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Abstract: Nitrogen dioxide (NO) is one of the main air quality pollutants of concern in many urban
and industrial areas worldwide, and particularly in the European region, where in 2017 almost 20
countries exceeded the NO: annual limit values imposed by the European Commission Directive
2008/50/EC (EEA, 2019). NO: pollution monitoring and regulation is a necessary task to help
decision makers to search for a sustainable solution for environmental quality and population health
status improvement. In this study, we propose a comparative analysis of the tropospheric NO2
column spatial configuration over Europe between similar periods in 2019 and 2020, based on the
ESA Copernicus Sentinel-5P products. The results highlight the NO2 pollution dynamics over the
abrupt transition from a normal condition situation to the COVID-19 outbreak context,
characterized by a short-time decrease of traffic intensities and industrial activities, revealing
remarkable tropospheric NO:2 column number density decreases even of 85% in some of the
European big cities. The validation approach of the satellite-derived data, based on a cross-
correlation analysis with independent data from ground-based observations, provided encouraging
values of the correlation coefficients (R?), ranging between 0.5 and 0.75 in different locations. The
remarkable decrease of NO: pollution over Europe during the COVID-19 lockdown is highlighted
by S-5P products and confirmed by the Industrial Production Index and air traffic volumes.

Keywords: NOz TROPOMI sensor; air quality; atmospheric pollution; remote sensing data; COVID-
19 outbreak

1. Introduction

Atmospheric pollution is one of the most important environmental issues of the industrialized
developed and developing countries around the world. Both the energy production based on fossil
fuels [1] and road traffic [2] are key factors creating serious public health problems, from local to
regional and national levels [3,4]. According to the World Health Organization (WHO), 91% of the
world population lives in polluted places, breathing air containing high levels of pollutants, and 7
million deaths occur every year as a result of exposure to ambient air pollution and smoke from fuels
[5]. Different studies confirmed the direct relationships between diseases and traffic or industrial
pollution, especially for the big cities where NO:, powders (PM 2.5, PM10), CO, ozone, methane, and
other gases create conditions for the population’s health degradation, for example, respiratory
diseases [6,7], cardiovascular diseases [8], even fertility diseases [9], affecting all age groups of
population including children [10].
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Nitrogen dioxide (NO:), as one of the main air quality pollutants of concern, is a reddish brown
gas that results from NO conversion in the presence of organic volatile compounds. Even if the
emission sources are defined by all combustion engine processes, a recent study from the cities of
Madrid and Barcelona revealed the fact that 65% of the NO emissions are generated by vehicle traffic
[11], and the rest of the 35% refers to other sources, including the industrial sector, power plant
activity, and heating. In this respect, NO: pollution monitoring and its regulation are necessary tasks
because of (1) the potential of NO: gas to produce secondary pollutants [12] such as peroxyacyl
nitrates (PANs), nitric acid, and ozone (Os), which contribute to the formation of smog, acid rain, and
the greenhouse effect, respectively; (2) the visibility reduction in urban areas; and (3) the negative
effects on human health. NO2 pollution is a common approach in regional urban health studies [7] as
the distance of inhabitants from roads is a factor imposing the incidence of asthma and other
chronical diseases. Li et al. [13] explained in a synthetic formula the key role of NO: pollution studied
in urban and industrial regions as well as for the national and global studies.

In the latest years, increasing awareness among scientists and organizations about atmospheric
pollution determined the creation of open data frameworks for air quality monitoring and
assessment. The World Air Quality Index Project [14] is an international collaboration between
various institutions, such as the World Health Organization (WHO), United Nation Environmental
Program (UNEP), United Nations Industrial Development Organization (UNIDO), World
Meteorological Organization (WMO), and Group on Earth Observations (GEO), whose objective is to
monitor and offer real-time and standardized information about the air quality around the world,
according to the WHO guidelines. The formula of the air quality index is based on the hourly
measurement of various pollutants recorded by the international network of ground-based
measurement stations from over 100 countries. In addition, the European Environment Agency (EEA)
coordinates the European Air Quality Index Project [15], which displays up-to-date information
about air quality and different pollutants for Europe using a different calculation method, based on
the same ground-based station measurements.

The Ambient Air Quality Directive 2008/50/EC of the European Commission introduced
standard limit values regarding NO2 pollution for the protection of human health, according to which
the NO:z hourly mean value should not exceed 200 pig/m? more than 18 times in a year and the NO:
annual mean should not exceed 40 pg/m? [16]. However, according to the 2019 EEA report, 16 EU
member states and four other countries in 2017 exceeded the NO: annual limit values in 10% of all
the NO: ground monitoring stations, including the United Kingdom, Turkey, Germany, the
Netherlands, Italy, France, Spain, and others. All of these air quality monitoring stations that reported
values above the limits are situated in urban and suburban areas, and 86% of them are classified as
traffic stations [17]. The pollution levels generated by road traffic in the big cities still remain a
problem across Europe [18-21], even if the European regions recorded an important decrease of the
urban population exposed to NO:z pollution from 31% in 2003 to 6.5% in 2017 [22].

The current situation of NO2 pollution still remains complex, even if industrial pollution
decreased during the last two decades after technological innovations and the restructuring or
modernization of power plants, but the traffic-related pollution that still increases as the number of
vehicles rises is important [23]. This is a real risk factor for communities even in Southern France,
[24,25], where there is a dispersed urban and rural settlement network but with higher and higher
NOx pollution values as an effect of car traffic and even in protected areas crossed by highways [26].
Developing countries still experience a dramatic increase of NO:z pollution, which limits the effect of
the social economic improvement measures for the urban and rural population [27].

Atmospheric pollution needs detailed quantitative ground measurements (point based) but at
the same time a robust spatial and temporal modelling as well in order to detect the most affected
areas in time (day, month, season) and to help decision makers to search for a sustainable solution
for environmental quality and population health status improvement [28-31]. Following this
direction, there is rich international literature focusing on developing digital models of NO: and for
other aerosol-related pollution such as CO or PM2.5, by integrating geospatial data interpolation
techniques starting from the existing ground station measurements [32,33], combined with
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pollutants” dispersion modelling [34,35], land use derived geographical regression for cities [36] and
regions [37], and field or airborne spectrometric measurements [38,39]. A part of this type of
contributions features national [40], continental [41-43], and near hemispheric to global coverages
[31] that searches for a direction in explaining the relationship between pollution sources, the urban
and industrial areas, the topographic and land cover characteristics [44], and the weather synoptic
context [45], influenced by climate change’s subsequent phenomena [46].

Road traffic and transportation generated pollution is a feature for developed and developing
countries as well [47-49], showing that the NO: polluted areas are much larger than cities and
industrial areas/districts [50] and needs more objective modelling [51].

The satellite sensor measurement of atmospheric pollution is a more objective solution. Aerosols
such as gas and powder fractions [52,53] feature different spectral signatures in ultraviolet, visible,
infrared, shortwave infrared spectra, to be measured and modelled in order to produce consistent
gas column concentration data [54] at different spatial scales, from local to global [55]. Digital image
processing from complementary remote sensing sensors (e.g., MODIS, MISR) for atmospheric
pollution focused first on the aerosol optical depth features and retrieval [56-58] as a potential way
to extract models of powders pollution [59-61] strongly related to atmospheric phenomena such as
haze or even pollution plumes from urban-industrial sources [62], or even from natural sources like
wildfires [63,64].

Different authors considered the key role of NO:z gas column values in defining satellite-derived
models for urban areas around the world, calibrated with independent measurements data: Sheel et
al. [65] for the Indian cities based on the GOME sensor, Han [66] for Eastern Asia based on the OMI
sensor, Bechle et al. [67] in California with OMI sensor data processing and validation, Vienneau et
al. [68] with OMI, MODIS, and MISR measurements over Western European countries of NO:
pollution, etc. These models were also correlated with demographic data from the big cities and
countries [69] in Europe and North America as well.

After starting the Sentinel-5P (Precursor) mission in October 2017, a new data coverage for ESA
Copernicus program followed with a new complementary imagery archive to be processed,
validated, and opened to environmental, social, and economic uses [70]. Data from the TROPOMI
spectrometric instrument used for tropospheric complex pollution measurements onboard this recent
Earth Observation platform [71-73] have already been modelled, evaluated, and validated by
authors, focusing on different topics. Zeng et al. [74] calibrated a selection of TROPOMI parametric
global scale data grids on a global scale with independent pollution measurements from NASA
similar sensors, and Beirle et al. [75] evaluated the accuracy of spectrometric measurement on
different spatial scales, from local to regional and national levels, focusing on the NO: column
parameter. The mission of this spectrometric instrument is complex, as the measurements in
ultraviolet, visible, near, and shortwave infrared spectra can bring a complementary table of
atmospheric data, from cloud cover [76], to ozone gas column [77,78], carbon monoxide/CO gas [79],
S0z gas [80,81], methane gas [82], and of course the NO:2gas [83].

Different regional scale analyses of spatial and temporal atmospheric pollution dynamic state is
a relevant part of the recent scientific approaches based on TROPOMI data. The national wide scale
mapping of the NO2 pollution parameters in China [77] is continued with the calibration of data
coverages with measurements from other sensors such as OMI and EMI [84] for larger
intercontinental extents (Asia to Oceania and Australia). Omrani et al. [85] mapped for the first time
the NO:z pollution for the entire French territory by proposing multidate images advanced processing
techniques. Lorente et al. [86] and Ialongo et al. [87] tested and validated the TROPOMI NO:
measurements on urban regions from Europe in a dynamic formula, integrating weather dynamic
contextual data and local features derived data, while Alexandri et al. [88] combined these
measurements with pollution dispersion models in Southeastern Europe, with validation from Air
Quality Database network. Almost similar contributions belong to authors such as Zhao et al. [89] for
Toronto, Canada with a field spectrometric measurement validation, Shikwambana et al. [90] in
South Africa focusing on the NO2 pollution from power stations, and Griffin et al. [91] for plumes in
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oil extraction fields from Canada. Other regional analyses correlate the NO2 pollution models with
population and demographic data [92].

TROPOMI data are still evaluated by scientists and engineers, and new challenges opened new
opportunities in Earth Observation. One of them is the dramatic COVID-19 outbreak, which started
in February to March 2020, as an unprecedented situation for society and economy, from the global
level [93] down to regional, local, and even individual ones [94]. Beyond the public health system
difficulties and disasters around the world, economic activities and traffic adapted to the new context
of the temporary closing of businesses, educational facilities, plants and factories, traffic restrictions,
etc., leading to an abrupt change in economic evolution [95], with a profound impact on financial
markets [96,97], from the oil prices and banking sector decrease to the reduction of the ability of
different state authorities to provide a normal and efficient economic and social system management
as well as to the maintenance of vital infrastructures. Control measures during the pandemics had
different effects [98], from the Chinese epidemic center [99] to Europe and North America, depending
on development levels and political context [100,101]. This new situation had a profound impact
upon the mobility of population for work and other purposes, especially in the most affected areas
such as Italy [101]. The main adaptation to the pandemic was and still remains the need to work at
home in sustaining social and economic functionalities [102] but having an important consequence
on transportation and traffic [103]. Environmental positive effects are found as a benefit for society
and economy, from the limitation of traffic and industrial pollution [104] to the severe limitation of
destructive economical practices [105] and the decrease of the NO: gas concentration in the
atmosphere [106-112]. In March 2020 the European Space Agency released a first prospective Earth
Observation typical analysis of the effects of this pandemic crisis covering the Chinese territory after
the processing of Sentinel-5P TROPOMI NO: data grids as a key indicator of traffic and power
industry pollution level charges [113]. This was an opportunity for the TROPOMI sensor data to be
used for the diachronic modelling and mapping of the spatial effects of this complex situation [114—
119].

Our objective is to build a comparative analysis of the NO:z pollutant spatial configuration, based
on Sentinel-5P data products, on European, regional, and local levels between similar months from
2019 and 2020 (mid-January to end of April), corresponding to the abrupt transition from a normal
condition situation (peak of traffic and power plant related pollution) to the COVID-19 outbreak
context, characterized by a short-time period decrease of traffic intensities and a limitation of
industrial power consumption generated by fossil fuel burning. The approach integrates data from
the international pollution monitoring stations network in order to ground-validate the
corresponding TROPOMI NO: products to different spatial scales, together with national level
statistics, referring to COVID-19 cases, to economic and air traffic indicators.

2. Materials and Methods

2.1. Study Area

Our analysis focuses on the European region, covering an area with a length of about 40 degrees
latitude and 45 degrees longitude. According to Worldometer’s 2020 statistics [120], Europe ranks
third among regions of the world, ordered by population, with 9.8% of the total world population
[120]. Over 70% of the Europe population lives in urban areas [121], where the major exceedances of
NO: pollution occur.

Regarding the temporal dimension, the reference periods between 15 January and 30 April 2019
and 2020 were chosen according to the coronavirus pandemic evolution in Europe, in order to capture
the transition from normal condition situation to the COVID-19 lockdown. The coronavirus
pandemic in Europe started on 24 January, with the first declared case in France, but the lockdown
was imposed first in the Lombardian region in Northern Italy on 8 March, followed by other regions
in France, Spain, Germany, Romania, Poland, etc. On 13 March, the WHO declared Europe as an
active center of COVID-19 pandemic, as the number of new cases became greater than in China.
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2.2. Data Types and Sources

Sentinel-5P (S-5P) is a single satellite mission, as a part of the Global Monitoring for Environment
and Security (GMES/Copernicus) program [122]. S-5P objective is to ensure the data continuity
between previous SCTAMACHY, GOME-2, OM], or Envisat missions and the upcoming Sentinel-5,
providing information about atmospheric trace gases, aerosols, cloud distribution affecting air
quality and climate, having a global daily coverage [72].

The TROPOsferic Monitoring Instrument, known as TROPOM]I, is a passive sun backscatter
imaging spectrometer that allows for the acquisitions of 8-band imagery, covering multiple spectral
domains from UV and visible to near-infrared (NIR) and shortwave infrared (SWIR) [86]. Featuring
a higher spatial resolution than its predecessors, of 7 x 3.5 km? (along and across track), it offers a new
potential for air quality research, making it suitable for polluting emission sources monitoring [87].

Collected on a large swath of 2600 km, the S-5P data are available to users at two different
processing levels: L1B, as geolocated and radiometrically corrected TOA (top-of-atmosphere)
radiances, and L2, in terms of multiple layers including radiance products, solar irradiance products
and products for aerosols, clouds, and different pollutants (i.e., total columns of Os, SOz, NOz, CO,
and CHs). Regarding the timeliness, the S-5P imagery is available on two services, as near-real time
(NRT) in 3 h after sensing, and as nontime critical services with offline products (OFF) available with
a delay of 12 h for L1B and 5 days for L2 products [123]. The 5-5P L2-NO: products are delivered in
the netCDF format, allowing for the storage of multidimensional scientific information, including
dimensions, variables/parameters, attributes, and coordinates.

In order to fulfil the aim of this paper, a total number of 492 offline L2-NO: products were used
(248 for 2019 and 244 for 2020), ensuring daily coverages for each temporal frame between 15 January
to 30 Aprilin 2019 and 2020. These periods were selected in order to identify and compare the
evolution of the NO:2 concentrations during two different periods: under normal conditions and
during the coronavirus pandemic outbreak. All the data were downloaded from the Copernicus
Open Access Hub [124].

A second important dataset consists of NO2 ground-based measurements that were obtained
from the international network of air quality monitoring stations. While the daily means
concentrations in international units pg/m? are available through the World Air Quality Index Project
and the European Air Quality Index, hourly measurements were accessed from certain institutions
that are responsible for data collection within an area or a country: UK-AIR, air quality information
resource via Defra; Calidad del Air en Madrid, Servicio de Proteccidon de la Atmosfera via EEA; Medi
Ambient, Generalitat de Catalunya; Conselleria de Infraestructuras, Territorio y Medio Ambiente via
EEA; Hessian State Office for Nature Conservation, Environment and Geology; Berlin Air Quality;
AirParif (Association de surveillance de la qualité de I'air en le-de-France); Agenzia Regionale per
la Protezione dell’Ambiente della Lombardia; and Romanian National Environmental Protection
Agency.

Economic and air traffic data from the European Commission (July 2020) were used in order to
explain the effects of the COVID-19 lockdown measures on the European countries’ economy.
Industrial Production Index (in %) indicates the changes in the production volume based on a
reference year (2015).

2.3. Data Processing Methodology

The processing workflow of S-5P L2-NO: data products was conducted through the free and
open scalable platform of the Copernicus Research and User Support (RUS) Service [125,126], using
Python languages together with HARP, VISAN, and QGIS software and following the methodology
presented in the RUS Copernicus training on air quality monitoring [127].

The daily tropospheric NO:2 column density was derived from the total columns of L2-NO:
products, converting the data from Level 2 processing to Level 3. This conversion is based on a series
of parameters, referring at the same time to the dimensions (time, latitude, and longitude), variables
(data names and data types), attributes, and coordinates. First, a spatial grid was established,
covering the European region between 31 and 72 latitude degrees, with a spatial resolution of 0.05 x
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0.05 degrees resulted from the resampling of the original product. Second, the data were filtered at a
number density value quality over 75, in order to remove errors induced by clouds. Third, the daily
tropospheric NO2 column number density was derived in international units of molecules/cm?,
combining the products by time dimension, in order to obtain a single raster covering the entire study
area. The 5-day and 10-day average tropospheric NO2 column density (molecules/cm?) mosaics were
derived also using also the time dimension parameter, using an arithmetical mean of the cell values
from stacked layers. Additionally, our analysis focuses on a case study from Bucharest, the capital of
Romania, at the finer resolution of 0.01 x 0.01 degrees in order to illustrate the effects of the COVID-
19 pandemic upon the NO: pollution.

After the image processing steps and the derivation of the pollution parameter for the
tropospheric NO2 column number density, a GIS (geographical information system) analysis was
used in order to extract data from essential points such as the main industrial and urban centers most
affected by the current outbreak.

The NO: time-series values were extracted from both satellite-based and ground-based
measurements on different locations for the January to April period. The statistical data were plotted
in graphs, in order to analyze the correspondence of the NO: trendline dynamics over time through
visual comparison. The lines of best fit or trendlines were created as straight lines, in order to show
the overall direction of the data. Statistics representing the variability of the daily tropospheric NO2
column values compared to the average value of the half-month, based on clear-sky days data
collected by the TROPOMI sensor in 2019 and 2020, were plotted in order to show the seasonal
characteristics, as well as the differences between the situation before and after the COVID-19
lockdown.

A cross-correlation analysis was used in order to validate the results and to statistically explain
the correspondence between the TROPOMI spectrometric sensor NO: calibrated measurement and
the corresponding average from ground station measurements. Additionally, two statistical
indicators were run in order to interpret the correlation results. First, p-value quantifies the idea of
statistical significance of the evidence and is classified in percentage categories as follows: significant
(<5%), marginally significant (<10%), and insignificant (>10%). Second, the Pearson correlation
coefficient measures the linear correlation between both variables and is useful for identifying
whether the correlations are linear positive (>0 ... + 1), linear negative (-1 ... <0), or if there is no linear
correlation (0).

3. Results

3.1. European Spatiotemporal Distribution of the NO: Pollution

Our results on the NO2 gas monitoring over the European region highlight important changes
between the temporal frames of the periods from 15 January to 30 April in 2019 and 2020.
Comparative cartographic representations of the 5-, 6-, and 10-day average mosaics of the
tropospheric NO2 column number density, extracted from Sentinel-5P imagery, were drawn for a
better understanding of the spatial and temporal changes that occurred across Europe during the
selected time spans.

The analyses of the maps and data from mid-January to the second 10-day period of February
(Figure 1) reveal the fact that no considerable changes occurred between 2019 and 2020 with respect
to the level of the NO:2 pollution, as it maintains high values on large areas across Europe. This period
corresponds to the normal condition of economic activities and the beginning of the COVID-19
epidemic in Europe, characterized by the occurrence of isolated cases in different countries. The
differences can also be explained by the high dynamics of the NO: gases in the atmosphere, as the
wind can disperse the NO2 pollutants in less than 30 min [128].
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Figure 1. Comparative cartographic representations of the 10- or 5-day average tropospheric NO2
column number density over Europe between mid-January to end of February in 2019 and 2020, and
the incidence rate of COVID-19 confirmed cases in European countries.

The spatial repartition of the NO: values clearly indicates two categories of NO: pollution
patterns over the Europe, with an intense contrast between them. The first pattern corresponds to
large areas facing NO: pollution issues, as it is the case of the remarkable Central and Northern
European regions, including Germany, the Netherlands, Belgium, Northern France, the southern
regions of Great Britain, Poland, and the northern part of the Czech Republic. This can be explained
by the intensive industrial activities and vehicle traffic superposing on a dense transportation
infrastructure network (mainly motorways and highways). Another large area facing NO2 pollution
covers the Lombardian region territory in Northern Italy, where the tropospheric NO: column
number density maintains high values of about 0.75 x 10* molecules/cm? during the review periods.

The second category of NO: distribution patterns is illustrated as strongly isolated hotspots of
pollution covering big cities across Europe and their adjacent areas, following the same causes as
mentioned previously. Cartographic results clearly indicate the large distribution of urban-polluted
hotspots, not only in Western European cities such as Madrid, Barcelona, Valencia, Paris, Lyon,
Marseille, and Rome, but also those in the Eastern Europe, including Istanbul, Bratislava, Budapest,
Kiev, Moscow, Bucharest, and Belgrade.

The diachronic representations reveal the gradually remarkable decrease of NO: pollution over
Europe, starting from the end of February and at the beginning of March 2020, as it is shown by
Figure 2, corresponding to the period when WHO declared the COVID-19 disease as a pandemic on
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11 March, together with the coronavirus lockdown restrictions in multiple countries such as Italy,
France, Spain, Romania, etc.

S FEE i 2 === -
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Figure 2. Comparative cartographic representations of the 5-day average tropospheric NO2 column
number density over Europe between 1 Marchto 5 April 2019 and 2020, and the incidence rate of
COVID-19 confirmed cases in European countries.

As an effect of the massive lockdown of industrial activity and vehicle traffic across Europe, NO:z
pollution reduced considerably until the end of April as shown in Figure 3, being dominant overall,
together with the improvement of air quality. By the end of April, multiple European cities that
previously featured high levels of air pollution reported very good values of the air quality index,
including NO: parameters. Moreover, the NO2 polluted areas in Central and Northern Europe and
the Lombardian region recorded considerable reductions of their spatial extent, and only some
isolated hotspots corresponding to some active industries (e.g., power industry) still occur.
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Figure 3. Comparative cartographic representations of the 5-day average tropospheric NO2 column
number density over Europe between 6 and 30 April in 2019 and 2020, and the incidence rate of
COVID-19 confirmed cases in European countries.

The regional analysis is also useful for understanding the spatial repartition of the NO:z pollution
differences in Europe and the relationship between pollution sources and urban-industrial areas.
From a geographical criteria point of view, the maps displayed above clearly highlight the direct
relationship between urban and industrial areas and the NO: pollution hotspots, confirming the
hypotheses related to the main NO: emission sources. Moreover, the cartographic representations
illustrate the dominant role of the mountain ranges as well as the main air mass movements on
pollutant distribution and dispersion. For instance, the Central and Northern European polluted
areas follow the shape of the main air masses direction from the west to the east, and this can be
observed too in other polluted areas in Poland or Ukraine. The Lombardian region is another example
where geographically conditions put their imprints, as the mountain ranges and the main wind
directions limit the spreading of NO2 gases and favor the increase of the pollution concentrations in
the Po Plain.

Investigations conducted on NO: pollution changes that occurred in Europe during the
pandemic are more relevant for the identification of the effects of different pollution sources over the
ambient air quality and finding practical solutions for environmental quality and population health
status improvements, since air quality is one of the main priorities of the European Union.
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3.2. Local Scale NO: Pollution Mapping and Assessment: A Case Study of Bucharest, Romania

A detailed assessment of NO: pollution is also useful for local-scale analyses in order to better
understand the role of pollution sources on air quality parameter definition. For this reason, we
selected Bucharest, the capital city of Romania, as a case study (Figure 4), and at the same time it is
one of the most polluted areas in Romania [129].

UKRAINE

?B-8

HUNGARY

MOLDOVA

ROMANTIA L]

Bucharest

SLERBIA £ '3

Sourcs Fi, USGS, NOAN
a BULGARIA ! b

Figure 4. Location map of Bucharest (a) and the distribution of the air quality ground-based stations

(b).

The tropospheric NO: column number density generated from Sentinel-5P Level 3 imagery
(Figure 5) illustrates overall the same trend of NO: pollution during the 2020 coronavirus outbreak
as with other cities from Europe, with several peculiarities. However, we can easily note the
complexity of the NO2 pollution dynamics pattern, which features a temporal trend of a wave-like
configuration. The 10-day average NO: column number density highlights no substantial differences
between 2019 and 2020, during the March-April period. For both temporal frames, there are 10-day
periods of high level of the NO: pollution alternating with 10-day periods with favorable values for
NOQO: pollutant parameters.

The 10-day periods between 11-20 March and 1-10 April are defined as anomalies, as there were
generated accidental emissions that were caused by large waste dump sites fires on 10 March in the
eastern part and on 8 April in the northwestern part of the capital city. These situations are reflected
in the cartographic and statistical data as NO: pollution peaks, as the road traffic and many
economical activities were closed because of the COVID-19 outbreak. These anomalies raised the
average values of the NO: pollution for the several analyzed 10-day periods during the lockdown.
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Figure 5. Comparative maps of the 10-day average tropospheric NO2 column number density over
Bucharest, Romania, between 11 March and 30 April in 2019 and 2020.

3.3. Quantitative Spatiotemporal Differences of NO: Pollution Hotspots during the Pandemic Lockdown

The quantitative analyses of the NO: pollution dynamics during the COVID-19 lockdown was
based on geostatistical data processing of two datasets for a more concrete interpretation: S-5P
satellite data tropospheric NO: column number density (molecules/cm?) and the NO: pollutants
concentrations (pg/cm?) that resulted from ground station measurements. Observations on statistical
data from selected cities across Europe confirmed the general trend of NO: pollution reduction. The



Remote Sens. 2020, 12, 3575 12 of 29

trendlines reveal decreases of the tropospheric NO:z column for 2020 compared to 2019, for all selected
locations (Figures 6a—d and 7a-d). This trend is confirmed by the ground measurements for 2020
(Figures 6e-h and 7e-h). Regarding the Spanish cities (Figure 6), NO: pollution decreased during the
lockdown by 85% for Madrid, 78% for Valencia, and 75% for Barcelona, from the beginning of March
to the end of April. In the northern regions of Italy, NO2 pollution decreased by 67% in Milano, while
for other major European cities such as Paris, London, and Frankfurt, the decrease was between 36%
and 40% (Figure 7).

The small differences on the graph dynamics between the satellite- and ground-based
observations can be explained by the time shift between the sensing time of the S-5P sensor and the
ground-based fixed hourly measurements. The distribution of the NO2 pollution can be influenced
by the local climatic conditions [130]. The most important weather parameter is the wind regime,
which can disperse pollutants in just a few minutes depending on wind speed and could transport
them away from the emission sources [131]. Temperature is another climatic parameter to be
considered, especially in situations of thermal inversions, when the warmer layer of air situated over
the colder surface air works like a barrier, preventing the rise of the second one and favoring the
increase of ambient air contamination [132]. This situation happens frequently over the cities located
in mountain basins, as it is the case of Madrid and even Milano and Frankfurt. Moreover, high
temperatures favor the photochemical reaction between NO: and volatile organic compounds,
leading to the formation of the ozone, as a secondary pollutant [133].

Temporal variations of the data can be observed in both observations datasets. For both periods,
NO: pollution records higher values in the winter season months (January-February) compared to
the spring ones (March—April), as seen in Figure 8. This is a common situation as residential heating
is an important source of NO2 emissions during the cold months. Moreover, a combination of high
temperatures and solar radiation together with longer daylight time intervals favors the
transformation of the NO: gases to secondary pollutants (ozone) during the spring and summer
seasons.

According to the Climate Copernicus Service [134], the 2019-2020 winter recorded higher
surface temperatures compared to previous periods. In this regard, the surface temperature anomaly,
with respect to the 1981-2010 average, was 3.24 °C in January 2020 and 3.85 °C in February 2020,
while for the same months of the 2019 year, the anomalies were lower, namely 0.85 and 2.97 °C,
respectively. For the March—April period, the surface temperature anomalies differences are lower,
as follows: 2.52 and 1.50 °C for March and April 2020, respectively, compared to 2.34 and 1.56 °C for
March and April 2019, respectively. However, the remarkable decrease of the NO: pollution level in
spring 2020, compared to the same period of the 2019 year, corresponds to the March-April COVID-
19 outbreak. The outlier points on Figure 8 represents high values of the tropospheric NO:2 column
number density, which are very different from the standard deviation values of the time interval,
corresponding to the most polluted days for the analyzed period.

For the Bucharest case study, we selected statistical data from three complementary ground
stations (Figure 9), classified as urban traffic (B-6), urban background (B-2), and suburban (B-7),
according to the international classification based on land use (L1) and type of transmitter source
(L2). Bucharest registered a NO: pollution reduction highlighted by the ground-based measurements
of 76% at B-2 station, 64% at B-6 station, and 63% at B-7 station, during the review period from 15
January to 30 April 2020 (Figure 9e,f,g). The overall decrease trend is highlighted by the satellite-
based measurements for the 2019 and 2020 January-April periods. The NO: pollution differences
between a normal reference situation (2019) and the COVID-19 lockdown (2020) are remarkable at
the urban stations for the period between the start of March to mid-April. For the end of April 2019
and 2020, the NO: values are quite similar, as the traffic activities returned to almost normal values
(Figure 9a,b).
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Figure 6. Comparative dynamics of NO: daily values for the period between 15 January and 30 April
for several Spanish cities, based on clear-sky TROPOMI (TROPOsferic Monitoring Instrument) data in
2019 and 2020 (a, b, ¢, d) and ground-based measurements in 2020 (e, f, g, h).
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Figure 7. Comparative dynamics of NO:z daily values for the period between 15 January and 30 April,
for different European cities, based on clear-sky TROPOMI data in 2019 and 2020 (a, b, ¢, d) and
ground-based measurements in 2020 (e, f, g, h).
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Figure 8. Statistical data representing the variability of the daily tropospheric NO2 column values
compared to the average value of the half-month, based on data of clear-sky days collected by the
TROPOMI sensor in 2019 (a) and 2020 (b).
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Figure 9. Comparative dynamics of NO:2 daily values for the periods between 15 January and 30 April,
for different locations from Bucharest (Romania), based on TROPOMI data from 2019 and 2020 (a, b,
¢) and ground-based measurements from 2020 (d, e, f).

4. Discussion

4.1. Cross-Correlation between Tropospheric NO: TROPOMI-Based Data and Ground-Based Air Quality
Station Measurements

Validation of the results confirms the reliability of the data and methodology employed on NO:
pollution monitoring. Therefore, the satellite-based TROPOMI products in terms of tropospheric NO:
column number density (molecules/cm?) were statistically correlated with independent datasets of
ground-based NO: concentrations measurements (pg/cm?), from selected hotspots across Europe on
clear-sky days. The point locations correspond mainly to urban and suburban air quality monitoring
stations.

The validation results illustrate medium to high correlation coefficients between both satellite-
and ground-based data for many of the selected locations, with the R? varying from 0.4413 (at
Frankfurt-Hochst site) to 0.7518 (Observatori Fabra site in Barcelona), as seen in Figure 10. For the
Milano station, the lower correlation of 0.4093 results from the use of NO: daily averages ground
data, as hourly measurements were not available.
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Figure 10. Data correlation between satellite-based tropospheric NO2 column number density derived
from TROPOMI (S-5P) L3 products and ground-based measurements of NO2 concentrations for
various European cities as follows: Madrid City Center (a); Fernandez Ladreda Station, Madrid (b);
Valencia, Spain (c); Barcelona, Spain (d); London, UK (e); Paris, France (f); Frankfurt, Germany (f);
Milano, Italy (h).

For Bucharest, the correlation values are lower than those in other European cities, even when
the data were extracted from enhanced resolution grids, up to 0.01 x 0.01 degrees. For instance, the
higher correlation of 0.5817 was obtained for B-2 station (Figure 11b), which corresponds to a typical
urban ground monitoring station, featured by a type of emergent source that is not specifically
industrial or road traffic, followed by an urban-traffic station (B-6) that is situated in the Bucharest
city center (Figure 11a). Lower correlation values correspond to suburban (B-7) and rural (B-8)
stations (Figure 11c,d), which are situated outside of the city boundaries; the lower values may be
because of possible discontinuities in data collection.
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Figure 11. Data correlation between satellite-based tropospheric NO2 column number density derived

from TROPOMI (S-5P) L3 products and ground-based measurements of NO: concentrations for

various monitoring stations in Bucharest classified as follows: urban traffic (a), urban background (b),

suburban (c), and rural (d).

The resulted correlation values can be explained by the fact that the sensing time of Sentinel-5P
data does not perfectly match the time when ground measurements were collected, as a time shift of
up to 30 min, in some situations, is quite enough for the wind to disperse the NO: pollutants [135].
As mentioned already, NO: pollutants are easily dispersed under the influence of climatic conditions.
We observed a direct relationship between the low correlation points and the wind speed values over
3 or 4 m/s. Because of NO2 gases’ potential conversion to secondary pollutants such as nitric acid and
the ozone in the presence of humidity and sunlight, respectively, the correlation values increased

when hourly ground measurements were used, closer to the S-5P sensing time instead of daily
averages, as shown in Figure 12.

Correlation of S-5P data with daily averages ground measurements

Correlation of S-5P data with hourly ground measurements
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Figure 12. Data correlation difference between S-5P data and daily averages vs. hourly ground

measurements. For Milano, hourly measurements were not available.
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Another essential important argument for the data correlation values is concerned with the data
gaps from the ground NO: monitoring stations. This is a common situation when ground-based
sensors did not record parameters for some temporal intervals, and the dataset is completed with
averages values.

The quantitative analysis revealed the fact that low correlations are registered for stations from
Central Europe, namely at Frankfurt, Berlin, Warsaw, and Prague. This happens because two offline
L2 NO: scene products were used in order to obtain complete coverages of Europe for each day.
These scenes overlapping across Central Europe are stacked together in a single L3 NO: dataset,
storing the mean value between the two images, which were sensed at a time shift difference of about
2 h and 30 min. This situation can conduct to low correlation values compared to the ground
measurements data.

The correlation results were statistically analyzed with the help of two indicators (Table 1). The
correlation significance level was assessed by the p-value, which returned values under 5% for all of
the encountered situations, indicating the fact that the correlations are significant. The Pearson
correlation coefficient returned values between 0.597 and 0.865, highlighting that all correlations are
positive linear.

Table 1. Correlation statistics results for different locations between both variables of satellite-based
and ground-based observations.

Correlation Significance Pearson Correlation

Ground Station Location

Level (by p-Value) Coefficient
Madrid city center <5% significant 0.862543989
Fernandez Ladreda, Madrid, Spain <5% significant 0.7872871252
Politecnic, Valencia, Spain <5% significant 0.818251168
Observatori Fabra, Barcelona, Spain <5% significant 0.865555982
Pascal Citta degli Studi, Milano, Italy <5% significant 0.635701473
Paris 18-eme, France <5% significant 0.802355165
Westminster, London, UK <5% significant 0.78950097
Frankfurt-Hochst, Germany <5% significant 0.669374336
B-6 Bucharest, Romania <5% significant 0.698194842
B-2 Bucharest, Romania <5% significant 0.762701866
B-7 Bucharest, Romania <5% significant 0.60324087
B-8 Bucharest, Romania <5% significant 0.597572962

In fact, according to some recent studies, the correlation values are quite similar with others
obtained through different methods [136]. For instance, Ialongo, Virta, Eskes, Hovila, and Douros
[87] obtained a correlation coefficient of 0.68 between satellite-based TROPOMI NO: products
derived data and ground-based observations in Helsinki (Finland). Moreover, they found out that
the total columns underestimate ground-based observations, confirming our results. Lorente,
Boersma, Eskes, Veefkind, van Geffen, de Zeeuw, Denier van der Gon, Beirle, and Krol [86]
performed a complex investigation on TROPOMI NO: validation over Paris, France, by integrating
in situ measurements taken on the Eiffel Tower building in order to derive coincident NO2 columns
based on the information on the atmospheric boundary layer height. The correlation coefficient of
0.88 reveals the fact that the validation results are better when using in situ measurements instead of
ground-based data. Another complex investigation on TROPOMI NO: data validation was carried
out over the Greater Toronto area in Canada [89] through various approaches and different test sites,
obtaining correlation coefficients between 0.65 to 0.89.

4.2. NO:2 Pollution vs. COVID-19 Lockdown

At the European level, we observed a very high correspondence between NO: emissions and
COVID-19 confirmed cases (Figures 1-3), with some regional variation. In this respect, three different
situations were identified. First, the Southern European case, as the most affected region by the
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COVID-19 pandemic, is the area that registered a remarkable contrast of NO: pollution values
between 2019 and 2020. Countries like Spain and Italy reported between 320 and 640 cases per 100,000
inhabitants at the end of the April 2020 and, at the same time, they registered the highest number of
deaths. Economic activities were drastically affected by the lockdown, as this situation was also being
revealed by the substantial decrease of NO:z emissions. The former pollution hotspots corresponding
to the biggest urban and industrial areas (Milan, Turin, Barcelona, Madrid, Bilbao, etc.) disappeared
after the first 10-days (days 1 to 10) of March 2020. The Industrial Production Index (base year 2015)
quantitatively highlights the reduction of economic activities, thus validating the results of our study
(Figure 13). Comparing with the 2015 statistics, it can be observed that most of the European
countries” economies increased by 18% in the first two months of the year 2020. After the lockdown
started, the industrial economies decreased by 40-45% in comparison with previous months.
Moreover, the reduction of the pollution emissions caused by traffic activities corresponds with the
air passenger number for the first three months of 2020 (Figure 14).

The second situation features countries such as France and the United Kingdom, where the
socioeconomic activities continued until 23 March, when the statistics reveal a number of about 10,000
coronavirus confirmed cases. Figure 13 illustrates the temporal shift of the decline between European
countries” economies. The lockdown measure is reflected shortly after in the NO2 level of emissions.
Starting from 1 April, the NO2 concentrations declined by zero in the United Kingdom, while in
France the reduction was slight, with a small hotspot of NO2 emission maintained until mid-April.

The third situation corresponds to countries such as Belgium, the Netherlands, Luxembourg,
Germany, Switzerland, and Austria, featured by a performant sanitary system. In these cases, the
socioeconomic activities were not completely closed, but several prevention measures were adopted
by limiting the nonessential activities. Therefore, the NO2 pollution decrease can be related to the
vehicle traffic reduction and less to the economic activities. These countries were either indirectly
affected by the economic decline of partner states in some cases (Norway, Finland, the Netherlands,
Sweden), or they were less affected by the effect of closing some industrial domains or administrative
units or districts, as was the case of Germany (Figure 13).

120.0
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Production indices for total industry - base year 2015 (%)
©
S
°
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July August September October November ~ December January February March April May June July
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Figure 13. Industrial Production Index (base year 2015) for the July 2019-July 2020 period (data
source: Eurostat, 2020).
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Figure 14. Number of air passengers for the January 2020-March 2020 period.

Romania suspended most of the socioeconomic activities starting on 11 March, when the
statistics reported 29 confirmed cases and 0 deaths. This moment is reflected also by the Industrial
Production Index, which illustrates an economic fall by about 40% between February 2020 and April
2020 (Figure 13). However, the ground-based air quality monitoring stations recorded declining
values of NOz pollutants, especially for the urban-traffic station in the city center of Bucharest (Figure
15a). The reduction impact was lower at the urban background (B-2 in Figure 15b), suburban (B-7 in
Figure 15c), and rural (B-8 in Figure 15d) stations, where the traffic values were also lower under
normal conditions. This situation reveals the fact that traffic-related activities remain the main
emission source of NO: pollution in Bucharest.

The overall decreasing trend of NO: pollution, revealed by the ground-based observations
between mid-January to the end of April in 2019 and 2020, highlights also the seasonality evolution
of NOz2 pollution, characterized by higher values in the cold months as an effect of the residential
heating source.
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Figure 15. NO:2 concentrations dynamics between 15 January and 30 April in 2019 and 2020 measured
at different ground stations in Bucharest, classified as urban traffic (a), urban background (b), and
suburban (c). NO:2 10-day mean concentration dynamics from 15 January to 30 April 2020 at all air
quality monitoring ground-based stations in Bucharest (d).
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5. Conclusions

In the latest years, the European Commission made remarkable efforts to reduce NO: pollution
and increase the population health state. In this respect, new policies together with new standard
limit levels for different pollutants and plans were established for the mitigation of the effects of
atmospheric pollution. Even if the level of NO:2 pollution decreased constantly from 2003 to the
present, there are still large areas where NO: pollution level exceeds the standard limits imposed by
the EU 2008 directive. Therefore, NO: pollution monitoring is a crucial task in order to identify the
emission sources and areas exposed, as well as to regulate air quality parameters.

The recently launched ESA Sentinel-5P satellite system produces free and open data products at
high spatial resolution, available offline and near-real time in order to help air quality monitoring at
different scales of analysis, from the big cities to national, continental, or global coverages. An even
more important argument of the reliability of this data is the daily global coverage, which provides
a continuous surface of data, showing the spatial distribution of different pollutants for a specific
time. This offers a practical solution by gridding a large amount of spatial data since the ground-
based air quality stations offer only punctual information. In addition, TROPOMI data can be
successfully used for the accidental discharges of atmospheric pollutants modelling, as the case study
on Bucharest reveals. However, there are some limitations in using Sentinel-5P data, such as the
presence of clouds and the number of observations per day, which are not enough for a detailed
monitoring as the pollutants can be easily dispersed into the atmosphere.

The Copernicus RUS Service provides free virtual machines and ready-to-use methodologies to
help users get insights on data processing. The methodology proposed by the Copernicus RUS service
and employed in this study is quite simple and easy to apply in order to derive geospatial data on
different air pollutants.

Our study shows a general image of the NO: pollution dynamics across the Europe, based on
large volumes of Copernicus Sentinel-5P data processing. Moreover, this represents an example of a
tool for various air pollutants monitoring and for decision making at the European, regional, national,
and even local levels, according to the standards limits.

The COVID-19 lockdown is an example showing that the air pollutant level can be reduced and
even controlled. The images collected after mid-March highlight a remarkable decrease of the NO:
pollution by 85% in some situations, as a result of the decrease of emissions from traffic or industrial
activities, comparatively with the months before or with the same period from 2019.

The abrupt decrease of NO2 pollutant concentration over Europe from March to April 2020 was
the direct effect of reactions by different official decision bodies at the state level against the COVID-
19 pandemic. In this respect, three patterns can be identified: (1) countries severely affected by the
pandemic, with a high level of infection rate in a short time and an important reduction of pollutant
emissions; (2) countries with delayed restrictive measures; (3) countries where socioeconomic
activities were partly restricted. Romania featured a significant reduction of current pollutants as a
direct effect of road traffic limitation to essential needs. This is the reason the urban traffic monitoring
stations in the Bucharest area recorded notable differences for NO»-related pollution.
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