT+0
which unsurprisingly overlaps the Sentinel-5P passage time
range. Once the averaging time-window has been defined, p,
was computed from each pair of time-series for all the sensors.
Results are discussed in Section 3.3.2. It is worth noting that
pp measures linear correlation which may represent a relevant
limitation in assessing correlation between direct NO» meas-
ures from ground sensors and satellite estimates derived from
spectral signature analysis of the atmospheric column (Li et al.,
2020).

To that end, an additional correlation coefficient was considered
for assessing correlations disregarding the linear hypothesis.
The Spearman’s rank correlation coefficient p; was computed
from each pair of time-series for all the sensors by considering
the same time-windows adopted in the previous experiment. ps
measures monotonic statistical dependence between ranks of
two variables, thus allowing assessing correlations whether lin-
ear or not (Schober et al., 2018). p, ranges between 1 and -1 and
values interpretation follows exacting the one of p,. The Res-
ults from this second experiment are presented and compared
to the previous ones in Section 3.3.2. Computations of both
coefficients were performed by taking advantages of statistical
functions included in the Python Pandas library.

3.3 Results Discussion

3.3.1 COVID-19 lockdown effect on NO, A reduction of
about 17.5% was observed through the comparison of daily av-

erage VO concentrations between the COVID-19 lockdown
period (March 9 - May 18, 2020) and the same period of the
previous year (Figure 2). By considering only March, when the
most restricted lockdown measures were ongoing, the reduc-
tion was of about 24.5%. The results are aligned to the ones
of previous studies carried out on the same topic for the Lom-
bardy region (Collivignarelli et al., 2020). The sharp decrease
of NO> emissions reflects the massive reduction of industrial
and transport activities imposed by the COVID-19 pandemic
that affected the region.
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Figure 2. Comparison of the N O daily averages computed
from the ARPA Lombardia sensors in the study periods. A
substantial decrease in concentrations can be noticed during the
COVID-19 lockdown with respect to the previous year

3.3.2 Correlation analysis Results from the correlation
analysis, carried out by means of p, and ps computations, are
reported in Figure 3. Summary statistics of the two coefficients
are included in Table 1. Results pointed out a global strong pos-
itive correlation between the NO> ground measurements and
the satellite estimates with mean p, and ps values near or lar-
ger than 0.75. Correlations are stronger on average for the 2020
study period than 2019 but characterized by a higher standard
deviation. Therefore, results suggest better agreement of satel-
lite estimates with ground-level N O> measurements at a lower
concentration level (see Figure 2) or eventually at a lower emis-
sion level from the industry and transport sectors. Nevertheless,
the computed standard deviations indicate a higher variability
of the correlation coefficients among the different sensors in
this anomalous emissions scenario.

Spatial patterns of correlation coefficients can be inferred from
figures 3a, 3b, 3c, and 3d. It can be noticed that the lowest cor-
relations are mostly confined in the mountain areas and valleys
while the highest correlations are mostly found in the plain and
metropolitan areas (refer to Figure 1b for the zonation schema).
This might be connected to one or a combination of different
factors. First, the orography of the mountain areas and val-
leys might obstacles the satellite view on the lower atmosphere
column by biasing the satellite estimates with respect to ground
measures. Second, microclimatic conditions, background emis-
sions, emission sources, and general landscape characteristics
(e.g. the land use) of mountain areas are generally different
than the plain area and this might influence the NO2 ground
concentrations (Chen et al., 2019). Investigations on the above
matter are out of scope for the presented case study and require
further analysis to be confirmed.

From the summary statistics of p, and p, (Table 1), a final rel-
evant insight was obtained. Namely, ps outperformed p, in

This contribution has been peer-reviewed.
https://doi.org/10.5194/isprs-archives-XLIV-3-W1-2020-111-2020 | © Authors 2020. CC BY 4.0 License. 114



The International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume XLIV-3/W1-2020, 2020
Gi4DM 2020 - 13th Geolnformation for Disaster Management conference, 30 November—4 December 2020, Sydney, Australia (online)

terms of mean and median, thus suggesting non-linear predic-
tion models being more adequate to infer NO> ground concen-
trations using the Sentinel-5P satellite estimates. This insight is
critical for future activities of the presented work, which aim at
developing satellite-based local air quality prediction models.

019" 202020192020

mean 0.726 | 0.763 | 0.747 | 0.795
median 0.753 1 0.795 | 0.787 | 0.837
standard deviation | 0.118 | 0.151 | 0.121 | 0.141

Table 1. Summary statistics for Pearson’s correlation
coefficients (pp) and Spearman’s rank correlation coefficients
(ps) between NO> concentration time-series of ARPA
Lombardia sensors and the Sentinel-5P

4. CONCLUSIONS AND FUTURE WORK

In the presented study, an analysis of correlations between
ground sensors measurements (ARPA Lombardia) and satel-
lite estimates (Sentinel-5P) time-series of NO2 air concentra-
tions in the Lombardy region was carried out. The analysis
considered two equivalent study periods in the months January-
May of years 2019 and 2020. The study periods included the
COVID-19 lockdown in Italy. The analysis settings allowed to
investigate local spatio-temporal correlation patterns between
ground sensors measurements and satellite estimates by also ex-
ploring the lockdown effects on N O, emissions and providing
insights into correlations under an anomalous emissions scen-
ario.

Results indicate a reduction of about 17.5% for the daily av-
erage NO; concentrations in the Lombardy region during the
lockdown period with respect to the same period of the previ-
ous year. The analysis points out a strong positive correlation
between ground sensors measurements and satellite estimates
with mean p,, and ps values near or larger than 0.75. ps values
outperform on average p, by suggesting not-linear correlation
being more effective than linear one for inferring NO» ground
concentrations using Sentinel-5P observations. Correlations are
generally stronger in plain and metropolitan areas than in the
mountain areas thus remarking the need for considering local
landscape and microclimatic conditions in the development of
satellite-based air quality predictive models (Chen et al., 2019).
This preliminary work focused on NO» while it can be directly
extended to other common air pollutants such as O3 and SO3.

The presented exploratory analysis is a propaedeutic step for
future work which will focus on the development of predic-
tion models to empower the regional air quality monitoring with
satellite observations assets. The models will take the best ad-
vantage of machine-learning and geostatistics methods to allow
accounting for both non-linear correlations between satellite es-
timates and ground-measures as well as local spatio-temporal
covariates (e.g. microclimatic conditions, land use, etc.) af-
fecting air pollutant concentrations. The ultimate goal is to im-
prove the granularity of the available ground-based air quality
measurements for air quality monitoring and, at the same time,
enabling exposure models to better account for time and space
variability of exposure patterns. The extensive adoption of open
data, as well as the exclusive use of free and open-source soft-
ware, provide the analysis with a potential to be empowered,
replicated, and improved; thus favouring the scientific debate
and benchmarking on the addressed topics.

(b)

(d)

Figure 3. Maps of Pearson’s correlation coefficients (p;) at each
sensor location, computed from the comparison of NO-
concentration time-series of ARPA Lombardia sensors and the
Sentinel-5P in the two analysis periods, 2019 (a) and 2020 (b).
Maps of Spearman’s rank correlation coefficients (p,) computed
on the same data in the two analysis periods, 2019 (c¢) and 2020
(d)
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There are pending questions about the accuracy and precision
of satellite-based estimates (not direct measures) and their ac-
tual role in the operational air quality monitoring, especially
within the current air quality regulatory framework (Fowlie et
al., 2019). Indeed, daily observations provided by the satellites
are still not suitable for computing most of air quality indicators
required by both national and international legislation (WHO,
2006). The improvement of satellite platforms sampling fre-
quency and accuracy as well as of air quality modelling tech-
niques is key to tackle these issues. In view of the above, the
outlined work aims at contributing to the baseline research on
ground and satellite sensors interplay for air quality monitor-
ing that is advised by the international scientific community
to reduce accuracy and reliability gaps and contribute to next-
generation air quality satellite missions.
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